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The Diels – Alder reaction and the Claisen rearrangement are pericyclic reactions 

involving a cyclic transition state. In the nitroalkene Diels – Alder reaction, efforts of 

LUMO-lowering catalysis through activation of nitroalkenes by metal-based Lewis acids 

have proven unsuccessful. Conversely, studies have shown that double hydrogen bond 

donors possess symmetrical coordination sufficient for activation of nitroalkenes. In the 

Claisen rearrangement, while there have been rare reports of enantioselective catalysis 

via Lewis acids, studies have shown that in rearrangement of chorismate, the enzyme 

chorismate mutase stabilizes the chair-like transition state through hydrogen-bonding 

interactions. In light of this, highly enantioselective Claisen rearrangements through the 

use of  guanidinium ions have been achieved. This highlights the potential for hydrogen 

bond donors as potential catalysts for these pericyclic reactions. 

The development of helical chiral double hydrogen bond donor catalysts for the 

enantioselective nitroalkene Diels – Alder reaction of 5-substituted 

pentamethylcyclopentadiene substrates and nitroethylene is described in chapter two. The 

use of 11,12-benzo-1-aza[6]helicene based hydrogen-bond donor catalysts effectively 

activates nitroalkenes through LUMO-lowering catalysis to provide desired Diels – Alder 

products in up to 40% ee. Catalyst evaluation and expansion of the substrate scope are 

discussed. A synthetic route was designed and performed to access 1,4,5,5-



tetrasubstituted cyclopentadienes and the evaluation of these new diene substrates are 

discussed.  

The catalysis of an O-allylated β-ketoester model substrate by helical chiral hydrogen 

bond donor catalysts is described in the third chapter. Initial evaluations of existing 

helical hydrogen bond donor catalysts and the development of new helical chiral dimers 

are discussed. These helical dimers are then synthesized and are observed to provide 

yields of up to 96% in the Claisen rearrangement of the model substrate.  

The final chapter describes the efforts to develop a third generation synthesis of 1-

azahelicenes to provide them in an enantiopure form. Studies of the initial step, 

asymmetric formation of a biaryl intermediate utilizing existing coupling methods are 

discussed and a highly aymmetric intramolecular coupling of an intermediate providing 

enantioenriched 1-aza[6]helicene are discussed. 
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CHAPTER 1 

Introduction  

Pericyclic reactions can be defined as those having a cyclic transition state in 

which all bond forming and bond breaking takes place in concert, without the formation 

of an intermediate. The Diels – Alder reaction and Claisen rearrangement are examples of 

such. The Diels – Alder reaction, a [4+2] cycloaddition, can be considered to be the most 

powerful carbon-carbon (C – C) bond forming reaction to be discovered.1 The ability to 

form up to four new stereogenic centers in one transformation underscores its utility for 

chemists as it finds a wide range of use in the natural product total synthesis. The 

nitroalkene Diels – Alder reaction, one of the many variants, holds additional synthetic 

utility as the nitro group can undergo various transformations leading to a variety of 

products.2 The Claisen rearrangement – [3,3] sigmatropic rearrangement of allyl vinyl 

ethers – is another powerful (C – C) bond forming transformation and finds utility 

through the highly predictable stereochemistry.3 As such, it is also used in the synthesis 

of complex organic molecules.  

Longstanding efforts in asymmetric catalysis of these pericylic reactions have 

predominantly featured the use of metal-based Lewis acids. However, over the last 

decade the expansion of hydrogen bonding asymmetric catalysis have been significant. 

Studies have shown that small molecule hydrogen bond (H-bond) donors hold promise as 

chiral catalysts. Our laboratory became interested in the use of 1-azahelicenes as potential 

asymmetric catalysts due to the inherent chirality of these molecules derived from its 

naturally twisted state. Although a known limitation is the ready access to significant 

quantities of azahelicenes, we were surprised that they had not been previously
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investigated as catalysts. As a result, we designed a synthetic route to 1-azahelicenes and 

successfully demonstrated their first use as asymmetric catalysts.4 This section takes a 

brief review of advancements made in the development of asymmetric nitroalkene Diels 

– Alder and Claisen rearrangement reactions are along with the development of our 

helical chiral H-bond donor catalysts. 

1.1 Enantio-enriched nitroalkene Diels – Alder products via activation of dienes 

In 1960 Yates and Eaton first reported the acceleration of the Diels – Alder 

reaction by a metal-based Lewis acid.5 Since then many enantioselective variants of the 

parent transformation catalyzed by chiral metal complexes have emerged.6,7 However,  

extensive studies of the Diels-Alder reaction utilized carbonyl-based dienophiles. In light 

of this, it was apparent that catalytic activation of nitroalkenes for the asymmetric Diels – 

Alder reactions remained elusive. With Lewis acids the reaction preferentially undergoes 

the inverse electron-demand hetero Diels – Alder pathway providing nitronate products 

(Figure 1.1).8,9  

 

Nitroalkenes react with dienes in a [4 + 2] cycloaddition fashion to provide nitro-

cyclohexene products under thermal conditions (Figure 1.1 A). Conversely, in the 

+
!

NO2

Ph

+
SnCl4 N

OO

H
Ph

H

H

Figure 1.1 Reversed periselectivity of nitroalkene Diels-Alder reaction by Lewis acids. 
Reported by Denmark (Reference 8).
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presence of SnCl4, Denmark reported that a predominant nitronate species is formed due 

to the unsymmetrical coordination of the Lewis acid with one of the oxygen atoms of the 

nitroalkene (Figure 1.1 C). This serves to localize the double-bond character (O=N), 

enabling the nitroalkene to act as a 4π component rather than the expected 2π component, 

resulting in a reversal of periselectivity. Consequently, activation of nitroalkenes in the 

asymmetric Diels-Alder reaction via Lewis acid catalysis has proven ineffective.  

As a result, different strategies and methods have been developed to activate the 

dienes for the nitroalkene Diels – Alder reaction. In 2002 Barbas first demonstrated an 

amine catalyzed Diels – Alder reaction of acyclic α,β-unsaturated ketones (enones) and 

nitroalkenes.10 Diels – Alder products were obtained through in situ generation of dienes 

from α,β-unsaturated ketones by way of enamine catalysis (Scheme 1.1).  

 

Using chiral amines Barbas was able to achieve yields of 32-75% and modest 

selectivities of up to 38% (Scheme 1.2).   

O
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R'R' N
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R2 R1
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NO2

Scheme 1.1 Amine catalyzed Diels - Alder reactions of !,"-unsaturated ketones and nitroalkenes.

