
NOVEL DUAL LEWIS ACID - LEWIS BASE BINDERS AS
POTENTIAL HYDROGEN AND CARBONYL ACTIVATORS

Item Type text; Electronic Thesis

Authors Zhurakovskyi, Oleksandr

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:52:25

Link to Item http://hdl.handle.net/10150/193458

http://hdl.handle.net/10150/193458


 1

NOVEL DUAL LEWIS ACID – LEWIS BASE BINDERS AS POTENTIAL 

HYDROGEN AND CARBONYL ACTIVATORS 

 

by 
 

Oleksandr Zhurakovskyi 

_____________________________________ 

 

A Thesis Submitted to the Faculty of the  

 

DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

 

MASTER OF SCIENCE  
WITH A MAJOR IN CHEMISTRY 

In the Graduate College  

THE UNIVERSITY OF ARIZONA 

 2010



 2

 

STATEMENT BY AUTHOR 

 

This thesis has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

 Brief quotations from this thesis are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when in 
his or her judgment the proposed use of the material is in the interests of scholarship.  In 
all other instances, however, permission must be obtained from the author. 

 SIGNED: Oleksandr Zhurakovskyi 

 

APPROVAL BY THESIS DIRECTOR 

 This thesis has been approved on the date shown below:  

 

 Hamish S. Christie May 12, 2010 

                 Hamish S. Christie    Date 

       Assistant Professor of Chemistry 



 3

ACKNOWLEDGEMENTS 

I want to acknowledge my research supervisor, Prof. Hamish Christie, who set up a 

new level of the professionalism in chemistry for me. He has shown that it is possible to 

know everything. Special thanks to Prof. Bogdan Olenyuk for his help during my stay in 

the US. I also want to thank my friends: Ivan Grishagin, Bhaskar Tadikonda, Michelle 

Chang, Christy Bell, and Viddy Harris. 

This work would be impossible without the great help from the Department of 

Chemistry NMR facility: Dr. Neil Jacobsen and Dr. Guangxin Lin. 

I want to thank my dissertation committee members, Prof. Richard Glass and Prof. 

Christopher Hulme. 

My studies in the University of Arizona were sponcored by the Fulbright Program 

and the Institute of International Education. This program greatly changed my way to 

perceive the world. I am grateful to my Fulbright supervisors: Emily Bosio, Sarah 

McCormick, and, especially, Inna Barysh. 

Last by not the least, I want to thank my parents who supported me during all my 

life. Additional thanks to my friends in Ukraine who did not allow me to forget my 

country and language and to Fred Niegocki who introduced me to the American culture. 

 



 4

TABLE OF CONTENTS 

LIST OF TABLES .................................................................................................... 6 

LIST OF FIGURES ................................................................................................... 7 

ABSTRACT .............................................................................................................. 8 

1. INTRODUCTION ................................................................................................. 9 

1.1. Frustrated Lewis Pairs: Definition and Discovery ......................................... 9 

1.2. Classes of FLPs ............................................................................................ 12 

1.3. Reactions of FLPs ........................................................................................ 14 

1.3.1. H2 Activation and Storage ..................................................................... 14 

1.3.4. Reactions with Alkenes and Alkynes .................................................... 16 

1.3.3. Reactions with Organometallic Compounds ......................................... 18 

1.3.5. Other Reactions ..................................................................................... 20 

1.4. Mechanism of Hydrogen Splitting by FLPs ................................................. 22 

1.5. Synthesis of the FLP-Containing Compounds ............................................. 28 

1.6. A Boron Subunit: Synthesis of Haloboranes ................................................ 29 

1.7. Proposed New Activators ............................................................................. 32 

2. RESULTS AND DISCUSSION ......................................................................... 38 

2.1. Optimization of the ArLi Synthesis .............................................................. 40 

2.2 Intramolecular Aromatic FLP Synthesis: Trials and Results ........................ 44 

2.3 Intermolecular Frustrated Lewis pair from 8-bromo-2-methylquinoline and 

its activity in splitting H2 .............................................................................................. 49 

2.4 Attempts to Synthesize the Proposed FLP from ArBH2 ............................... 53 



 5

TABLE OF CONTENTS – Continued 

2.5 Attempts to Synthesize the Proposed FLP Using Organotin Reagents ......... 55 

2.6 Conclusions and Future Plans ....................................................................... 56 

3. EXPERIMENTAL SECTION............................................................................. 62 

APPENDIX A ......................................................................................................... 81 

NMR Spectra of the Synthesized Compounds .................................................... 81 

REFERENCES ...................................................................................................... 109 



 6

LIST OF TABLES 

Table 2.1. Optimization of the lithiation of 8-bromo-2-methylquinoline: 

composition of the reaction mixture as determined by 1H NMR spectroscopy .................43 



 7

LIST OF FIGURES 

Figure 1.1 Orbital interactions during Lewis acid – Lewis base reactions ..............10 

Figure 1.2 Some of the FLP-bearing compounds reported in the literature .............13 

Figure 1.3 Proposed mechanisms for hydrogen activation with FLPs. ....................23 

Figure 1.4 Proposed mechanisms for C=C and C=N bonds activation with FLPs. .25 

Figure 1.5 Calculated Gibbs free energies for the hydrogen splitting reaction of 

Lewis pairs. ........................................................................................................................27 

Figure 1.6 A model of the dimer 1.52c ....................................................................35 



 8

ABSTRACT 

A series of new “frustrated Lewis pairs” (FLPs), including chiral versions, with a 

predefined spatial relationship between the basic and acidic centers is proposed. Several 

synthetic protocols toward the targets were investigated: through an aryllithium – 

haloborane coupling; using organotin reagents and a chiral diazaborolidine; and through 

organoboranes RBH2 as the boron component. Further development of the project is 

discussed in light of the discovered data. 

The intermolecular system consisting of 8-bromo-2-methylquinoline and (C6F5)3B 

was shown to exist in the form of an FLP. This FLP is not capable of heterolytic H-H 

bond cleavage with formation of an isolable adduct either at 1 atm or at 4 atm of H2. 
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1. INTRODUCTION 

1.1. Frustrated Lewis Pairs: Definition and Discovery 

The concept of Lewis acidity and basicity is of ultimate importance for organic 

chemistry. In 1923, G. N. Lewis defined electron pair donors as bases and electron pair 

acceptors as acids.1,2 During the interaction a base donates its electron pair to an acid, 

forming an acid-base complex (Scheme 1.1). 

 

Scheme 1.1 Classical vs. “Frustrated” Lewis pairs interaction 

BF3 + Et2O Et2O

N + BF3 N BF3

"Traditional" Lewis acid - Lewis base
interaction

N + BMe3

N

t-Bu

t-Bu

+ BF3

"Frustrated Lewis pairs"

BF3

 

 

To be a Lewis acid the compound must have a low-energy LUMO where electrons 

can be donated. Lewis bases share electrons from a relatively high-energy HOMO 

(Figure 1.1). When the two compounds react, a new bond is formed by a dative 

mechanism. The new MO has a lower energy, thus making the complex formation 

favorable. This idea dominates chemist’s minds and is expressed in textbooks and many 

articles. 
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Figure 1.1 Orbital interactions during Lewis acid – Lewis base reactions (adapted from Hamza et al.)3 

 

However, multiple deviations from the rule have been observed. Probably, the first 

example of such deviation was reported back in 1942 by H. C. Brown.4 He noted that 2,6-

lutidine reacted with boron trifluoride but did not form a complex with trimethylborane. 

Moreover, 2,6-di(t-butyl)pyridine did not react even with such a small Lewis acid as 

BF3.
5,6 Brown explained this mode of reactivity by high steric encumbrance near the 

reactive centers (Scheme 1.1) 

The unusual reactivity of sterically encumbered Lewis acid and bases was 

investigated in much more detail by D. W. Stephan and coworkers at the beginning of 

this century. Initially, they showed that the strongly Lewis acidic borane B(C6F5)3 1.1 

does not form adducts upon mixing with the phosphines t-Bu3P or (C6H2Me3)3P neither at 

−50 °C nor at room temperature.7 But when (C6H2Me3)3P was substituted for 

(C6H2Me3)2PH, an unexpected product 1.2 formed (Scheme 1.2).8 
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Scheme 1.2 Hydrogen activation by a B-P frustrated Lewis pair compound 

 

 

The air- and moisture stable zwitterion 1.2, formed by an interesting nucleophilic 

substitution of a para-fluorine atom in (C6F5)3B, can be converted into the dihydrogen 

adduct 1.4 by treatment with Me2SiHCl. The colorless 1.4 eliminates H2 upon heating 

above 100 °C to yield the intense-red phosphinoborane 1.3. A prominent feature of the 

latter compound is that it can react with molecular hydrogen even at −25 °C, thus 

representing a reversible H2 activation system. Later, the Stephan group discovered that 

1.3 can accessed directly from 1.2 by treatment with a Grignard reagent.1  

Attracted by the unusual reactivity of 1.3, Stephan began to explore this area and 

coined the term “frustrated Lewis pairs” (FLPs). He defined frustration as “the inability 

of the Lewis acid and base to form simple adducts as a result of the steric congestion.” 9 

The first example of an intramolecular FLP-bearing compound (although, not 

named this way at the time of publication) was reported in 2003 by Roesler, Piers, and 

Parvez.10 The reaction of 1-diphenylamino-2-lithiobenzene 1.5 with bis-
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(perfluorophenyl)chloroborane 1.6 yielded the aminoborane 1-(NPh2)-2-[B(C6F5)2]C6H4 

1.7 (Scheme 1.3). Even though the compound does not react with H2, the described 

protocol later became common for the preparation of all B,N-containing frustrated Lewis 

pairs (see below). The reduced reactivity of 1.7 can be explained with the substantially 

reduced Lewis basicity of the triarylsubstituted nitrogen atom: the pKa of Ph3NH+ is −5,11 

whereas the pKa of the 1,2,2,6,6-pentamethylpiperidine conjugated acid is 18.3.12 

 

Scheme 1.3 The first example of a B,N-containing frustrated Lewis pair10 

 

 

1.2. Classes of FLPs 

The compounds bearing Frustrated Lewis pairs can be classified as inter- and 

intramolecular. The intermolecular FLPs are simply the mixtures of a sterically 

encumbered Lewis acid and a base. Consequently, a number of them have been prepared 

and reported (Figure 1.2A). 
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A. Intermolecular FLPs

tBu3P B(C6F5)3 Mes3P B(C6F5)3 tBu3P BPh3

PPh2

PPh2

B(C6F5)3+

+ + +

N

N

tBu

tBu

B(C6F5)3+
NtBu

B(C6F5)3+

NH B(C6F5)3+ NH BPh3+ N B(C6F5)3+

B. Intramolecular FLPs

NPh2
B(C6F5)2

1.7

B(C6F5)2

FF

FF

(Me3C6H2)2P

1.3

N

B(C6F5)2

1.8

1.1 1.1

1.1

1.1

1.11.1

1.1

 

Figure 1.2 Some of the FLP-bearing compounds reported in the literature13 

 

The most often used boron component in the intermolecular FLPs is the completely 

fluorinated triarylborane B(C6F5)3 (1.1). The reasons for such popularity are the 

following: the steric bulk provided by the large perfluorophenyl groups inhibits 

quenching of the Lewis acidity of boron; the electron-withdrawing substituents make the 

boron atom more electron-deficient and increase its acidity; the compound is very stable 

and easy to handle.14,15 Other boranes that have been tried and proved useful include 
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BPh3
7 and BMes3

7. There are reports on preparing FLPs with relatively small boranes, 

such as BEt3
16 and BMe3

4, when a very hindered amine is used. 