1 2 3 4
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Subsequently, Cordova and coworkers utilized this method with cyclic enone substrates 

in the formation of bicyclic Diels – Alder products with various proline-derived 

catalysts.11 Xu and coworkers demonstrated the use of a secondary amine chiral catalyst 

for the reaction achieving excellent selectivities (>25 : 1 dr, 83-96% ee).12 Melchiorre 

then reported the use of chiral primary amine derived from natural cinchona alkaloids as 

a catalyst to obtain high selectivities with acyclic enones (2 : 1 to >19 : 1 dr and 88-99% 

ee).13 Deng demonstrated different strategy by using 3-hydroxy-2-pyrones to and 

aliphatic nitroalkenes to access Diels – Alder products via a cinchona alkaloid derived 

bifunctional catalyst.14 
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O O
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7

8

Scheme 1.2 Diels - Alder reactions of !,"-unsaturated ketones and nitroalkenes 
via amine catalysis. Reported by Barbas (Referance 10).
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 1.2 Enantioselective Claisen rearrangement reactions 

In 1990 Yamamoto reported the first enantioselective Claisen rearrangement of 

silyl-substituted substrates via a chiral Lewis acid. The BINOL-derived organo-aluminum 

complex provided rearrangement products in up to 93% ee.15 Stoichiometric catalyst 

loadings (up to 2 equivalents) were required due to the increased Lewis basicity of the 

carbonyl containing products. 

 

In 2001 Hiersemann reported the first catalytic asymmetric Claisen 

rearrangement.16 He demonstrated that copper (II) bisoxazoline complexes accelerated 

the rearrangements of ester substituted allyl vinyl ethers at sub-stoichiometric 

quantities.17,18 The diastereoselectivities were generally predictable based on the 

configuration of the double bonds ad indicative of a chair-shaped transition state. The 

mode of catalysis proposed was the bidentate coordination of the ester carbonyl and the 

ether oxygen atoms which is in accord with other known enantioselective transformations 

utilizing copper (II) bisoxazoline catalysts.  

TBDPS

O
O Al Me

TBDPS

O

R2

R1 12
(1.1 - 2 eq)

R1

O R2

12R1 = Ph, Cy
R2 = SiMe3, SiMe2Ph,
        GeMe3

up to 99% yield
up to 93% ee

TBDPS = Si(tBuPh2)

Scheme 1.4 Enantioselective rearrangements of silyl-substituted allyl vinyl ethers.
Reported by Yamamoto (Reference 15).
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Kozlowski then demonstrated enantioselective rearrangements of 2-

allyloxyindole-3-carboxylate substrates using multiple Lewis acid metal complexes.19 

Combinations of bisphosphines or phosphinooxazolines chiral ligands and palladium (II) 

SbF6 salts were found to be optimal, providing oxindoles products in high yields and 

enantioselectivities. Kozlowski proposed a two-point coordination binding in the 

rearrangement between the Lewis acidic palladium complex and ether and ester oxygen 

atoms of the substrate in a chair-shaped transition state which was in accord for the 

stereochemical outcomes of both bisphosphine and phosphinooxazoline catalysts. 
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syn:anti 28:72 to 99:1
up to 100% yield
up to 86% ee

Scheme 1.5 Enantioselective rearrangements of O-allyl !-ketoesters. 
Reported by Hiersemann (Reference 16).

R1

N
H

O OMe

O
N
H

O

O
MeO MeMe 20 mol% catalyst

20 mol% Pd(SbF6)2

PPh2
PPh2

N
O

PPh2
tBu

BINAP

tBuPHOX

15

16

15: 97% Yield, 45% ee
16: 95% Yield, 91% ee

Scheme 1.6 Catalytic enantioselective rearrangements of 2-allyloxyindole-3-carboxylates.
Reported by Kozlowski (Reference 19).
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In 2008 Jacobsen demonstrated the first asymmetric catalysis of the Claisen 

rearrangement via small molecule H-Bond donor guanidinium ions.20 Using ester 

substituted allyl vinyl ethers16 they observed high enantio- and diastereoselectivities. 

Disubstituted compounds rearranged to form tertiary stereocenters in accord with the 

predicted six-membered chair-like transition state. However, the catalyst exhibited 

sluggish activity with reaction times ranging from 5 to 14 days.  

 

Allyl vinyl ethers with electron-withdrawing substituents at the 2-position have a 

high degree of charge separation (highly dipolar) in transition state structures and are 

known to be stabilized by H-bond donors.21,22,23 Computational studies provided support 

for transition state stabilization through H-bonding of both the ether and ester carbonyl-

derived oxygen atoms.24 Jacobsen then demonstrated asymmetric rearrangements with O-

Allyl β-Ketoesters.25 Again high yields and selectivities were observed with low catalytic 

activity as reaction times ranged from 2 – 6 days. 

1.3 Helical chiral hydrogen-bond donors 

 Numerous pyridine-based catalysts possessing central,26,27 axial,28, 29 or planar,30 

chirality have been shown to be effective in asymmetric synthesis and catalysis. 

However, there were no instances in the literature of helical molecules as asymmetric 

catalysts prior to our initial report in 2008.4 Helicenes are distinctly characterized by a 

O

MeO
O

R1

R4

R3

R2

O

MeO
O

R1 R2

R4R3

17 
(20 mol%)

22-40ºC, 5-14d
hexanes

NH2

N
H

N
HN NPh Ph

BArF24

Yields up to 92% 
>19:1 dr 

ee up to 96%

Scheme 1.7 Asymmetric Claisen rearrangement via guanidinium ions.
Reported by Jacobsen (Reference 20).

17
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naturally twisted state, parallel to a curve through three-dimensional space. This unique 

topology is a source of inherent chirality thus making 1-azahelicenes a viable option for 

use as a catalytic scaffold. While there have been several methods and strategies to access 

helicenes since its first optically pure synthesis by Newman,31 efficient synthetic routes 

allowing for structural variation remains a challenge. As such Takenaka and coworkers 

designed a modular synthetic route to access 1-azahelicenes and demonstrated the use of 

helical chiral pyridine N-oxides as asymmetric catalysts in the ring opening of meso 

epoxides.4  

 

N

CHO

Br Br Me

R
1. NaHMDS

DMF

2. PdCl2(Ph3P)2
(Me3Sn-)2

PhMe

+ N

Me

N

Me
Br

Pd (II) Catalyst
NBS

CH3CN

N

CHO
Br

1.Benzoyl Peroxide
NBS, PhH

2. 2-Nitropropane
NaOEt

EtOH, THF

X R

N

18 19 20 21

22

+

1. NaHMDS
DMF

2. PdCl2(Ph3P)2
(Me3Sn-)2

PhMe

R = P+Ph3Br-

X = Br, I

Scheme 1.8 First generation synthesis of 1-azahelicenes. Reported by Takenaka (Reference 4).
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We then modified our azahelicene preparation to address some limitations of the original 

synthesis. The benzoquinoline unit was prepared without the use of cross coupling 

reagents and can typically be synthesized in quantities of about five grams and stored 

without degradation. It can then be coupled with readily available screen units followed 

by tartaric acid resolution and oxidation to provide enantiopure N-oxides.  

O

R R
R

OSiCl3

Cl

R

Yields up to 84% 
 ee up to 94%

catalyst
(10 mol%)

SiCl4, iPrNEt

CH2Cl2, -78ºC

N
ON

O
N

O

(P)-23 (P)-24 (P)-25

Scheme 1.9 Asymmetric ring opening of meso epoxides via helical chiral pyridine N-oxides.
Reported by Takenaka (Reference 4).
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In light of our interest in dual H-bond donors, we derived helicene-based catalysts with 

this bonding motif. We were able to synthesize helical chiral 2-aminopyridinium ions 

through amination of 1-azahelicene N-oxides. These double hydrogen-bond donors were 

demonstrated to be excellent catalysts in the addition of dihydroindoles to nitroalkenes.32 

 

Br

1. HNO3
H2O, 0 ºC, 

30 mins

BrNH2

N

Br
Me

N

Br

Br

P+Ph3Br-+

N

2.NH4Cl, Fe
EtOH, 

reflux, 20 h

Glycerol, 
MeSO3H, 125 ºC

N

Br
CHOBr

2-nitropropane
NaOEt

EtOH/
DMF

NaHMDS

THF/DMF

m-nitrobenzene
sulfonic acid 

sodium salt, 3 h

NBS, 
(BzO)2
PhH

refulx, 20 h

NBr Br

Scheme 1.10 Second generation synthesis of 1-azahelicenes. 11,12-Benzo-1-aza[6]helicene shown as 
a representative example. Reported by Takenaka (Reference 32).

PdCl2(PPh3)2
10 mol %

(Me3Sn)2
PhMe

N
O

1. Di-Bz-tartaric
acid

2. mCPBA

26 27 21

28 22 29

30 31 (P)-25

N
H

NO2

R2 N
H NO2

R2

1. (P)-32
CH2Cl2, -40 ºC, 20 h

2. p-benzoquinone

yield up to 90%
ee up to 96%

+ N
HN

H

(P)-32

BArF24

Scheme 1.11 Addition of dihydoindoles to nitroalkenes via helical chiral H-bond donors.
Reported by Takenaka (Reference 32).

R1 R1



11 

As a result, we recognized the potential for continued development of these 1-

azahelicenes and there use as double H-bond donor catalysts in a variety of 

transformations.  
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CHAPTER 2

Enantio- and Periselective Catalysis of the Nitroalkene Diels – Alder Reaction 

 The Diels-Alder reaction is one of the most studied transformations in organic 

chemistry. First reported by Kurt Alder and Otto Diels in 1928, it enables the formation 

of carbon-carbon (C – C) bonds between a diene and dienophile making it a powerful and 

indispensable tool for chemists.1 This [4 + 2] cycloaddition can provide access to 

functionalized cyclohexenes with up to four new stereogenic centers in a single step, 

making it a highly useful transformation in the synthesis of various natural products.33,34 

Efforts to carry out the Diels-Alder reaction in a catalytic and selective fashion have been 

extensively studied with early strategies focusing on metal-centered Lewis acids. 

Through asymmetric LUMO-lowering catalysis, via activation of the dienophile, Lewis 

acids have certainly proven to be powerful catalysts but the drawback is that the substrate 

scopes are generally limited to carbonyl-based dienophiles.35,36,37  In addition, recent 

studies in organocatalysis have shown it to be a complimentary method to achieving 

acceleration of reaction rates with high levels of selectivity but with similar substrate 

scope limitations of Lewis acids. However, the asymmetric Diels – Alder reaction via 

catalytic activation of nitroalkenes had been nonexistent due to the reverse periselectivity 

observed with Lewis acids leading to undesired products. 

 We became interested in the study of the nitroalkene Diels – Alder reaction due to 

the presence of highly functionalized cyclopentane core found in Acutumine and 

Citrinadin B, complex natural products with medicinal value.38,39,40,41 
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An enantioselective nitroalkene Diels – Alder reaction would be the first step in our 

strategy to provide access to cyclopentenes with multiple contiguous quaternary 

stereocenters (Scheme 2.1). The Diels – Alder reaction of nitroethylene and 

cyclopentadienes followed by a ring opening has been demonstrated and thus is a proven 

strategy for the synthesis of highly substituted cyclopentenes.42,43 

 

2.1 Background 

2.1.1 Small molecule hydrogen-bond donors 

 Enantioselective synthesis via the use of small-molecule chiral hydrogen-bond 

(H-bond) donors has been a consistently developing area in the field of asymmetric 

catalysis.44 Urea and Thiourea compounds containing chiral elements have emerged as 

prominent catalysts for a variety of synthetic transformations.45 The key element is the 

ability of (Thio)ureas to act as a double H-bond donor.46 The simultaneous donation of 

two hydrogen bonds results in increased strength and directionality in comparison to a 

single hydrogen bond, enhancing the effect of the catalyst.  

N

HOH

HN
NHMeO

O

O

N
Me

Cl
OH

OMe

O
O

MeO OMe

Acutumine Citrinadin B

Figure 2.1 Natural products containing cyclopentane core

Baeyer-Villiger
or BeckmanR3 R3

R1 R2
R1

R3

R3

R2

NO2
O

R3 R3

R1 R2

X
OH

X = OH, NHR

+
1) Diels-Alder

2) Nef

Scheme 2.1 Proven strategy for the synthesis of cyclopentenes

33
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 Jacobsen demonstrated in 1998 that Schiff bases were effective catalysts in the 

asymmetric Strecker reaction for imine substrates.47 This was the first instance where 

chiral ureas and thioureas illustrated the capability of facilitating highly enantioselective 

transformations (Scheme 2.2). 

 

Studies of the mechanism for the activation of the imines and results were consistent with 

a double H-bond between the acidic NH protons of the catalyst and the imine lone pair, 

activating the electrophile towards attack by cyanide. Since then (thio)ureas have been 

utilized as catalysts inducing high levels of enantioselectivity for a variety of 

transformations.48,49,50 

2.1.2 Amindinium ions as hydrogen-bond donor catalysts 

In 2000 Göbel demonstrated the acceleration of the Diels – Alder reaction with 

amidinium ions.51 His results revealed significant reaction rate enhancement with the use 

of double H-bond donor catalysts. These catalysts derived from palmitic acid (Figure 2.2, 

28) were observed to be up to 100 times faster that the background reaction i.e. without 

catalyst.  

N R'

R

1. TMSCN / MeOH

36 (2 mol%)
PhMe, -70 C
2. TFAA

N R'

R

F3COC

CN

N
H

N
H

XtBu
N

O
R1

R2

N

HO

tBu R3

34: R1 = Bn, R2 = H, R = OCH3, X = S
35: R1 = Bn, R2 = CH3, R = OCOtBu, X = O 
36: R1 = R2 = CH3 R3 = OCOtBu, X = S
37: R1 = Bn, R2 = CH3, R = tBu, X = S

Scheme 2.2 Enantioselective Strecker reaction catalyzed by urea & thiourea Schiff bases.
Reported by Jacobsen (Reference 47).