The variety of the Lewis basic counterpart in intermolecular FLPs is much greater 

and includes numerous amines, phosphines, N-heterocyclic carbenes, and imines (Figure 

1.2A). 

The intramolecular FLPs are much scarcer (some of them are shown on the Figure 

1.2B). Their variety is determined by the chemists’ ability to synthesize and handle very 

reactive intermediates and products. Among the most interesting compounds are the 

aminoborane 1.817 and phosphoborane 1.38 that are both capable of reversible hydrogen 

activation. 

 

1.3. Reactions of FLPs 

The reactivity of FLPs has been extensively investigated in the last few years. The 

compounds have been used for hydrogen activation and metal-free hydrogenation of C=N 

and C=C bonds, THF-ring opening, C=C bond activation, homogeneous CO 

hydrogenation (an alternative to the Fisher-Tropsch process),18 as well as tested in 

organometallic compound synthesis. 

1.3.1. H2 Activation and Storage 

Historically, transition metals have been used for the activation of hydrogen. Such 

catalysts usually require low catalyst loading but produce hazardous waste. The 
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possibility to use much more environmentally friendly small organic molecules as 

hydrogen activators might open a new chapter in synthesis. 

The main factor that attracted attention to frustrated Lewis pairs was their 

capability to heterolytically split hydrogen molecules. Since the initial report in 2006 by 

the Stephan group on synthesis and activity of proton-hydrido bearing compound 1.4 

(Scheme 1.2), several other hydrogen-splitting systems have been reported.8 The group of 

Rieger coined the term “molecular tweezers” for the compound  1.8.17 

The FLPs have also been considered from the point of view of H2 storage. These 

compounds are potentially a clean, source-independent energy carrier.19 The rapidly 

increasing energy consumption of the present-day world requires the development of new 

and recoverable “green” energy sources. However, there are serious safety doubts 

regarding the use of pressurized or liquefied hydrogen (in particular – explosion 

hazards).19 The chemical hydrogen storage using frustrated Lewis pairs might be the way 

to address these concerns if we are able to overcome the low storage capacity of such 

compounds. 

The equilibrium of H2 uptake and release depends greatly on the ΔG of the process. 

For example, the phosphinoborane-hydrogen adduct 1.4 does not release hydrogen unless 

heated to very high temperatures (Scheme 1.4).8 At the same time, the intermolecular 

system 1.9 + 1.1 is capable of reversible H2 addition under much milder conditions.20 

Finally, the compound 1.7 does not split H2 at all. The adduct 1.11 was never 

characterized. An attempted preparation of 1.11 led to spontaneous H2 liberation and 

formation of the aminoborane 1.7.10,21 
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Scheme 1.4 H2 activation by different FLP systems 

B(C6F5)2

FF

FF

(Me3C6H2)2P
H2, 25 °C

-H2, 150 °C
B(C6F5)2

FF

FF

(Me3C6H2)2P

H

H

1.3 1.4

NPh2
B(C6F5)2

1.7

X

spontaneously
-H2

Ph2N

B(C6F5)2

H
H

Ph2P PPh2

+ B(C6F5)3

H2, r.t.

-H2, 60 °C

H

[HB(C6F5)3]

Ph2P PPh2

1.9 1.10

1.11

H2

1.1

 

 

The ability of FLPs to activate hydrogen has been exploited for the reduction of 

imines, enamines, and enol ethers. 

1.3.4. Reactions with Alkenes and Alkynes 

The frustrated Lewis pairs are able to add to alkenes and alkynes (Scheme 1.5) in a 

manner strikingly resembling that of boranes. Treatment of the mixture of t-Bu3P and 1.1 

with propylene results in a formation of the product 1.12,22 whereas the reaction of the 

same substrate with 1,3-cyclohexadiene yields the 1,4-adduct 1.13.23 A “semi-

intramolecular” reaction of the unsaturated phosphine 1.14 and the borane 1.1 provides 
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the cyclic compound 1.15.23 In all cases the boron atom adds at the least hindered 

position.  

 

Scheme 1.5 Reactions of frustrated Lewis pairs with alkenes and alkynes 

t-Bu3P + B(C6F5)3

H2C=CHMe
(t-Bu)3P B(C6F5)3

(t-Bu)3P B(C6F5)3

1.12

1.13

P(t-Bu)2

1.14 P t-Bu
t-Bu

B(C6F5)3

1.15

B(C6F5)2(Me3C6H2)2P
P

B
C6F5

F5C6

C6H2Me3
Me3H2C6

1.16

1.17

PPh3 + 1.1
Ph Ph3P

B(C6F5)3

1.18

t-Bu3P + 1.1
Ph

1.19

Ph(C6F5)3Bt-Bu3PH

Ph

1.1

1.1

 

In the case of norbornene, the intramolecular FLP 1.16 forms a product of the 

addition from the more accessible exo-side. 
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Reactions of FLPs with alkynes may occur in two different ways depending on the 

structure of the reagents. For example, the system of 1.1 and PPh3 adds across the triple 

bond of phenylacetylene forming the trans-substituted product 1.18. However, if PPh3 is 

changed for much more bulky t-Bu3P, only the salt 1.19 forms.24 Consequently, one can 

potentially control the outcome of the reaction by varying the components of the FLP. 

1.3.3. Reactions with Organometallic Compounds 

Interactions of frustrated Lewis pairs with organometallic compounds are being 

extensively investigated nowadays despite the very high reactivity of such systems and 

related difficulties with the experimental procedures. 

The group of Bourissou has reported syntheses of structurally interesting 

complexes 1.21 and 1.23 (Scheme 1.6), obtained from the phosphinoboranes 1.20 and 

1.22 correspondingly.25,26 In these compounds, the Lewis acidic centers interact with the 

central atom (Rh or Au) by a donor-acceptor mechanism. The boron of the FLP can even 

interact with the atoms of the coordination sphere on the central atom as has been shown 

in the Pd-complex 1.24.26 
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Scheme 1.6 Reactions of frustrated Lewis pairs with organometallic compounds 

i-Pr2P

BPh
2

1. [RhCl(nbd)]2
2. DMAP Rh

Cl

DMAPi-Pr2P

i-Pr2P
B
Ph

1.20 1.21

BCy2

i-Pr2P

(Me2S)AuCl BCy2

i-Pr2P Au Cl
1.23

1.22 [Pd(allyl)Cl]2

Cy2
B

P

i-Pr
i-Pr Pd

Cl

1.24

Fe

P(C6H2Me3)2

B(C6F5)3, D2
X = H

X
P(C6H2Me3)2
D

D-B(C6F5)3

1.25a-c

X = H (a), Br (b), I (c)

1.26

Fe

D

1.27

1.25b-c

1. B(C6F5)3
2. D2

X = Br, I

P(C6H2Me3)2
H

H-B(C6F5)3

1.28

Fe

Fe
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Investigation of the ferrocene complexes 1.25a-c revealed different modes of 

reactivity depending on the substituents in the cyclopentadienyl ring. If the ring is not 

substituted (compound 1.25a), treatment with 1.1 followed by the reaction with 

dideuterium or dihydrogen gives a dephosphorylated product 1.27. This compound is 

probably formed through the intermediate 1.26.27 In the case when one of the ferrocene 

rings bears a bromine or iodine atom, the reaction leads to a proto-hydridocomplex 1.28.1 

1.3.5. Other Reactions 

The compounds with frustrated Lewis pairs are able to participate in many other 

reactions, some of which are outlined in the Scheme 1.7. Probably, the most common 

reaction of FLPs (and the most easily occurring side reaction when dry conditions are not 

maintained) is hydrolysis. Phosphino- and aminoboranes, such as 1.16, can react with a 

water molecule forming zwitterions with tetracoordinate boron and phosphorus (nitrogen) 

centers.1 The compound 1.29 can then attack another molecule of 1.16 forming the dimer 

1.30. 
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Scheme 1.7 Other reactions of FLPs 

P(C6H2Me3)2

B(C6F5)2

H2O (C6H2Me3)2P B(C6F5)2
OH

H (C6H2Me3)2P B(C6F5)2
O

H

(C6H2Me3)2P
B(C6F5)2

H1.16 1.29

1.30

(C6F5)3B THF

1.31

Ph3P=CHPh

R2PH

R = tBu, C6H2Me3 O
B(C6F5)3R2P

H

1.32

B(C6F5)3 B(C6F5)3Ph3P

Ph

1.33

B(C6F5)2

FF

FF
Ph

Ph3P F

1.34

1.16

PhNCO (C6H2Me3)2P
O
B(C6F5)2

N
Ph

1.35

(C6H2Me3)2P
O
B(C6F5)2

1.36a-b

R

RCHO

R = Ph (a), PhCH=CH (b)

1.1

 

 

Frustrated Lewis pairs can cleave THF as shown for the adducts of 1.1 with t-

Bu2PH or (C6H2Me3)2PH. When the triarylborane-THF complex 1.31 was treated with 

the corresponding phosphines, one of the C-O bonds in the THF ring was cleaved to give 

the zwitterion 1.32. 
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Another interesting mode of reactivity is the para-substitution in the 

perfluorophenyl ring of the borane. The zwitterion 1.32, formed from 1.1 and 

Ph3P=CHPh, underwent rearrangement upon heating yielding the para-substituted 

product 1.34.1 It has been mentioned earlier in this work that one of the first FLPs (1.2) 

was synthesized by such a reaction (Scheme 1.2).8 

A promising type of action of FLPs is the C=O bond activation. Initial studies in 

this area have shown that the compound 1.16 can add across the C=O bond of isocyanates 

and aldehydes. The addition to α,β-unsaturated ketones occurs in a 1,2-fashion 

(compound 1.36b).1 

1.4. Mechanism of Hydrogen Splitting by FLPs 

The mechanism of frustrated Lewis pair’s action is not clearly understood and has 

been extensively studied over the last two years.3,21,25,28,29 

Hamza et al. have investigated the prototypical system t-Bu3P/B(C6F5)3 in silico.3 

They have shown that HOMO and LUMO of the system come from the phosphine and 

borane subunits respectively (Figure 1.1). Due to the absence of orbital overlap the 

energy of the HOMO and LUMO components barely changes upon generation of the 

FLP. 