R' = Ph, CH=CH2 yields up to 99%
e.e. up to 99%
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Interestingly, when they used 2-benzylaminopyridinium ions 42, described by Göbel as a 

heterocyclic analogue, the reaction was up to 450 times faster than the background (Table 

2.1). Also, different counter ions were tested and the non-coordinating tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate (BArF24
-) anion proved essential for high catalytic 

activity. Other more coordinating counter ions showed poor solubility (38) or gave lower 

yields (39 and 40).  

R

NH2H2N

X

R = CH3(CH2)14

N
H

N
H

Ph
BArF24

B

CF3

CF3

4
BArF24 =

38: X- = tetrafluoroborate
39: X- = tetraphenylborate
40: X- = tetrakis(4-chlorophenyl)borate
41: X- = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (-BArF24)

42

Figure 2.2 Amidinium ions. Reported by Göbel (Reference 51).

38 - 41
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Subsequently, a chiral analogue of the amidinium catalyst was developed and modest 

levels of enantioselectivity were observed for the Diels – Alder reaction.52,53 

2.1.3 2-Aminopyridinium ions activate nitroalkenes 

 In light of Göbel’s studies, we became interested in the use of 42 as a H-bond 

donor catalyst.54 In the conjugate addition of β-nitrostyrene to methylindole (Table 2.2), 

42 was shown to have a higher reactivity than single H-bond donor 2-benzylpyridinium 

50 even though it is less acidic. This indicated to us that the catalytic activity of 2-

benzylaminopyridinium is not only reliant on its acidity but its ability to act as a double 

H-bond donor.  

Catalyst
(equiv)

Ratio
rac-45:rac-46

Acceleration Yield
after 7d (%)

none

41(1)

42(0.25)

42(0.5)

42(1)

<0.1:1

2.6:1

3.5:1

3.3:1

3.3:1

1

100

125

300

450

<3

82

93

~100

~100

Table 2.1 Diels-Alder reaction catalyzed by amidinium ions.
Reported by Göbel (Reference 51).

MeO
+

O

O
Me catalyst

MeO

H

Me

OH

O

H

MeO

H

Me

OHH

O

45

46

43 44
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In turn, 7-azaindolium 51 was investigated as a catalyst to activate β-nitrostyrene in the 

Friedel-Crafts reaction. It was observed that the catalytic activity of 7-azaindolium 

surpassed that of 2-benzylaminopyridinium (Table 2.3) and we hypothesized that it could 

be due to a more favorable geometry of the double H-bonding and an increased acidity 

(pKa 4.6).  

 

  

N
Me

NO2+ Catalyst

N
Me

Ph NO2

CH2Cl2 N
H

Bn

BArF24

50

Entry Cat
(mol %)

temp
(°C)

time
(h)

1

2

3

1

1

10

0

-20

-50

24

24

72

yield w/ 42
(%)

yield w/ 50
(%)

99

56

51

75

22

trace

Table 2.2 Model reaction with different H-bond donors. 
Reported by Takenaka (Reference 54).

Ph
47 48 49

N
Me

NO2+ Catalyst

N
Me

Ph NO2

PhMe, rt, 24h

Entry Catalyst mol (%)

1

2

3

4

5

Ph

Ph

Ph

Ph

Me

42

42

51

51

51

0.1

0.05

0.1

0.05

0.5

yield (%)

75

52

99

93

97

Table 2.3 Friedel-Crafts reaction catalyzed by 2-aminopyridinium ions. 
Reported by Takenaka (Reference 54)

Ph

N
H

N
H

BArF24

51

R
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As a result, we investigated the use of achiral double H-bond donors as catalysts 

in the nitroalkene Diels – Alder reaction. Modest yields and high endo:exo ratios were 

observed with catalysts 42, 51 and thiourea catalyst 53 (Table 2.4). While the product 52 

was observed in trace amounts with 51 and less than 11% with 42, the symmetric 

thiourea 53 only gave the desired cycloadduct.  

 

Based on the effects of Lewis acids, we believed that these double H-bond donors 

provide symmetrical bonding to both oxygen atoms of the nitroalkene (Figure 2.3) 

enabling it to act more as a 2π component of the Diels – Alder reaction and provides 

expected periselectivity.  

NO2+

Catalyst
(20 mol%)

PhMe

Entry Catalyst Temp (C)

1

2

3

4

5

6

7

8

Ph

Ph

Ph

Ph

Me

Me

Me

Me

none

42

53

51

none

42

53

51

rt

rt

rt

rt

-10

-10

-10

-10

time (h)

8

8

8

8

36

36

36

36

Table 2.4 Nitroalkene Diels-Alder reaction catalyzed by double H-bond donors. 
Reported by Takenaka (Reference 54)

R

R

NO2

R

yield (%) endo:exo yield of 52 (%)

N
H

S

N
H

CF3 CF3

CF3F3C

N
OO

R

H

H

53

52

9

44

42

49

7

30

24

37

7:1

25:1

25:1

22:1

25:1

> 30:1

> 30:1

> 30:1

0

11

0

trace

0

2

0

trace

+
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2.2 Development of helical double hydrogen-bond donors 

Having demonstrated that 2-aminopyridinium ions can effectively activate 

nitroalkenes for different transformations, it seemed prudent to develop their chiral 

analogues. One of the challenges faced in designing these chiral variants is the difficulty 

in positioning the stereochemical elements (R*) near to the bonding site of the catalyst 

due to the directional nature of hydrogen bonds (Figure 2.4).  

 

A common motif in most of the known double H-bond donor catalysts is the 

presence of additional complimentary functionalities constituting a bifunctional 

approach. These functionalities serve to activate and constrain the incoming nucleophile 

to an orientation necessary for asymmetric induction as demonstrated by Ricci in the 

enantioselective Friedel-Crafts alkylation of indoles with nitroalkenes (Figure 2.5 A).55 

However, for the cyclopentadiene substrates of our interest, this additional functionality 

N
O O

Ph

Ph

NO2

H H

Figure 2.3 Symmetrical H-bonding provides desired cycloadduct

N
H

N
H

R*
N
H

NH

N
H

*R R*

*RX

N
H

Y

N
H

*R R*
X

2-aminopyridinium ion

pKa = 6 (DMSO)

(thio)urea: Y = O, S

pKa = 11 - 18 (DMSO)

guanadinium ion

pKa = 14 - 16 (DMSO)

N
H

N
H

R**R
Y

R1 R2

O remote

R* = Optically pure chiral molecules

Figure 2.4 Dual hydrogen-bond donors

N
H

R*

N
H

*R R*

amidinium ion

X



20 

 

would be ineffective (Figure 2.5 B). This underlines the need for H-bond donor catalysts 

that are not dependent on additional complimentary functionalities.  

 

Our approach consisted of merging the 2-aminopyridinium core into the 

inherently chiral helicene framework (Figure 2.6). With this concept, our group 

successfully demonstrated the efficiency of these helical chiral double H-bond donor 

catalysts in the Friedel-Crafts reaction (Figure 2.7).32  

 

S

N N
H

CF3

F3C
H O

N
O O

N
H

Ph

H

S

N N
H

CF3

F3C
H OH

N
O O

R

No beneficial 
interaction

Figure 2.5 Complimentary functionality of bifunctional catalysts. 
Reported by Ricci (Reference 55).

N
H

NO2
+

11 
(20 mol%)

N
H

Ph NO2

CH2Cl2, 
-24C, 72h

Ph

85 % ee, 78%

S

N
H

N
H

CF3

F3C
OH

56

A B

54 5548

N
H

N
H

R

X

+
N
HN

H
R

X

Chiral Helicene
Framework

Double H-Bond
donor catalyst

Chiral "screen" next
to H-Bonding site

Figure 2.6 Approach for helical chiral double H-bond donors

Merge
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On analysis of the crystal structure of the adamantyl catalyst 32, two H-bonds to a 

chloride anion were observed. The space beneath these H-bonds are blocked or 

“screened” by the chiral helicene framework. 

 

Thus, a well-differentiated chiral environment is established and should be effective for 

transformations that require enantioselection. 

2.3 Perspective 

 As previously mentioned, most known dual hydrogen bond donor catalysts are 

associated with additional complimentary functionalities that are a necessity for 

asymmetric induction. Our cyclopentadiene substrates of interest render this bifunctional 

approach inapplicable and so required the development of new catalyst systems. 

Consequently, in light of our interest in helicene-based catalysts, we developed double 

hydrogen donor catalysts based on the 1-azahelicene scaffold that are not reliant on 

complimentary functionalities. Based on our previous work of the addition reaction of 

pyrroles to nitroalkenes in which catalyst 32 was optimum, which led us to hypothesize 

N
H

NO2

Ph N
H NO2

Ph

1. (P)-32
CH2Cl2, -40C, 20h

2. p-benzoquinone

yield 88%
er 93:7

+ N
HN

H

(P)-32

BArF24

N
HN

H Cl

Figure 2.7 ORTEP of 2-(1-adamantylamino)-1-azahelicene·HCl. Reported by Takenaka (Reference 31)

4854 55
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that 32 would be capable of asymmetric LUMO-lowering catalysis of the nitroalkene 

Diels-Alder reaction. We observed that the catalyst was indeed successful and provided 

on the desired cycloadduct with no hetero Diels – Alder product. In an 1H NMR analysis 

of the crude reaction mixture, only the endo isomer was detected.56  

 

It was also observed in our previous study, that a change the size of the R group, which is 

designed to extend the catalysts’ helical framework, can effectively tune the 

enantioselectivity of the catalyst.  

In this chapter we describe the evaluation of several 1-azahelicene based catalysts 

containing a double hydrogen bonding motif, with different R substitutions and their 

effects on the enantioselectivity on the nitroalkene Diels – Alder reaction. A short 

screening of dienes was done to provide an idea of the scope of this protocol. 

Subsequently, a larger evaluation of the substrate scope was carried out to illustrate the 

effect of range of the dienes compatible with our catalyst system. 

 

 

 

 

 

(M)-32 
(10 mol %)

CH2Cl2,
 -78 °C, 20 h

Ph

NO2

Ph

+

NO2

70% yield
64:36 er (28% ee)

Scheme 2.3 Enantioselective nitroalkene Diels-Alder reaction

57a 58a
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2.4 Results and discussion 

2.4.1 Evaluation of catalysts 

 

Several catalysts containing different R groups were evaluated with the model 

cyclopentadiene57 substrate and it was found that the resulting enantioselectivity was also 

sensitive the structure of the R substitution. The catalysts 32, 60 - 62 all show good yields 

Entry Yieldb (%) erc

— —< 51

Ph

Ph
Ph

Ph

70 64:36

84 38:62

70 59.5:40.5

70 67:33

77 70:30

2

3d

4

5

6

RCatalyst

—

32

59

60

61

62

a Reaction conditions: diene (0.4 mmol) and nitroethylene (0.2 mmol) in the 
presence of 10 mol% of catalyst in CH2Cl2 (0.7 mL). b Yield of isolated products.
c Determined by chiral HPLC analysis. d (P)-catalyst was used.

Table 2.5 Evaluation of catalysts for nitroalkene Diels-Alder reactiona

N
HN

H

BArF24

R

(M)-catalyst

catalyst 
(10 mol %)

CH2Cl2,
 -78 °C, 20 h

Ph

NO2

Ph

+

NO2



24 

 

ranging from 70% – 77%, with catalyst 59 showing a slightly better yield of 84%. 

Interestingly, catalyst 60 in which its R group is not evenly substituted, gave distinctly 

lower enantioselectivity. Based on the results (Table 2.5) catalyst 62 seemed optimum 

and was chosen to fulfill a small screen of 5-substituted pentamethylcyclopentadienes 

(Table 2.6).  

 

It was observed that these halogen-substituted dienes were tolerated well in comparison 

with the model substrate. However, the reason for the low yield of the 4-Cl-substituted 

diene 57c (entry 3) was not immediately apparent to us. We hypothesized that there 

might be steric repulsion occurring between the 4-Cl-substitution and the catalyst in the 

transition state. Therefore, we tested a sterically less demanding catalyst 32 with this 

(M)-62
(10 mol %)

CH2Cl2,
 -78 °C, 20 h

Ar

NO2

Ar

+

Entry Yieldc (%) erd

NO2

1e

2

3

4f

5

77

80

38

80

67

30:70

65:35

66:34

64:36

69:31

Ar

Ph

4-F-Ph

4-Cl-Ph

4-Cl-Ph

3-Cl-Ph

a Reaction conditions: diene (0.4mmol) and nitroethylene (0.2 mmol) in the 
presence of 10 mol% of catalyst in CH2Cl2 (0.7 mL). b The absolute 
stereochemistry of the 4-Cl sustituted product (entries 3 and 4) was established 
by X-ray analysis. The rest were assigned by analogy. c Yield of isolated products.
d Determined by chiral HPLC analysis. e (P)-62 catalyst was used. f (M)-32 was used.

Table 2.6 Nitroalkene Diels-Alder reaction with halogenated dienesa,b

57a - d 58a - d
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diene and were pleased to find that it gave the corresponding product in high yield and 

also gave comparative enantioselectivity to the other entries.  