During hydrogen splitting, t-Bu3P and B(C6F5)3 polarize the H2 molecule. This 

results in a deformation of hydrogen orbitals and an unsymmetrical electron density 

distribution along the σH-H bond.3,30 The HOMO of hydrogen becomes destabilized 

whereas the LUMO is stabilized. The overall σH-H bond order decreases. It is believed 
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that the transition state of the reaction might involve a P(N)···H—H···B bond (so called 

“dihydrogen bond”, Figure 1.3A).30 

 

A.

R3P BR'3

R3P H H BR'3

R3P H H BR'3

frustrated
Lewis pair

R3P BR'3
"classical"
Lewis pair

G clasG frus

B.

+

+

-

-

frustrated
Lewis pair

+

+

-
-

H H

"prepared
Lewis pair"

H H

products
 

Figure 1.3 Proposed mechanisms for hydrogen  activation with FLPs. A. Original H2 activation mechanism 

as proposed by Rokob et al.30. B. Revisited mechanistic pathway with the formation of a “prepared Lewis 

pair”.28 

 

Calculations have shown that the energy of activation for hydrogen cleavage with 

frustrated Lewis pairs (ΔG≠
frus) is substantially smaller than that for a hypothetical 
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reaction of “classical” Lewis adducts (ΔG≠
clas). For the t-Bu3P/B(C6F5)3 system the 

difference in the activation energies ΔG≠
frus and ΔG≠

clas is approximately 11.5 kcal/mol.3 

Recently, Grimme, Erker et al. have pursued high-level calculations of the same 

frustrated pair and revisited the mechanism of hydrogen activation.28 They claim that the 

formation the linear P(N)···H—H···B bond probably does not occur in the reaction 

process. Instead, hydrogen interacts with the electrostatic field created by the basic and 

acidic centers to give the so called “prepared Lewis pair” (Figure 1.3B). This pair is then 

split into two ions or a zwitterion (for an inter- or intramolecular system respectively). 

The hypothesis might explain why structurally different FLPs, such as t-Bu3P/B(C6F5)3 

and (C6H2Me3)3P-CH2CH2-B(C6F5)2, exhibit similar reactivity in H2 activation. 

Representing the different types of FLPs, these systems nonetheless produce essentially 

the same electrostatic field as shown by the quantum-chemical calculations. 

The activation of the C=C bond is thought to occur through a mechanism similar to 

that of the H2 splitting (Figure 1.4A). First, the acidic boron atom forms a π-complex 1.37 

with the alkene. Then, the complex is attacked by the basic component of the frustrated 

Lewis pair. Redistribution of the electron density gives the zwitterion adduct 1.38.29 
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Figure 1.4 Proposed mechanisms for C=C and C=N bonds activation with FLPs. A. The mechanism for 

C=C bond activation with a preliminary formation of a π-complex between boron and alkene. B. Double 

catalytic cycle for imine hydrogenation as proposed by Rokob et al.25 
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Rokob et al. also proposed a mechanism for catalytic hydrogenation of imines. The 

reaction is thought to proceed through a double catalytic cycle.25 At the beginning of the 

process, when the product concentration is low, the first cycle predominates (Figure 

1.4A). It starts with a formation of a weakly bound complex 1.39 between the borane and 

the imine. Addition of hydrogen to this complex produces an intrinsic ion pair 1.40. 

Atom reorganization in 1.40 leads to another weakly bound complex 1.41. Finally, the 

reduced product is liberated and B(C6H5)3 is regenerated. 

The second catalytic cycle begins with a borane addition to the newly formed 

amine. The intermediate 1.42 reacts with hydrogen and gives an intrinsic ion pair 1.43. 

This pair serves as a hydrogen source and reduces the imine. The “dehydrogenated” ion 

pair 1.40 then participates in the completion of the second cycle. This second process is 

autocatalytic and presumably dominates near the end point of the reaction.25 

From a thermodynamic point of view, the initial addition of the substrate to the FLP 

must be reversible in order for the activation to be catalytic. Consequently, the Gibbs free 

energy of the reaction has to be near zero. Rokob et al. performed an extensive 

theoretical study on the 27 FLP systems that were previously tested for hydrogen 

activation (Figure 1.5).13  
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Figure 1.5 Calculated Gibbs free energies for the hydrogen splitting reaction of Lewis pairs. Reproduced 

from T. A. Rokob, A. Hamza, I. Papai, J. Am. Chem. Soc. 2009, 131, 10701 with permission. © The 

American Chemical Society. 
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They confirmed that all unreactive FLPs in this series had ΔG values for the 

addition to hydrogen above +10 kcal/mol. Most of the compounds that could bind 

hydrogen reversibly had ΔG in a 0 to −13 kcal/mol range (with the majority in a 0 to 

−3 kcal/mol range). Finally, Gibbs free energies for almost all of the irreversible 

reactions of hydrogen splitting (with exception of t-Bu3P/BPh3 system) were negative (0 

to −45 kcal/mol). The disagreement between the calculations and the experiment in case 

of the t-Bu3P/BPh3 pair was attributed to the limitations of the theory level. 

1.5. Synthesis of the FLP-Containing Compounds 

Intermolecular frustrated Lewis pairs in most cases can be easily prepared by a 

simple mixing of the sterically encumbered acid and base components in an appropriate 

solvent (Scheme 1.4A). In some cases, however, this may lead to the formation of other 

products. The mixture of di-(o,o,p-trimethylphenyl)phosphine and tri-

(perfluorophenyl)borane, as it has been mentioned before, is unstable and eventually 

yields the zwitterion (Me3C6H2)2P
+(H)-C6F4-B

−(C6F5)2F, 1.2 (Scheme 1.2).8 

Many of the known B,N-containing intramolecular FLPs were synthesized by 

essentially the same procedure (Scheme 1.8).10,17 In the preparation of 1.8 and 1.7, the 

“N-part” is installed as an organolithium species 1.45 and 1.5 that are synthesized from 

the corresponding arylbromide (1.44 and 1.46) with a sterically encumbered nitrogen 

atom. The compound is isolated and then reacted at low temperatures with the 

corresponding disubstituted chloroborane. 
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Scheme 1.8 Synthesis of the intramolecular FLPs 

N

Br

t-BuLi (2 eq.)

Et2O, -70 °C

N

Li

1.6

PhCH3/hexanes
-20 to 20 °C

N

B(C6F5)2

Br

NPh2

Et2O, 0 °C

n-BuLi
Li

NPh2

PhCH3/hexanes
-20 to 20 °C

B(C6F5)2

NPh2

1.8

1.7

1.44

1.5

1.45

1.46

1.6

 

 

Since the products are very reactive, air- and moisture sensitive, all the 

transformations are carried out under inert atmosphere. The solvents used for the 

coupling step are hexanes and toluene, in varying ratios. 

1.6. A Boron Subunit: Synthesis of Haloboranes 

Installation of the boron subunit into the FLP-bearing compounds is accomplished 

using highly reactive haloboranes. Usually perfluorophenyl substituted boranes are used 

since they give products with a highly Lewis acidic boron atom. 

An extensive review on perfluoroarylboranes was written by Chivers, who studied 

these compounds for about 40 years.31 Another good review was prepared by Piers.14 

The first compounds of this class, C6F5BCl2 and C6F5BF2, were reported in 1963 by 

Chambers and Chivers (Scheme 1.9).32 They were prepared by the transmetallation 

reaction between C6F5SnMe3 and BX3 (this reaction remains the most practical method to 

date). Upon thermolysis these perfluorophenyldihaloboranes disproportionate into bis-
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perfluorophenyl halogenated derivatives.33,34 The same year Massey et al. synthesized 

tris-(perfluorophenyl)borane 1.1 by arylation of BCl3 with C6F5Li, thus completing the 

family of perfluoroarylboranes.15 

 

Scheme 1.9 Synthesis of diarylhaloboranes 

(C6F5)2SnMe2
2 eq. BCl3
No solvent

or
hexane

C6F5BCl2

(C6F5)2SnMe2
2 eq. BF3

C6F5BF2CCl4

(C6F5)2SnMe2
1 eq. BCl3

hexanes, 120 °C

(C6F5)2BCl

(C6F5)2BF

+ BCl3

+ BF3

1.6

1.6
 

 

Originally, bis-perfluorophenylchloroborane 1.6 was prepared in a solvent-free 

reaction but later it has been shown that carrying out the transformation in hexanes allows 

separation of up to 80% of the main byproduct, Me2SnCl2, by simply decanting the 

reaction solution.34 The overall yield and purity of the desired borane are increased 

greatly in this way. 

Whereas the trisubstituted borane B(C6F5)3 (1.1) is remarkably thermally and 

hydrolytically stable,14,15 (C6F5)2BCl (1.6) and C6F5BCl2 react with water even at −78 °C 

to give (C6F5)2B-OH and C6F5B(OH)2 correspondingly.33 These products are stable under 

acidic conditions but can easily hydrolyze to C6F5H and B(OH)3 at neutral or basic pH 

(Scheme 1.10).33 
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Scheme 1.10 Hydrolysis of (C6F5)nBCl3-n 

 

 

Boranes with substituents containing β-hydrogens can be considered as derived 

from a formal or actual hydroboration reaction and are prone to retro-hydroboration to 

the starting alkenes. This often decreases the synthetic value of such derivatives. The 

important exceptions are arylsubstituted boranes: the dehydroboration reaction in this 

case would lead to benzynes and is therefore energetically disfavored.14 Boranes with the 

structure RB(C6F5)2 (R = Me, Bn, TMS) were prepared from (C6F5)2BCl 1.6 and 

Cp2ZrR2.
14 Other methods include reactions of ArBX2 (X = Br, Cl) with C6F5Li35 or 

ArBF2 with C6F5MgBr.36 

Other methods used to install the perfluorophenyl group on boranes include 

arylation of BCl3 with [Cu(C6F5)2]4 
37,38 and Zn(C6F5)2.

39 However, both approaches lead 

to hard to separate mixtures of haloboranes. 
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1.7. Proposed New Activators 

The proposed promoters are expected to modify the pathway for the addition of 

nucleophiles to carbonyl group and/or promote H2 splitting (Scheme 1.11). Chiral 

versions of the activators are also proposed. 

 

Scheme 1.11 Desired modes of activity of the proposed activators 

 

We propose a series of dual Lewis acid – Lewis base binders possessing the 

following characteristics: the boron and nitrogen atoms are forced to reside at a 

predefined distance from each other by the planar aromatic system of quinoline; the 

Lewis acidity of boron is tuned by varying the substituents; the Lewis basicity of nitrogen 

is potentially controlled by the substitution pattern of the heterocyclic system  
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A coordination of the activator 1.47 to a carbonyl compound can potentially occur 

from the Re- or Si-face of the carbonyl group. If we a able to construct a chiral 

environment near the reactive centers of 1.47 then the intermediates 1.48 and 1.49 will be 

diastereomeric. The attack of a nucleophile on 1.48 and 1.49 would produce enantio- or 

diastereomeric products 1.50 and 1.51. The preferential formation of one of the non-

equivalent intermediates, 1.48 or 1.49, would lead to an excess of 1.50 or 1.51 

correspondingly. 