2.4.2 Expansion of diene substrate scope 

 

 Subsequently, in our expansion of the substrate scope, we chose catalyst 32 based 

on its less sterically demanding nature as previously mentioned.58 The 2-Cl-substituted 

diene and the 2-I-substituted counterpart were also tolerated well by catalyst 32 (Table 

2.7, entries 1 and 2). Since we observed a beneficial effect of 32 with the 4-Cl-substituted 

diene (entries 3 and 4), we investigated how the size of a 4-substituent would affect its 

overall reactivity and selectivity. The 4-Me-substituted diene gave a good yield and 

(P)-32
(10 mol %)

CH2Cl2,
 -78 °C, 20 h

Ar

NO2

Ar

+

Entry Yieldb (%) erc

32:68

40:60

35:65

36:64

30:70

31:69

34:66

33:67

_

37:63

55

65

85

75

80

83

80

89

0

79

1

2

3

4

5

6

7

8

9

10

4-CF3-Ph

4-tert-Butyl-Ph

3-OMe-Ph

4-SMe-Ph

Ar

2-Cl-Ph

2-I-Ph

4-NO2-Ph

4-Me-Ph

57e - n 58e - n

Diene

57f

57g

57h

57i

57k

57l

57m

2-naphthyl

57e

57j

57n

a Reaction condition: diene (0.4 mmol) and nitroethylene (0.2 mmol) in the 
presence of 10 mol % of catalyst in CH2Cl2 (0.7 ml). b Yield of isolated products. 
c Determined by HPLC analysis. d Unreacted diene 57m was recovered (> 90%).

NO2

Table 2.7 Nitroalkene Diels-Alder reaction with different dienesa

d
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moderate selectivity (entry 3). Even the sterically demanding 4-CF3-, 4-tBu-substituted 

and 2-naphthylated dienes were tolerated well by catalyst 32 (entries 4-6). We were also 

interested in testing dienes bearing heteroatoms that can function as a hydrogen bond 

acceptor because such dienes can potentially compete with a dienophile (nitroethylene) 

for the catalyst’s binding site. We found that the dienes substituted with either O or S 

atoms were well tolerated by catalyst 32 (entries 7 and 8).  Conversely, the diene bearing 

a nitro group gave no product, an outcome of which might be attributable to the expected 

similar binding ability of its nitro group to the H-bonding site of the catalyst (entry 9). 

We were pleased to see the π-facial selectivity of the styrene-substituted diene was also 

excellent in this reaction albeit its decreased steric bias (entry 10). Only one diastereomer 

was detected by 1H NMR analysis of the crude reaction mixture for all dienes.59 

 
 

N
H N

H
R

N
O O

BArF24

Favored endo TS

Disfavored endo TS

Cl

Cl

O2N
+

(M)-cat N
H N

H
R

N
O O

BArF24

Scheme 2.4 Two endo TS models with (M)-catalyst. Non-substituted CP shown for clarity

 An ORTEP view, showing 50 %
thermal ellipsoid probability

NO2
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Based on the sense of enantioselection observed in the above reactions and the X-

ray structure of the HCl salt of catalyst 32, we were able to propose the stereochemical 

models for the nitroalkene Diels-Alder reaction (Scheme 2.4). The backside of a bound 

nitroalkene is completely screened by the bottom half of the helicene framework. In the 

disfavored transition state (TS), the R group, which is designed to extend the top half of 

the helical framework, effectively hinders the approach of an incoming diene. 

2.4.3 Synthesis of new dienes 

 Having established that the nitroalkene Diels – Alder reaction can be done both 

enantioselective and periselective via a double H-bond donor catalyst, we were aware 

that the synthetic utility of our diene substrates 57, 5-substituted pentamethyl-

cyclopentadienes, is limited. In keeping with our goal of accessing highly functionalized 

cyclopentenes, the use of our current dienes would be ineffectual. As such, the 1,4,5,5-

tetrasubstituted cyclopentadienes 33 are required. To our knowledge, the Diels-Alder 

reaction of such dienes has never been reported.60  

 

Curran and coworkers have demonstrated the synthesis of 5,5-diallyl-1,4-

dimethylcyclopenta-1,3-diene and we hypothesized that this protocol could be used to 

access our desired compounds (Scheme 2.5).61 As such, my lab mate Zhili Peng carried 

out the synthesis of these 1,4,5,5-tetrasubstituted cyclopentadienes beginning with the 

R1 R2
OO

R1 R2 R1 R2

R1 R2

O

OTMSTMSO

+

65 66 33

R3 R3 R3 R3

Scheme 2.5 A three step synthesis of 1,4,5,5-tetrasubstituted cyclopentadienes

64

63
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alkenation step (Table 2.8).62,63 After no success in testing Wittig reaction to prepare the 

ylide, Zhili then followed the established literature procedures by Lombardo,64,65 Curran61 

and Takai66 with each giving poor results. However, he found success by using the 

procedure of Yan67 and the product was obtained in adequate yield.  

 

The diolefin 66a was then isomerized to 33a by HI in the following step. Resultantly, an 

efficient synthesis for the preparation of a new class of dienes 33 in three steps, starting 

from commercially available ketones and 1,2-bis(trimethylsilyloxy)cyclobutene 64 was 

developed. 

 

 

 

 

 

 

 

1

2

3

4

5

Protocols

Wittig

Lombardo

Curran

Takai

Yan

Reagents Yielda (%)

MePPh3I

CH2Br2-Zn-TiCl4

CH2I2-Zn-TiCl4
CH2Cl2-Mg-TiCl4-THF

Ph
OO

Ph
Methylenation

65a 66a

CH2Br2-Zn-TiCl4

Entry

0

7

13

trace

50%b

a Yield of isolated product. b The reaction was not fully optimized.

Table 2.8 Methylenation of diketones via different methods
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2.4.4 Evaluation of new dienes 

 

We did an evaluation of these new dienes and observed that they were quite unreactive to 

nitroethylene (Table 2.9, entries 1,2 and 4) under thermal conditions. Due to the 

structural similarity between these newly synthesized dienes and 5-substituted 

pentamethylcyclopentadienes, the observed difference in reactivity was surprising even 

though the extra alkyl substituents would raise the HOMO. The use of H-bond donor 

catalyst 32 did not effectively promote the reaction (entry 5) and no enantioselectivity 

was observed. In 2011, our group discovered that the intramolecular nitroalkene Diels-

Alder reaction can be catalyzed more efficiently by NaBArF24·2.5H2O than the typical 

hydrogen bonding catalysts.68 As a result, NaBArF24·2.5H2O catalyzed the reaction and 

provided the desired products in satisfactory yields (entries 3 and 6). We believe that the 

water molecules situated around the sodium cation would act as H-bond donors to 

sufficiently lower the LUMO of the nitroalkene and catalyze the reaction (Scheme 2.6). 