Some of the proposed activator structures are shown on the Scheme 1.12. 

 

Scheme 1.12 Initially proposed Lewis acid – Lewis base binders* 
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*Note: Cy = cyclohexyl, Ipc = isopinocampheyl, Ts = p-methylphenylsulfonyl. 
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We expect that the intermolecular quenching of the acid-base properties in 1.52-

1.55 will be prevented by the rigidity of the aromatic system (structure 1.52b). However, 

at least one P,B-based system has been reported to exist in an equilibrium of open and 

closed forms (Scheme 1.13).40 

 

Scheme 1.13 Open and closed structures for the B,P-based FLP 

 

 

The dimerization (compound 1.52c) and polymerization (compound 1.52d) of the 

proposed targets are thought to be unlikely due to severe steric constraints (Figure 1.6). 

The resulting dimer 1.52c would have an extremely strained 8-membered ring with 

unfavorable bond angles and repulsive interactions between the bulky perfluorophenyl 

substituents. Similar constraints are expected to exist for the hypothetical polymer 1.52d. 
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Figure 1.6 A model of the dimer 1.52c. 

Note: AM1-optimized geometry using the Firefly QC package41, which is partially based on the GAMESS 

(US)42 source code. Color coding: yellow – carbon, blue – hydrogen, red – nitrogen, purple – boron, pale – 

fluorine. 

 

The installation of chiral substituents on the boron atom (structure 1.55) results in a 

potentially stereoselective version of the activator. The boron atom in this compound is 

expected to remain reasonably acidic due to the strong electron-withdrawing effect of the 

two tosyl groups, and selectivity of the activator is potentially determined by the 

orientation of the phenyl substituents. The related compounds 1.56 and 1.57 were 
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reported by the Corey group back in 1989. They have been used for enantioselective 

allylation of aldehydes,43 Diels-Alder, and aldol reactions.44 

 

Scheme 1.14 An enantioselective allylation agent and its precursor developed in 

the Corey group 

N
B
N

PhPh

TsTs

Br

N
B
N

PhPh

TsTs

1.56 1.57  

 

We proposed several methods for the synthesis of 1.52-1.55. The retrosynthetic 

analysis is shown on the Scheme 1.15. 



 37

Scheme 1.15 Retrosynthetic analysis of the proposed targets. 
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N
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N
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The first way we envisioned to make the target compounds is to react the 

corresponding haloborane 1.58 with 8-lithioquinoline 1.59. Similar protocols have been 

used to make many known intramolecular FLP (Section 1.5 of this thesis). The lithiated 

derivative 1.59 would come from the readily available 8-bromoquinoline 1.60 by the Li-

halogen exchange reaction. 

Another possibility involves alkylation of 8-quinolineboronic acid ester 1.61 with 

an appropriate organometallic compound. The ester 1.61 might come from the known 8-

quinolineboronic acid 1.62. 

Finally, some of the proposed dual Lewis acid – Lewis base binders, namely those 

having the N-B-N fragment, could potentially be synthesized from 8-quinolylborane 1.63 

by reacting it with the corresponding sulfonamide. Elimination of H2 would result in the 

formation of 1.55. 
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2. RESULTS AND DISCUSSION 

A number of paths toward the proposed dual Lewis acid – Lewis base activators 

were investigated (Scheme 2.1). The first strategy was based on the known syntheses by 

Sumerin17 and Piers10 and is outlined on Scheme 2.1A. 

We envisioned that 8-bromoquinoline 2.1 could be converted into the lithiated 

derivative 2.2 and then reacted with the corresponding haloborane to yield the desired 

product 2.3. The lithium-halogen exchange reaction is usually performed in ethereal 

solvents, which are good Lewis bases and thus could coordinate to the Lewis acidic 

boron atom. Consequently, we had to develop methods of adding R2B-Cl in ether-free 

solutions – either by performing the lithium-halogen exchange in non-oxygenated 

solvents or by isolating the intermediate 2.2. 

The second strategy was developed specifically for obtaining the chiral activator 

2.5a (Scheme 2.1B). 8-Quinolineboronic acid 1.62 would be converted into the 8-

quinolylborane 1.63 (synthesized by adapting the procedure from Brown)45 and then 

reacted with the diamine 2.4. The desired product of the reaction, compound 2.5a, could 

potentially react in situ with the liberating hydrogen to yield the adduct 2.5b. 

 The last path of interest involved the stannane reagent 2.27 reacting with the chiral 

bromoborinate 1.56 developed by Corey.43 
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Scheme 2.1 Investigated protocols toward the proposed dual Lewis acid – Lewis 

base activators 
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2.1. Optimization of the ArLi Synthesis 

Our first goal was to synthesize and isolate the pure ArLi component. We chose 8-

bromoquinoline 2.1 (prepared from 8-aminoquinoline 2.7, Scheme 2.2) as the starting 

material and tried to use the reported procedures: n-, s-, or t-butyl lithium in THF at 

−78 °C.46 Unfortunately, none of the efforts to isolate 8-lithioquinoline 2.2 was 

successful (Scheme 2.3). Even though the latter compound seemingly formed in solution, 

the solvent removal led to inseparable mixtures. 

 

Scheme 2.2 Synthesis of bromoquinolines 2.2 and 2.4a 

N

NH2

a
N

Br

NH2
Br b N

Br

78-88%

30-35%

2.7 2.1

2.8 2.9  

a Reagents and conditions: (a) HBr, NaNO2, H2O, 0 °C, 15 min; CuBr, HBr, H2O, 75 °C → rt, 12 h; (b) 

(E,Z)-2-butenal, HCl, H2O, reflux, 30 min, then rt, overnight. 

 

We tried to determine the effectiveness of the formation of 2.2 by quenching it with 

H2O and MeI. The yields of quinoline and 8-methylquinoline were also low and the 1H 

NMR analysis showed a substantial amount of byproducts. 

However, when we switched to diethyl ether as the solvent for the lithium-halogen 

exchange, the reaction proceeded smoothly at −78 °C and the purity of the quinoline after 
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hydrolysis was much higher. Encouraged with these results, we tried to isolate 8-

lithioquinoline 2.2, synthesized in ether, but all our attempts led again only to complex 

mixtures of products. 

 

Scheme 2.3 Li-halogen exchange in 8-bromoquinoline 2.2 
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The undesired modes of activity of the 8-bromoquinoline 2.1 – the BuLi system are 

probably caused by the nitrogen atom of the quinoline aromatic system. It is known, for 

example, that n-BuLi can add to C=N bond in pyridines and quinolines to give 1(4)H,2H-

derivatives (Scheme 2.4).47-49 
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Scheme 2.4 Side reactions of pyridines and quinolines involving n-BuLi* 

 

*Note: LiDMAE = Me2N(CH2)2OLi. 

 

We hypothesized that hindering this nitrogen with a reasonably large group might 

prevent the side reactions. 

In order to test the idea we synthesized 8-bromo-2-methylquinoline 2.9 by the 

Doebner-Miller reaction between 2-bromoaniline 2.8 and (E,Z)-2-butenal (Scheme 

2.2).50,51 The bromide 2.9 was then used is a series of lithiation experiments. (Table 2.1) 

The lithiated derivative 2.10 was quenched with D2O or wet ether and the composition of 

the reaction mixture was determined by 1H NMR spectroscopy. 

Lithiation of bromide 2.9 with n-BuLi over one hour did not proceed to completion. 

About 30% of the starting material was still present in the reaction mixture after 

quenching as determined by 1H NMR. However, allowing the reaction to proceed over 

two hours yielded reasonably pure 2-methylquinoline 2.11. A product of similar purity 

was obtained when then the reaction mixture was allowed to warm to room temperature. 

This result confirms that 8-lithio-2-methylquinoline 2.10 is reasonably stable – at least 

for 30 minutes at room temperature. 
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Table 2.1 Optimization of the lithiation of 8-bromo-2-methylquinoline: composition 

of the reaction mixture as determined by 1H NMR spectroscopy 

 

Entry Conditions 
N

Br

2.9a

N

H

2.11b  

Other 
productsc 

1 1 eq. n-BuLi, −78 °C, 1 h 30 64 6 

2 
1.5 eq. n-BuLi, −78 °C, 1 

h 
2 93 5 

3 
1 eq. n-BuLi, −78 °C, 
30 min → rt, 30 min 

− 96 4 

4 1 eq. n-BuLi, −78 °C, 2 h 3 93 4 

5 
1 eq. n-BuLi, −78 °C, 2 h 

→ rt, 15 min, with 
isolation of ArLi 

− 95 5 

a Starting material, % 

b Target compound, % 

c Approximate amount, % 

 

Encouraged with this result, we made an attempt to isolate the compound 2.10. The 

starting 8-bromo-2-methylquinoline 2.9 was allowed to react with n-BuLi over two hours 

at −78 °C, then stirred at room temperature over 15 to 30 min, and finally the solvent was 
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removed at reduced pressure (15 Torr) at 0 °C. After two to four washes of the solid 

residue with hexanes we obtained the desired lithium derivative as pale yellow powder. 

Gratifyingly, 1H NMR spectrum of the hydrolysis product (2-methylquinoline 2.11) was 

reasonably clean. With this result in hand, we were ready to construct the “B-part” of the 

proposed activators. 

 

2.2 Intramolecular Aromatic FLP Synthesis: Trials and Results 

The perfluorinated diarylchloroborane (C6F5)2B-Cl 1.6 was synthesized smoothly 

from (C6F5)2SnMe2 and BCl3 utilizing the known procedure.34 After some 

experimentation and optimization of the techniques we were able to improve the yield to 

95% (to compare, the reported yields were roughly 60%). 

The obtained 1.6 as well as commercially available dicyclohexylchloroborane and 

(−)-DIP-Chloride were used in the reactions with 8-lithio-2-methylquinoline 2.10 

(Scheme 2.5). 
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Scheme 2.5 Reactions of 8-lithio-2-methylquinoline 2.5 with different haloboranes 
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The reactions of organolithium 2.10 with Cy2B-Cl and DIP-Chloride in hexanes did 

not yield the desired products 2.12 or 2.13: 11B NMR spectra of the reaction mixtures did 

not contain the expected signals in the 70-50 ppm region (this region is characteristic for 

the trisubstituted alkyl- or arylboranes). However, when compound 2.10 was allowed to 

react with (C6F5)2B-Cl (1.6), a peak at 69.5 ppm together with other signals was 

observed. We attribute this peak to the desired B,N-containing FLP 2.14. 

Unfortunately, in our subsequent attempts to reproduce the result we were 

unsuccessful. Pursuing the reaction under varying conditions (solvent and temperature) 

led to a variety of unidentified products giving rise to the signals in upfield region of the 
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11B NMR spectrum: −0.27, −4.1, −11.8, −13.5, and −15.0 ppm (indicative for 

tetracoordinated boron species of structure [R3BOR']− or R4B
−) as shown on Scheme 2.6. 

 

Scheme 2.6 11B NMR spectroscopy on the reactions of 2.4 with 1.6 
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Interestingly enough, performing the reaction in diethyl ether, i.e. without first 

isolating organolithium 2.10, gave essentially the same product mixture as determined by 

11B NMR spectroscopy. The spectrum contained major peaks at 35.6, −1.15, −15.30, and 

−25.4 ppm. Addition of H2O to the NMR sample (intended to hydrolyze the formed 

products) changed the spectrum only slightly: δ 1.71, −4.43, −13.4, and −15.3 ppm. This 

indicates that the reaction mixture contained boron species resistant to hydrolysis. 
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We hypothesized that the signals near −15 ppm (R4B
−) might arise from the 

overarylated boron species 2.15. We reacted (C6F5)2B-Cl (1.6) with two equivalents of 

organolithium 2.10 to test the idea. To our surprise, the 11B NMR spectrum of the 

hydrolyzed reaction mixture lacked the abovementioned resonances completely (Scheme 

2.6). This is consistent with the initial hypothesis that the steric bulk around the boron 

atom would prevent dimerization or polymerization of the desired product 2.14 (Scheme 

1.12). 

Concerned about the experimental techniques being used, we tried to reproduce the 

synthesis by Sumerin et al. and make the “molecular tweezers” 1.8 (Scheme 2.7).17 
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Scheme 2.7 Synthesis of the “molecular tweezers”a 
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a Reagents and conditions: (a) 2,2,6,6-tetramethylpiperidine, K2CO3, KI, acetone, 95 °C, 2 days; (b) n-

BuLi, Et2O, −78 °C → rt, overnight; (c) (C6F5)2B-Cl (1.6), toluene-hexanes, −20 °C → rt, overnight; (d) 

H2O, CdD6, rt, 30 sec. 

 

2-Bromobenzylbromide 2.16 was converted into the tertiary amine 1.44 by a 

reaction with 2,2,6,6-tetramethylpiperidine. Lithium-halogen exchange in 1.44 occurred 

smoothly by the action of n-BuLi overnight. Removal of the solvent and washing the 

resulting solid with hexanes yielded the white solid 1.45. 

A reaction of the compound 1.45 with the diarylchloroborane 1.6 resulted in the 

formation of bright yellow solution of FLP 1.8. A 11B NMR spectrum of the reaction 
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mixture had a broad singlet at 65.0 ppm together with some other peaks (C6D6–C6H14–

PhCH3, δ 49.0, −1.54, and −10.9 ppm). The peak at 65.0 ppm is in a good agreement with 

the reported NMR resonance by Sumerin (65.5 ppm).17 When the NMR sample was 

hydrolyzed with one drop of H2O, the resulting 11B spectrum contained only a major peak 

at −1.54 ppm (the zwitterion 2.17) and a minor one at −10.9 ppm (presumably impurity, 

less than 10% by integration). We think that the target “molecular tweezers” 1.8 exist in 

equilibrium with several other forms when dissolved in toluene-containing solvent, 

whereas its hydrolysis product, 2.17, forms only one species. 

These results allowed us to confirm that the handling techniques being used here 

appropriate and adequate for such moisture- and air-sensitive compounds as FLPs. 

2.3 Intermolecular Frustrated Lewis pair from 8-bromo-2-methylquinoline 

and its activity in splitting H2 

In order to investigate the extent of steric bulk near the nitrogen atom in 8-bromo-

2-methylquinoline 2.9 and whether it is sufficient to prevent reactions with Lewis acids, 

we mixed the title compound 2.9 with several substituted boranes (Scheme 2.8). 
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Scheme 2.8 Investigation of the reactivity of 8-bromo-2-methylquinoline toward 

several boron-containing Lewis acids* 

N

Br

(a) BF3 Et2O
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(b) B(C6F5)3
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N
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*
 Reagents and conditions: (a) BF3·Et2O, THF or Et2O, rt, 2 hours; (b) B(C6F5)3, PhCH3, rt, 30 min. 

 

When 2.9 was mixed with boron trifluoride etherate at room temperature, a 

precipitate of the acid-base adduct 2.18 formed quickly. Its 11B NMR spectrum consists 

of a single sharp peak at −0.75 ppm, which is expected for donor-acceptor complexes of 

boron with nitrogen or oxygen.52 To our surprise, the 1H NMR spectrum of 2.18 was 

strikingly similar to that of the starting quinoline 2.9. In order to check the influence of 

the coordination to boron on the spectroscopic behavior of nitrogen-containing 

heterocycles, we investigated the 1H NMR spectrum of the known DMAP·BF3 adduct. 

We noticed that the aromatic proton resonance signals of DMAP·BF3 differ from 

that for pure DMAP only by 0.08-0.09 ppm. In agreement with the predicted electron 

density redistribution the signals for Hα are shifted downfield, whereas the signals for Hβ 

were seen upfield (Scheme 2.9). 
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This data indirectly supports our supposition that the formation of the adduct 2.18 

does not significantly change its 1H NMR spectrum in comparison with the starting 

quinoline 2.9. 

 

Scheme 2.9 Redistribution of electron density in the DMAP-BF3 adduct 

 

 

In the next experiment, we used the much more bulky Lewis acid (C6F5)3B (1.1). 

Mixing the quinoline 2.9 with 1.1 did not lead to any observable reaction over one hour 

and the 1H, 11B, and 19F NMR spectra of the mixture exhibited resonances characteristic 

for the starting materials (Scheme 2.10A). 

These data indicate that 2.4 and 1.1 do not form the adduct 2.19 under the given 

conditions and, consequently, exist as an FLP in solution. Encouraged with the result, we 

investigated whether this system split H2. 
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Scheme 2.10 Investigation of the reactivity of the quinoline- and pyridine-based 

FLPs in the reaction with H2
* 

N

Br

+ (C6F5)3B
toluene

r.t.

toluene, r.t.

H2 (1 atm)

2.9 1.1

2.9 + 1.1

N

+ 1.1
toluene, r.t.

H2 (4 atm) N

H

HB(C6F5)3

A.

B.

2.20

C.

toluene, r.t.

H2 (4 atm)
2.9 + 1.1

N

BrH

HB(C6F5)3

N

BrH

HB(C6F5)3
 

* Note: the reaction B has been reported in literature.16 We used it as a test for the increased pressure 

hydrogen splitting set-up. 

 

When the reaction was carried out at room temperature and 1 atm of hydrogen for 

two hours, the 11B NMR spectrum showed a broad singlet for 1.1 at 58.8 ppm and no 

doublets for the R3B-H in a −15 to −25 ppm region. Stirring the reaction mixture 

overnight led to the formation of unidentified product that had a boron NMR resonance at 

−4.6 ppm (C6D6). 
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Next, we wished to test whether the 2.9 + 1.1 system splits hydrogen at elevated 

pressures. We designed a set-up for higher pressure hydrogenation on a small scale and 

tested it on the reported 2,6-lutidine/1.1 system (Scheme 2.10B).16 Stirring a solution of 

2,6-lutidine and 1.1 in toluene overnight under 4 atm of H2 led to the formation of the 

zwitterion 2.20 along with some unidentified byproducts as confirmed by 11B NMR 

spectroscopy. 

Finally, the behavior of the 2.9/1.1 system under an increased H2 pressure was 

investigated (Scheme 2.10C). Stirring the reaction mixture overnight under 4 atm of H2 

followed by removal of the solvent led to a product with a single boron resonance at 

−3.8 ppm (CDCl3). The signal is situated far from the expected region for the (C6F5)3BH− 

species and does not exhibit splitting for the 1JB-H coupling. Consequently, the 2.9/1.1 

system is incapable of heterolytic H2 splitting with the formation of the isolable adduct 

under the conditions used. 

2.4 Attempts to Synthesize the Proposed FLP from ArBH2 

An alternative approach toward the proposed activators with the boradiazolidine 

moiety (structure 2.5a) was investigated (Scheme 2.11). The key feature of this protocol 

consisted of the formation of the quinolylborane 1.63 and its subsequent reaction with the 

chiral disulfamide 2.4. Elimination of hydrogen could potentially give the desired product 

2.5a. 
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Scheme 2.11 An alternative protocol toward the proposed chiral activators (A) and 

its investigation (B) 
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To test this approach, we used the model system without the nitrogen heterocyclic 

fragment. Phenylboronic acid 2.22 was converted into lithium phenylborohydride 2.23 

using the procedure reported by the H. C. Brown’s group.45 In this procedure, a solution 
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of LiAlH4 in Et2O was titrated with a solution of 2.22 using 2,2'-bipyridyl as the 

indicator. The reaction went smoothly and produced LiBH3Ph 2.23 of high purity. The 

product 11B NMR spectrum exhibited a single peak − a quartet at −26.1 ppm.  

Unfortunately, our attempts to convert 2.23 into the desired phenylborane 2.24 

under the conditions described by Brown53 were not successful (Scheme 2.11B). 

Treatment of 2.23 with tetramethylsilyl chloride led to inseparable mixtures of products 

exhibiting complex 11B NMR spectra with many peaks. 

Being unable to access even the simplest arylborane, we postponed the future 

investigation of this attractive protocol. 

2.5 Attempts to Synthesize the Proposed FLP Using Organotin Reagents 

The final approach toward the proposed chiral Lewis acid – Lewis base activators 

2.5a, 2.5c involved using organotin reagents (Scheme 2.12). Organostannanes have found 

wide use in organic synthesis as good alkylating and arylating agents compatible with a 

variety of functional groups. We envisioned that (8-quinolyl)stannanes might react with 

the chiral bromoborinate 1.56 yielding the desired 2.5a or 2.5c. 
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Scheme 2.12 Attempts to synthesize the chiral FLPs using organotin reagents 
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8-Bromoquinolines 2.1 and 2.9 were converted into the organotin reagents 2.25-

2.27, by treatment of the corresponding organolithium compounds with trimethyl- or 

tributyltin chloride. The products were rather easily purified by flash chromatography and 

then reacted with the bromoborinate 1.56. 

None of our attempts to generate 2.5a or 2.5c was successful as deduced from the 

11B NMR spectra of the reaction mixtures. 