NO2

R
Catalyst (10 mol %)

CH2Cl2, rt, 20 h

R

NO2
+

Entry Yielda (%)Catalyst

1

2

3

4

5

6

0

25

67b

11

14c

42b

none

none

NaBArF24•2.5H2O

none

(P)-32

NaBArF24•2.5H2O

33a - c 67a - c

a Yield of isolated product. b Reactions were not fully optimized. c 0% ee.

Ph

Ph

Ph

33a

33b

33c

Diene

33a

33b

33b

33c

33c

33c

Table 2.9 Evaluation of new dienes
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2.5 Future studies 

 Having established that helical chiral H-bond donors can effectively promote the 

nitroalkene Diels – Alder reaction enantioselectively, we can turn our attention to 

continuing the synthesis of highly functionalized cyclopentenes. In light of the low 

reactivity of the 1,4,5,5-tetrasubstituted cyclopentadienes with nitroalkene and low 

catalytic activity observed with catalyst 32, an alternative method to provide 

enantioselectivity is necessary. As such, we reported that the water molecules of the 

NaBArF24·2.5H2O can be partially replaced by phenol under reflux with toluene with 

Dean-Stark apparatus. We envision that via this method, a chiral alcohol can be used 

instead of phenol to replace the resident water molecules, creating a chiral analogue 

(Scheme 2.7). The catalysis should then occur in a chiral environment enabling the 

formation of an enantio-enriched product.  

H

NO2

N
O

O

Ar

O
H

O
H

H+Na

Ar

Ar

NO2

NaBArF24(H2O)2.5
(10 mol %)

+ CH2Cl2, rt, 20 h

Metal cation assisted
hydrogen bond donor

Scheme 2.6 Catalysis of nitroalkene Diels-Alder reaction via NaBArF24(H2O)2.5
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2.6 Conclusion 

We successfully demonstrated that the nitroalkene Diels-Alder reaction could be 

rendered enantio- and periselective by helical chiral hydrogen bond donor catalysts. To 

the best of our knowledge, this represents the first asymmetric catalytic nitroalkene Diels-

Alder reaction by LUMO-lowering catalysis. We investigated the substrate scope of 

catalyst 25 using readily available 5-substituted pentamethylcyclopentadienes. Also, a 

three-step synthesis of a new class of synthetically useful cyclopentadienes was 

developed. 

2.7 Experimental section 

2.7.1 General information 

All reactions were carried out in the oven- or flame-dried glassware under an atmosphere 

of dry argon unless otherwise noted. Except as otherwise indicated, all reactions were 

magnetically stirred and monitored by analytical thin-layer chromatography using Merck 

pre-coated silica gel plates with F254 indicator. Visualization was accomplished by UV 

light (256 nm), with combination of potassium permanganate and/or vanillin solution as 

an indicator. Flash column chromatography was performed according to the method of 

Still using silica gel 60 (mesh 230-400) supplied by Merck. 

H

NO2

N
O

O

Ar

O
*R

O
R*

H+Na

Ar

Ar

NO2

Catalyst

+

Scheme 2.7 Proposed catalysis of nitroalkene Diels-Alder reaction via 
chiral variant of NaBArF24(H2O)2.5

*

R* = Chiral alcohol

Enantio-enriched 
product
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Commercial grade reagents and solvents were used without further purification except as 

indicated below.  Dichloromenthane (CH2Cl2) was freshly distilled over calcium hydride 

under an atmosphere of dry argon prior to use.  THF was freshly distilled over 

sodium/benzophenone under an atmosphere of dry argon prior to use.  Nitroethylene was 

prepared according the literature.69 All new compounds synthesized in this chapter have 

been fully characterized. Known compounds that were been utilized have been cited 

accordingly. 

1H NMR and 13C NMR spectra were recorded on a Bruker Avance 300 (300 MHz 1H), a 

Bruker Avance 400 (400 MHz 1H, 100 MHz 13C), and a Bruker Avance 500 (500 MHz 

1H, 125 MHz 13C). Chemical shift values (δ) are reported in ppm relative to Me4Si (δ 0.0 

ppm) unless otherwise noted. The proton spectra are reported as follows δ (multiplicity, 

coupling constant J, number of protons). Multiplicities are indicated by s (singlet), d 

(doublet), t (triplet), q (quartet), p (quintet), h (septet), m (multiplet) and br (broad). 

Optical rotations were measured on a Rudolph Research Analytical AUTOPOL® III 

automatic polarimeter. Infrared spectra were recorded using PerkinElmerTM SPECTRUM 

ONE with Universal ATR Sampling Accessory (Composite Zinc Selenide and Diamond 

crystals). High-resolution mass spectra were obtained at Mass Spectrometry Laboratory, 

Department of Chemistry, University of Miami.   
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2.7.2 General procedure for preparation of 5-substituted 

pentamethylcyclopentadienes 

1-Fluoro-4-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)benzene (57b) 

 

 To a solution of NaHMDS (1.10 g, 5.97 mmol) in THF (12 mL) cooled to 0 °C was 

added a solution of pentamethylcyclopentadiene (813 mg, 5.97 mmol) in THF (6 mL) 

drop-wise.  The resulting mixture was stirred for 1 h at room temperature, cooled back to 

0 °C, and then treated with a solution of 4-fluorobenzyl bromide (1.00 g, 5.37 mmol) in 

THF (6 mL).  The reaction mixture was stirred for 20 h at room temperature, quenched 

with aqueous NH4Cl solution (20 mL), and extracted with Et2O (2 x 20 mL).  The 

combined organic layers were washed with brine (1 x 30 mL), dried over MgSO4, 

filtered, and concentrated in vacuo, at which time all volatiles, including unreacted 

pentamethylcyclopentadiene, were removed from the crude reaction mixture.  The 

resulting oil was filtered through a short column of SiO2 with hexanes, and concentrated 

in vacuo to afford the title compound as a colorless oil (1.22 g, 93%), which was used in 

the Diels-Alder reaction (vide infra) without further purification. 