2.6 Conclusions and Future Plans 

In conclusion, during this work we investigated several protocols toward the B,N-

containing FLPs with a quinoline backbone: through an aryllithium – haloborane 

coupling; using organotin reagents and a chiral diazaborolidine; and through 

organoboranes RBH2 as the boron component (Scheme 2.13). 
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Scheme 2.13 Some of the compounds discussed in this work 

 

 

We were able to find conditions that allow isolation of the quinolyllithium 

intermediate with the sterically encumbered nitrogen atom. The isolation is expected to 

be necessary because the initial lithium-halogen exchange takes place in diethyl ether; 

this solvent could potentially coordinate to the boron component and lead to hard-to-

analyze 11B NMR spectra. The isolation of 8-lithioquinoline (2.2) could not be effected 

under the conditions used. The compound with a more sterically encumbered nitrogen 

atom, 8-lithio-2-methylquinoline (2.6) was isolable at room temperature as a brownish 

solid. 

The procedure for the synthesis the haloborane (C6F5)2B-Cl (1.6) was optimized, 

yielding 90% of the desired product. 

The initial results for the coupling of 2.6 with 1.6 yielded a complex reaction 

mixture. Its 11B NMR spectrum exhibited a broad singlet at 68.5 ppm that might 

correspond to the desired FLP 2.14. Even though we were unable to reproduce the result 

so far, we found conditions that yield moderately simple reaction mixtures with only two 

boron resonances in the NMR spectrum. These peaks appear in a 5 to −5 ppm region and 
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might correspond to the [Ar2Ar'BOH]− species 2.28 (Scheme 2.14). Currently we are 

working on the isolation and identification of these products. Additionally, we plan to try 

to trap the initially formed borane 2.14 with an alcohol or an amine. This is expected to 

yield the products 2.29 and 2.30, correspondingly. The latter might be more stable and 

easier to isolate. 

Isolation of these products would confirm that the desired compound 2.14 is 

forming during the first step. 

 

Scheme 2.14 Some of the compounds discussed in this work; future plans on the 

development of the project 
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The protocol involving the organotin compounds 2.25-2.28 did not lead to the 

desired chiral activators 2.5a, 2.5c (Scheme 2.15). As these compounds might show some 

level of enantioselectivity in C=O bond activation, we are going to develop and test 

alternative protocols toward them. 

 

Scheme 2.15 Some of the compounds discussed in this work; future plans on the 

development of the project 

 

 

The initial attempt to utilize arylboranes with the core structure of 1.63 was 

unsuccessful so far, since we were unable to access the model substrate, PhBH2 (2.24). In 

the continuation of this protocol, we plan to synthesize the known borane 2.31.34 The 
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reaction of this borane with the organolithium 2.6 might yield the adduct 2.32 or, in case 

the latter is unstable, the FLP 2.14.  

The borane 1.1 and the quinoline 2.9 were shown to exist as an FLP when mixed in 

toluene for a short period of time (several hours), although a slow reaction occurs 

overnight leading to the indentified products. The 1.1/2.9 system is not capable of 

heterolytic H-H bond cleavage with formation of an isolable adduct either at 1 atm or at 4 

atm of H2. 

 

Scheme 2.16 Some of the compounds discussed in the work 

toluene, r.t.

H2 (1 atm)
2.9 + 1.1

toluene, r.t.

H2 (4 atm)
2.9 + 1.1

N

BrH

HB(C6F5)3

N

BrH

HB(C6F5)3

N

Br

+ (C6F5)3B
toluene

r.t., 2 hours
2.9 1.1

toluene

r.t., overnight
2.9 + 1.1 unidentified product
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Investigation of these proposals might open an approach to these structurally 

interesting FLPs with a predefined distance between the reactive centers and a chiral 

environment. 
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3. EXPERIMENTAL SECTION 

All manipulations involving boron compounds, unless otherwise stated, were 

carried out under inert atmosphere (argon or nitrogen) using the standard Schlenk 

techniques or in a glovebox (MBraun Labstar 130).54,55 Reagents were purchased from 

Sigma-Aldrich, TCI, or Acros Organics. Ethyl ether, THF, DCM and toluene were dried 

by passage through an activated alumina column immediately before use. ACS grade 

hexanes was degassed with bubbling argon, distilled from sodium, and stored in a 

glovebox. 

The 1H (600 MHz, 499 MHz, 300 MHz), 13C (125 MHz, 100 MHz), 19F 

(282.2 MHz), and 11B (160.3 MHz) NMR spectra were measured on Bruker Avance 

DRX-600, DRX-500, and Varian Unity-300 spectrometers. NMR solvents (CDCl3, C6D6) 

used for moisture-sensitive compounds were additionally dried by distillation from 

molecular sieves (4 Å) or CaH2 and stored under argon.56 1H NMR spectra were 

referenced to the solvent residual peak (CDCl3, δ 7.26 ppm; C6D6, 7.15 ppm; CD3OD, 

3.34 ppm; CD3CN, 1.94 ppm).57 11B NMR spectra were referenced using an external 

standard, BF3·Et2O, in the corresponding solvent (C6D6, 0.0 ppm; CDCl3, 0.0 ppm). In 

the cases when the sample was dissolved in a different solvent, BF3·Et2O in CDCl3 was 

used as the reference. 19F NMR spectra are reported with respect to the external standard, 

CF3COOH in CDCl3 (δ −76.55 ppm).58 The 1H NMR spectra of the tin-containing 

compounds had 119Sn and 117Sn satellite peaks due to the 2JSn-H and 3JSn-H coupling.59 

IR spectra were collected on a Nicolet IR 100 FT-IR spectrometer on neat samples 

(thin film). 
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High–resolution MS data were were obtained from Mass Spectrometry Facility, 

Department of Chemistry and Biochemistry, University of Arizona (Bruker 9.4T FT 

ICR/MS spectrometer). 

 

Copper (I) bromide, CuBr 

 

The title compound was prepared using a modified procedure for CuCl.60 

To a stirring solution of 13.1 g of anhydrous copper (II) bromide in approximately 

20 mL of water was added slowly at room temperature a solution of 7.6 g anhydrous 

sodium sulfite in 50 mL of water. Copper (I) bromide precipitated as a white powder. 

After several minutes of vigorous stirring, the reaction mix was poured into 1 L of water 

containing 1 g of sodium sulfite and 2 mL of concentrated hydrobromic acid. The 

mixture was stirred for several minutes and then allowed to settle. 

The supernatant solution was decanted and the precipitate was poured into a suction 

filter, washed with acetic acid, ethyl alcohol, and, finally, with ethyl ether. An attention 

was paid to minimize the exposure to air. 

Finally, the white Cu(I) bromide was air dried on the filter for about 30 seconds, 

transferred to an oven-dried vial, and placed under vacuum (0.5 Torr) for several hours. 

The vial was wrapped with aluminum foil and stored in a dark place. 

Yield: 6.20 g (73%). 
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8-Bromoquinoline 

N

NH2
N

Br

1. HBr, NaNO2, 0 °C

2. CuBr, HBr, H2O
75 °C r.t.  

The title compound was synthesized by Sandmeyer reaction  from 8-

aminoquinoline according to the previously reported procedure.61 

8-Aminoquinoline  (4.20 g, 29.1 mmol) was dissolved in 13.8 mL of 48% 

hydrobromic acid and 13.8 mL of water and the solution was cooled to 0 °C. To this a 

solution of 2.01 g (29.1 mmol) of sodium nitrite in 14 mL of water was slowly added 

with vigorous stirring. After several minutes, this mixture was carefully added to a 

solution of 5.00 g (34.9 mmol) copper (I) bromide in 27.6 mL of water at 75 °C. The 

reaction mixture was allowed to cool to room temperature and stirred overnight. 

NaOH solution (10%) was added dropwise to the reaction mixture until it reached 

pH 8. The product started to precipitate at pH 4-5. To this mixture was added 100 mL of 

DCM. Insoluble byproducts were separated by filtration through a plug of celite. The 

organic layer was separated. The aqueous layer was extracted with 2×50 mL of DCM. 

The combined organic solution was evaporated, redissolved in fresh DCM, dried over 

Na2SO4, and evaporated again. Distillation of the brown residue in a Kugelrohr apparatus 

(0.5 Torr, oven temp. 140 – 150 °C) gave pure 8-bromoquinoline as yellow oil that 

crystallized upon standing in a freezer. 

Yield: 4.70 g (78%). 
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1H NMR (600 MHz, CDCl3) δ 9.04 (d, J = 4.1 Hz, 1H), 8.15 (d, J = 8.2 Hz, 1H), 

8.04 (d, J = 7.4 Hz, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.45 (dd, J = 8.2, 4.2 Hz, 1H), 7.39 (t, J 

= 7.8 Hz, 1H). 

 

8-Bromo-2-methylquinoline 

 

The title compound was prepared by a Doebner-Miller reaction between 2-

bromoaniline and 2-butenal.50,51 

2-Bromoaniline (12.0 g, 69.8 mmol) was dissolved in 35 mL of 6 M hydrochloric 

acid and the solution was heated to reflux. To this was added by syringe commercial 2-

butenal (predominantly E-, 4.86 g, 69.8 mmol) over 60 min. Reflux was continued for an 

additional 30 min. The reaction mixture was allowed to cool and was stirred at room 

temperature overnight. 

The solution was washed with diethyl ether (2 × 20 mL), neutralized with a 

concentrated solution of K2CO3 (caution: rapid CO2 elimination), and basified to pH 8 

with 1 M KOH. The solution was extracted with DCM (3 × 40 mL). The combined 

organic layer was washed with brine (50 mL), dried with Na2SO4, and evaporated. 

Our original attempts to purify the product by formation of a complex with 

ZnCl2
50,51 yielded 8-bromo-2-methylquinoline of moderate purity. A better procedure was 

developed. The crude product (14.0 g) was first roughly purified by flash 
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chromatography (∅ 60 mm, 15:85 ethyl acetate – hexanes) and then the purest fractions 

were sublimed (0.5 Torr, bath temp. 65 °C) to give spectroscopically pure 8-bromo-2-

methylquinoline.  

Yield: 5.44 g (35%). 

1H NMR (600 MHz, CDCl3) δ 8.00 (d, J = 8.3 Hz, 2H), 8.00 (dd, J = 7.4, 1.3 Hz, 

2H), 7.72 (dd, J = 8.0, 1.2 Hz, 1H), 7.33 – 7.29 (m, 2H), 2.81 (s, 3H).  

 

2-Methyl-8-lithioquinoline 

 

8-Bromo-2-methylquinoline (0.222 g, 1.00 mmol) was dissolved in dry Et2O 

(approx. 4.5 mL) and the solution was syringed into a dry, argon flushed, Schlenk tube 

equipped with a Teflon screw cap. The solution was cooled to −78 °C (note: a white 

precipitate of 8-bromo-2-methylquinoline forms). Freshly titrated n-BuLi solution in 

hexanes (0.50 mL, 2.01 M, 1.0 mmol) was slowly added. The resulting orange solution 

was stirred at −78 °C for two hours, then allowed to warm to room temperature and 

stirred for an additional 30 minutes. The solvent was removed (approx. 10 Torr, bath 

temp. 0 °C). Dry hexanes (5 mL) was added. The tube was tightly closed and vigorously 

shaken. This slurry was cannulated under a positive pressure of argon into a filtering 

chamber. The precipitate of 2-methyl-8-lithioquinoline was washed with 10 mL of dry 

hexanes, then transferred into a glovebox. 
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Yield: 0.13 g (87%). 

 

8-Deutero-2-methylquinoline 

 

To a solution of 2-methyl-8-lithioquinoline (approx. 20 mg, 0.013 mmol) in C6D6 

(0.5 mL) was added one drop of D2O. 1H NMR integration revealed the existence of a 

mixture of 8-deutero-2-methylquinoline and 2-methylquinoline in a 49:51 ratio 

(presumably due to the partial hydrolysis of the starting 2-methyl-8-lithioquinoline with 

atmospheric moisture and/or H2O in D2O). 

1H NMR (600 MHz, C6D6) δ 7.50 (d, J = 8.3 Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 

7.36 (t, J = 5.6 Hz, 1H), 6.75 (d, J = 8.4 Hz, 1H), 2.52 (s, J = 9.2 Hz, 3H). 

 

Dimethylbispentafluorophenyltin, (C6F5)2SnMe2 

 

The title compound has been previously reported.34,62 

A 250 mL three-necked flask equipped with a reflux condenser and a dropping 

funnel was flushed with argon and charged with 1.43 g  (59.0 mmol) of magnesium 

turnings and 20 mL of dry ethyl ether. C6F5Br (13.9 g, 56.2 mmol) was dissolved in about 

50 mL of dry ethyl ether. A small amount of this solution was added to the magnesium 

turnings to initiate the reaction. When the magnesium surface changed its appearance, the 
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remaining C6F5Br solution was dropwise added over 50 minutes. Self-reflux was 

observed. The reaction mixture was heated at reflux for an additional hour and then 

slowly cooled to 0 °C. 

To this solution was added Me2SnCl2 (6.17 g, 28.1 mmol) at 0 °C. The mixture was 

allowed to warm to room temperature and stirred for 24 hours. 

A small amount (approx. 20 mL) of wet hexanes was added to the reaction mixture, 

to quench any remaining Grignard reagent. The mixture was transferred to a single-neck 

250 mL flask and evaporated (approx. 15 Torr). The residue was suspended in 100 mL of 

hexanes, filtered, and washed with hexanes (2 × 100 mL). The combined organic solution 

was washed with 30 mL of 1 M hydrochloric acid, and dried over Na2SO4. The solvent 

was evaporated and the crude product (13.0 g) was distilled (0.5 Torr, oven temp. 

125 °C) in a Kugelrohr apparatus to give the product as colorless liquid that crystallizes 

upon standing in a freezer. 

Yield: 12.7 g (93%). 

1H NMR (CDCl3): δ 0.90 (s, 6H, 117Sn and 119Sn satellites, 18%, Javerage = 64.2 Hz). 

19F NMR (282 MHz, CDCl3) δ -122.0 (dd, J = 23.7, 8.3 Hz), -150.8 (t, J = 19.5 

Hz), -159.05 – -160.2 (m). 

 

Chlorobispentafluorophenyl borane, (C6F5)2BCl 

 

The known borane was prepared using a modified procedure from the literature.34 



 69

A flame-dried thick-walled 150 mL Schlenk glass bomb with a stirbar was purged 

with argon and charged with dry hexanes (10 mL). (C6F5)2SnMe2 (3.62 g, 7.50 mmol) 

was transferred into the flask as a liquid using a tared syringe (note: may solidify 

spontaneously). To this, commercial BCl3 solution in hexanes (7.5 mL, 1 M, 7.5 mmol) 

was slowly added with rapid stirring. The flask was closed tightly with a Teflon screw 

cap. The reaction mixture was stirred at room temperature for 30 minutes, then heated by 

partially submerging in an oil bath at 110 °C for three days. 

Upon cooling the reaction solution to room temperature, a white precipitate of 

(C6F5)2SnCl2 formed. The reaction mixture was cannulated to a filter chamber and the 

solids were washed with dry hexanes (1.21 g, 74% of Me2SnCl2 was recovered). The 

combined hexanes solutions were collected into a dry Schlenk flask and evaporated 

(approx. 15 Torr, room temp.) 

The crude product was transferred into a sublimation apparatus inside a glove box. 

The residual (C6F5)2SnCl2 was sublimed under an atmosphere of argon (100 Torr, bath 

temp. 37 °C) in two batches. The coldfinger was thoroughly cleaned after each batch. 

(C6F5)2BCl was sublimed (0.5 Torr, bath temp. 61 °C). White crystals of the product were 

collected into a dry flask and stored in the glovebox. 

Yield: 2.72 g (95%). 

11B NMR (C6D6): δ 57.1 (br. s). 

19F NMR (CDCl3): δ −130.2 (dt, J = 13.2, 6.2 Hz), −145.0 (t, J = 20.6 Hz), −161.4 

(m). 
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4-Methyl-N-((1S,2S)-2-[4-methylphenyl)sulfonyl]amino-1,2-

diphenylethyl)benzenesulfonamide 

NH2H2N

Ph Ph TsCl

TEA, DMAP, DCM
0 °C r.t.

NHTsTsHN

Ph Ph

 

The known tosylamide was prepared using a procedure reported by Corey et al.44 

and Gibson et al.63 

(1S,2S)-1,2-Diphenylethane-1,2-diamine (0.500 g, 2.36 mmol) was placed into a 

dry flask filled with argon. To this 10 mL of DCM, 1.6 mL (11.5 mmol) of TEA, and 

11 mg (0.09 mmol) of DMAP was added. The reaction mixture was cooled to 0 °C. 

Freshly recrystallized tosyl chloride (1.01 g, 5.30 mmol) was added in small portions 

over 5 min. The ice bath was removed and the reaction mixture was stirred at room 

temperature overnight. 

The reaction solution was washed with 6 mL of 10% hydrochloric acid, 6 mL of 

water, and 6 mL of saturated NaHCO3 solution, dried with Na2SO4, and evaporated. The 

crude product (1.24 g) was recrystallized from ethanol (approx. 100 mL). 

Yield: 0.99 g (81%). 

1H NMR (CDCl3) δ 7.47 (d, J = 8.3 Hz, 4H), 7.06 (d, J = 8.2 Hz, 4H), 7.02 (t, J = 

7.4 Hz, 2H), 6.94 (t, J = 7.6 Hz, 4H), 6.66 (d, J = 7.6 Hz, 4H), 5.67 – 5.58 (m, 2H), 4.51 – 

4.38 (m, 2H), 2.32 (s, 6H), 1.45 (s, 6H). 
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4-Methyl-N-(2-[4-methylphenyl)sulfonyl]amino-ethyl)benzenesulfonamide 

 

The title compound was prepared according to the literature procedure.64 

Recrystallized tosyl chloride (3.81 g, 20.0 mmol) was suspended in 8 mL of ethyl 

ether. The suspension was cooled to 0 °C. A solution of NaOH (0.80 g, 20 mmol) and 

1,2-ethanediamine (0.67 mL, 10 mmol) in 8 mL of water was added dropwise. The 

reaction mixture was allowed to slowly warm to room temperature and stirred during 

three days. 

The white precipitate was filtered, washed with water, and recrystallized from 

chloroform – ethanol mixture (~ 20:1). 

Yield: 2.81 g (76%). 

1H NMR (CDCl3) δ 7.71 (d, J = 8.3 Hz, 4H), 7.31 (d, J = 8.3 Hz, 4H), 4.81 (br. s, 

2H), 3.13 – 3.01 (m, 4H), 2.43 (s, 6H). 

 

8-(trimethylstannyl)quinoline 

 

8-Bromoquinoline (0.31 mL, 2.4 mmol) was dissolved in 8 mL of dry ethyl ether 

under argon. The solution was cooled with a dry ice – acetone bath. A hexanes solution 

of n-BuLi (1.02 mL, 2.37 M, 2.42 mmol) was added dropwise over 15 min. The bright 
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orange coloration appeared. The reaction mixture was stirred for an additional 10 min, 

then Me3SnCl (0.57 g, 2.9 mmol) was added dropwise as a solution in dry ethyl ether (0.8 

mL, and 2 × 0.5 mL rinses). The solution was allowed to slowly warm to room 

temperature and stirred during 24 hours. 

The reaction mixture was quenched with a saturated NH4Cl solution (5 mL). The 

aqueous layer was extracted with ethyl ether (3 × 3 mL). The combined organic layer was 

dried with Na2SO4 and evaporated. Flash chromatography (hexanes – ethyl ether, 99:1) of 

the oily residue yielded the desired product as a colorless oil. 

Yield: 0.158 g (23%). 

1H NMR (CDCl3) δ 8.88 (dd, J = 4.1, 1.7 Hz, 1H), 8.15 – 8.09 (m, 1H), 7.90 (dd, J 

= 6.6, 1.2 Hz, 1H, 119Sn and 117Sn satellites, 20%, Javerage = 51.0 Hz), 7.79 (dd, J = 8.0, 1.0 

Hz, 1H), 7.56 – 7.49 (m, 1H), 7.36 (dd, J = 8.2, 4.2 Hz, 1H), 0.40 (s, 9H, 119Sn and 117Sn 

satellites, 20%, Javerage = 56.0 Hz). 

13C NMR (126 MHz, CDCl3) δ 153.17, 149.51, 147.56, 137.05, 136.24, 128.13, 

127.99, 126.29, 120.85, −8.21. 

IR (neat) 3047, 2978, 2916, 1597, 1533, 1485, 1458, 1371, 1296, 1187, 1137, 

778 cm−1. 

HRMS (ESI+) calcd for C12H16NSn (M+H)+ 294.0301, found 294.0294. 
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2-Methyl-8-(trimethylstannyl)quinoline 

N

SnMe3

 

The title compound was prepared using a slightly different procedure than that for 

8-(trimethylstannyl)quinoline. 

8-Bromo-2-methylquinoline (0.500 g, 2.25 mmol) was dissolved in 6 mL of dry 

ethyl ether under argon and cooled to with a dry ice − acetone bath (note: the compound 

precipitates upon cooling). An n-BuLi solution in hexanes (1.07 mL, 2.15 M, 2.3 mmol) 

was added dropwise. The bright orange mixture was stirred at −78 °C for 10 minutes and 

then at room temperature for 15 minutes. 

The resulting brown mixture was cooled to −78 °C and Me3SnCl (0.448 g, 2.25 

mmol) was added slowly, as a solution in dry ethyl ether (0.5 mL, and 2 × 0.5 mL rinses). 

After stirring overnight at room temperature the reaction mixture was quenched 

with saturated NH4Cl solution (3 mL) and water (2 mL). The aqueous phase was 

extracted with DCM (2 × 3 mL). The combined organic layer was washed with brine 

(2 mL), dried with Na2SO4, and evaporated. Flash chromatography (hexanes) yielded the 

desired product as a colorless oil that solidified upon standing. 

Yield: 0.49 g (71%). 

1H NMR (CDCl3) δ 8.00 (d, J = 8.3 Hz, 1H), 7.85 (dd, J = 6.5, 1.3 Hz, 1H), 7.73 

(dd, J = 8.0, 1.3 Hz, 1H), 7.48 – 7.43 (m, 1H), 7.24 (d, J = 8.3 Hz, 1H), 2.69 (s, 3H), 0.37 

(s, 9H, 119Sn and 117Sn satellites, 20%, J = 56.5 Hz and J = 54.0 Hz). 
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13C NMR (101 MHz, CDCl3) δ 157.72, 152.59, 146.83, 136.81, 136.27, 127.70, 

125.94, 125.54, 121.52, 25.27, −8.00. 

IR (neat) 3043, 2980, 2915, 1599, 1547, 1491, 1373, 1306, 1244, 1182, 1135, 1036, 

971 cm −1. 

HRMS (ESI+) calcd for C13H18NSn (M+H)+ 308.0458, found 308.0455. 

 

2-Methyl-8-(tributylstannyl)quinoline 

 

The title compound was prepared by the procedure for 2-methyl-8-

(trimethylstannyl)quinoline from 0.500 g (2.25 mmol) of 2-methyl-8-bromoquinoline, 

1.07 mL (2.15 M, 2.3 mmol) of n-BuLi solution, and 0.61 mL (2.25 mmol) of Bu3SnCl. 

Yield: 0.535 g (55%). 

1H NMR (600 MHz, CDCl3) δ 7.99 (d, J = 8.3 Hz, 1H, 119Sn and 117Sn satellites, 

23%, Javerage = 10.8 Hz), 7.84 (dd, J = 6.6, 1.4 Hz, 1H, 119Sn and 117Sn satellites, 18%, 

Javerage = 45.0 Hz), 7.71 (dd, J = 8.1, 1.3 Hz, 1H), 7.43 (dd, J = 8.0, 6.6 Hz, 1H), 7.22 (d, J 

= 8.3 Hz, 1H), 2.69 (s, 3H), 1.66 – 1.50 (overlapping signals, 6H), 1.38 – 1.30 

(overlapping signals, 6H), 1.22 – 1.08 (overlapping signals, 6H, 119Sn and 117Sn satellites, 

18%, Javerage = 52.0 Hz), 0.87 (t, J = 7.4 Hz, 9H). 

13C NMR (101 MHz, CDCl3) δ 157.55, 152.84, 147.48, 137.41, 136.21, 127.41, 

125.92, 125.53, 121.48, 29.50, 27.62, 25.18, 13.89, 10.89. 

IR (neat) 3044, 2922, 2857, 1601, 1495, 1457, 1373, 1304, 1071, 870 cm−1. 
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HRMS (ESI+) calcd for C22H36NSn (M+H)+ 434.1868, found 434.1863. 

 

(4R,5R)-2-bromo-4,5-diphenyl-1,3-ditosyl-1,3,2-diazaborolidine 

 

The title compound was prepared according to the procedure reported by Corey.43 

The starting tosylamide (0.100 g, 0.19 mmol) was placed into a dry 25 mL Schlenk 

flask. The flask was carefully evacuated and refilled with argon. The pump – refill cycle 

was repeated two times. Dry DCM (2 mL) was syringed into the flask. The colorless 

solution was cooled to 0 °C and BBr3 (1 M in hexane, 0.19 mL, 0.19 mmol) was added 

dropwise. The reaction mixture was stirred at 0 °C for 10 minutes and then at room 

temperature for 30 minutes. The solvent was removed in vacuo. Dry DCM (2 mL) was 

added and evaporated as above. The product (white solid) was immediately used without 

further purification. 

Yield: 0.110 g (94%). 

11B NMR (160 MHz, CDCl3) δ 27.27 (s). 

 

Lithium phenylborohydride 

 

The compound was synthesized using the procedure described by Brown.45 
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LiAlH4 (0.50 g, approx. 13 mmol) was placed into a 50 mL centrifuge vial 

equipped with a rubber septum. A few crystals of 2,2′-bipyridyl (~0.004 g, 0.03 mmol), 

used as an indicator for LiAlH4, was added. The vial was flushed with argon. Dry ethyl 

ether (12 mL) was added using a syringe. The mixture was stirred for five minutes and 

then centrifuged (5,000 rpm, 10 min). The red supernatant solution was transferred with a 

syringe into another centrifuge vial. This solution was slowly titrated with a slurry of 0.80 

g (6.6 mmol) of phenylboronic acid in 22 mL of dry ethyl ether. The stirring was stopped 

periodically and the color of the reaction mixture was observed. The complete 

disappearance of red coloration indicated the end-point of the reaction (note: the 

precipitate that forms during the titration remains red). 

The reaction mixture was centrifuged and the supernatant solution was transferred 

via cannula into a filtering chamber and then to a Schlenk flask. Ether was evaporated to 

give the product as colorless liquid that crystallizes upon standing. 

Yield: 0.10 g (15%). 

11B NMR (Et2O): δ −26.1 (q, JBH = 75.9 Hz). 

 

N-tert-Butylbenzaldehyde imine 

CHO

t-BuNH2

PhH, r.t. reflux

N

tBu

 

The title imine was prepared by slight modification of the known procedure.65 
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A 50 mL three-neck flask with a stirbar, a thermometer and a Vigreux column 

attached to a distillation head was charged with t-butylamine (5.48 g, 0.075 mol). To this, 

benzaldehyde (5.30 g, 0.050 mol) was added in five portions over 20 min. The reaction 

mixture was diluted with benzene (7.5 mL) and volatiles were distilled out at atmospheric 

pressure (bath temp. 100 °C). The residue was dried over MgSO4, filtered and 

concentrated. Fractional vacuum distillation (0.5 Torr, fraction boiling at 50 °C was 

collected) provided 3.09 g of the desired imine along with 0.95 g of mixed fractions. The 

obtained product is spectroscopically identical to the reported samples.66,67 

Yield: 3.09 g (38%). 

 

1-(2-Bromobenzyl)-2,2,6,6-tetramethylpiperidine 

 

 

The compound was synthesized using a modified procedure reported by Sumerin.17 

A solution of 2,2,6,6-tetramethylpiperidine (1.41 g, 10.0 mmol) and 2-bromobenzyl 

bromide (2.50 g, 10.0 mmol) in approximately 15 mL of acetone was placed into a thick-

walled flask. Potassium carbonate (1.60 g, 120 mmol) and potassium iodide (0.166 g, 

1.00 mmol) were added to this mixture. The flask was flushed with argon and closed 

tightly with a Teflon screw cap equipped with an O-ring. The reaction mixture was 

stirred on an oil bath (bath temp. 95 °C) over 2 days. 
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The mixture was cooled to room temperature and filtered. The filtrate was 

evaporated (15 Torr), redissolved in diethyl ether (50 mL), and extracted with 0.1 M HCl 

(2 × 100 mL). The combined aqueous layer was basified to pH 12 with 6 M NaOH and 

extracted with DCM (2 × 50 mL). The combined organic layer was dried with Na2SO4 

and evaporated. 

The product is a pale yellow oil that solidifies upon standing, m.p. 69-70 °C (lit. 72-

77).68 

Yield: 1.93 g( 62%). 

1H NMR (400 MHz, CDCl3) δ 7.88 (ddt, J = 7.8, 1.8, 1.0 Hz, 1H), 7.45 (dd, J = 

7.9, 1.2 Hz, 1H), 7.27 (ddd, J = 7.8, 7.3, 1.3 Hz, 1H), 7.03 (dddt, J = 8.0, 7.3, 1.7, 0.8 Hz, 

1H), 3.73 (s, 2H), 1.69 (br. s, 1H), 1.54 (s, 5H), 1.07 (br. s, 6H), 0.92 (br. s, 6H). 

 

1-(2-(bis-Pentafluorophenylboryl)benzyl)-2,2,6,6-tetramethylpiperidine 

 

The known title compound was prepared according to the procedure by Sumerin.17 

1-(2-Bromobenzyl)-2,2,6,6-tetramethylpiperidine (0.310 g, 1.00 mmol) was 

dissolved in diethyl ether (approximately 3.5 mL) and transferred with a syringe into a 

dry, argon-flushed, Schlenk tube. The solution was cooled with a dry ice – acetone bath 

(temp. −78 °C). To this n-BuLi was added (0.49 mL, 2.03 M, 1.0 mmol). The mixture 

was allowed to warm to room temperature and stirred overnight. The resulting colorless 
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solution was evaporated. The residue was washed with hexanes (2 mL). The resulting 

white solid was dissolved in a 60:40 toluene-hexanes mixture (6 mL) to give a pale 

yellow solution. To this solution, cooled with a dry ice – acetone bath (bath temp. −20 

°C), was added (C6F5)2B-Cl (0.380 g, 1.00 mol) in 1.8 mL of toluene. A bright yellow 

coloration was observed immediately. The reaction mixture was allowed to warm to 

room temperature and stirred overnight. 

The resulting mixture was transferred with a syringe into a 50 mL Schlenk flask 

flushed with argon. The solvent was evaporated (15 Torr). The residue was suspended in 

hexanes (5 mL), the resulting solution was carefully transferred into another Schlenk 

flask and evaporated (15 Torr). The product is a yellow amorphous solid. 

Yield: 0.154 g (27%). 

11B NMR (C6D6): δ 66.0 ppm (br. s.) 

 

2,6-lutidinium tris-(pentafluorophenyl)borohydride 

 

The known salt was prepared according to the procedure by Geier et al.16 

tris-(Pentafluorophenyl)borane (50 mg, 0.10 mmol) was dissolved in toluene (5 

mL) and transferred with a syringe into a dry, argon-flushed, Schlenk tube. 2,6-Lutidine 

(10 mg, 0.10 mmol) was added as a solution in toluene (100 mg of lutidine was dissolved 

in 1 mL of toluene, 0.11 mL of this solution was used). Three pump-refill cycles were 
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used to fill the tube with H2 (rt, 1 atm), then the tube was pressurized with H2 (4 atm). 

The reaction mixture was stirred overnight. 

The volatiles were removed (15 Torr) to yield the hydrogen adduct together with a 

major impurity (2:3 as determined by 11B NMR spectroscopy) as a colorless oil. 

The yield was not determined. 

11B NMR (C6D6): δ −4.3 (s, major impurity, 1B), −24.8 (d, JB-H = 76 Hz, 0.57B). 
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APPENDIX A 

NMR Spectra of the Synthesized Compounds 
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