1H NMR (400 MHz, CDCl3) d 6.74 – 6.80 (m, 4H), 2.66 (s, 2H), 1.77 (s, 6H), 1.58 (s, 

6H), 0.99 (s, 3H); 13C NMR (100 MHz, CDCl3) d 161.2 (d, J = 250.0 Hz) 138.9, 134.8, 

134.2 (d, J = 3.0 Hz), 129.7 (d, J = 7.8 Hz), 113.6 (d, J = 20.6 Hz), 56.5, 40.7, 21.5, 10.7, 

10.3; FTIR (neat) umax 2916, 2854, 1603, 1509, 1447, 1378, 1220, 1157, 1098, 1016, 825, 

766 cm-1; GCMS: 244 [M]+ 

F
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1-Chloro-4-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)benzene (57c) 

 
1H NMR (400 MHz, CDCl3) d 7.03 (d, J = 8.0 Hz, 2H), 6.75 (d, J = 8.0 Hz, 2H), 2.66 (s, 

2H), 1.77 (s, 6H), 1.58 (s, 6H), 0.99 (s, 3H); 13C NMR (100 MHz, CDCl3) d 138.9, 137.1, 

134.9, 131.1, 129.8, 127.1, 56.5, 40.8, 21.6, 10.8, 10.3; FTIR (neat) umax 2917, 2855, 

1492, 1445, 1406, 1378, 1265, 1087, 838, 781, 739 cm-1; GCMS: 260 [M]+ 

1-Chloro-3-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)benzene (57d) 

 
1H NMR (400 MHz, CDCl3) d 6.98 – 7.06 (m, 2H), 6.83 (s, 1H) 6.73 (d, J = 4.0 Hz, 1H), 

2.67 (s, 2H), 1.78 (s, 6H), 1.61 (s, 6H), 1.01 (s, 3H); 13C NMR (100 MHz, CDCl3) 

d 140.6, 138.9, 135.1, 132.7, 128.5, 128.2, 126.7, 125.6, 56.5, 41.0, 21.6, 10.7, 10.3; 

FTIR (neat) umax 2914, 2855, 1597, 1572, 1479, 1445, 1378, 1205, 1078, 859, 772 cm-1; 

GCMS: 260 [M]+ 

1-Chloro-2-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)benzene (57e) 

 

Cl

Cl

Cl



35 

 

Obtained as colorless oil in 72% yield; 1H NMR (400 MHz, CDCl3) δ 7.25 (dd, J = 1.7, 

7.7 Hz, 1H), 6.95-7.04 (m, 2H), 6.78 (dd, J = 1.7, 7.6 Hz, 1H), 2.92 (s, 2H), 1.73 (s, 

12H), 1.05 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 140.5, 137.0, 134.5, 134.0, 129.6, 

128.9, 126.9, 126.1, 56.3, 36.2, 23.4, 11.2, 10.3; FTIR (neat) υmax 2963, 2915, 2859, 

1472, 1442, 1379, 1050, 1037, 748 cm-1; GCMS: 260[M]+ 

1-Iodo-2-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)benzene (57f) 

 

Obtained as a white solid in 61% yield; 1H NMR (400 MHz, CDCl3) δ 7.76 (dd, J = 1.2, 

7.9 Hz, 1H), 7.04-7.08 (m, 1H), 6.72-6.80 (m, 2H), 2.88 (s, 2H), 1.76 (s, 6H), 1.70 (s, 

6H), 1.06 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 142.0, 140.6, 139.0, 134.5, 128.4, 

127.9, 127.6, 102.5, 56.5, 44,6, 24,1, 11.2, 10.4; FTIR (neat) υmax 2961, 2912, 2858, 

1561, 1442, 1378, 1087, 1009, 908, 742 cm-1; GCMS: 352[M]+ 

1-Methyl-4-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)benzene (57g) 

 

Obtained as a white solid in 86% yield; 1H NMR (400 MHz, CDCl3) δ 6.88 (d, J = 7.9 

Hz, 2H), 6.74 (d, J = 7.9 Hz, 2H), 2.66 (s, 2H), 2.23 (s, 3H), 1.76 (s, 6H), 1.60 (s, 6H), 

I

Me
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0.99 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 139.6, 135.8, 134.9, 134.5, 128.6, 128.0, 

56.9, 41.3, 22.0, 21.1, 11.0, 10.5; FTIR (neat) υmax 2968, 2914, 2857, 1657, 1515, 1442, 

1378, 1110, 820, 782, 757 cm-1; GCMS: 240 [M]+ 

1-((1,2,3,4,5-Pentamethylcyclopenta-2,4-dienyl)methyl)-4-(trifluoromethyl)benzene 

(57h) 

 

Obtained as a white solid in 73% yield; 1H NMR (400 MHz, CDCl3) δ 7.32 (d, J = 8.1 

Hz, 2H), 6.92 (d, J = 8.1 Hz, 2H), 2.74 (s, 2H), 1.78 (s, 6H), 1.57 (s, 6H), 1.02 (s, 3H); 

13C NMR (100 MHz, CDCl3) δ 142.9, 138.9, 135.2, 128.8, 124.0 (2x), 56.8, 41.3, 21.9, 

10.9, 10.4; FTIR (neat) υmax 2968, 2919, 2860, 1618, 1417, 1323, 1162, 1120, 1067, 

1019, 847 cm-1; GCMS: 294 [M]+ 

1-tert-Butyl-4-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)benzene (57i) 

 

Obtained as light yellow oil in 88% yield; 1H NMR (400 MHz, CDCl3) δ 7.08 (d, J = 8.1 

Hz, 2H), 6.78 (d, J = 8.1 Hz, 2H), 2.66 (s, 2H), 1.76 (s, 6H), 1.59 (s, 6H), 1.25 (s, 9H), 

0.99 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 148.2, 139.6, 135.7, 134.4, 128.2, 123.9, 

CF3
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56.7, 41.1, 34.3, 31.4, 21.8, 10.9, 10.4; FTIR (neat) υmax 2960, 2913, 2863, 1516, 1448, 

1378, 1363, 1269, 1105, 1020, 834, 785 cm-1; GCMS: 282 [M]+ 

2-((1,2,3,4,5-Pentamethylcyclopenta-2,4-dienyl)methyl)naphthalene (57j)  

 

Obtained as a white solid in 81% yield; 1H NMR (400 MHz, CDCl3) δ 7.70-7.77 (m, 2H), 

7.59 (d, J = 8.4 Hz, 1H), 7.38-7.42 (m, 2H), 7.36 (s, 1H), 7.03 (d, J = 8.4 Hz, 1H), 2.91 

(s, 2H), 1.86 (s, 6H), 1.60 (s, 6H), 1.10 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 139.5, 

136.7, 134.8, 133.3, 132.1, 127.8, 127.7, 127.5, 126.9, 126.4, 125.4, 124.9, 57.0, 41.7, 

22.1, 11.0, 10.6; FTIR (neat) υmax 3061, 2965, 2914, 2857, 1601, 1509, 1445, 1378, 

1095, 852, 815, 788, 748 cm-1; GCMS: 276[M]+ 

1-Methoxy-3-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)benzene (57k) 

 

Obtained as a white solid in 84% yield; 1H NMR (400 MHz, CDCl3) δ 7.02 (t, J = 7.8 Hz, 

1H), 6.65 (dd, J = 2.4, 8.2 Hz, 1H), 6.52 (d, J = 7.6 Hz, 1H), 6.45 (s, 1H), 3.72 (s, 3H), 

2.72 (s, 2H), 1.80 (s, 6H), 1.65 (s, 6H), 1.02 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

OMe
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158.8, 140.5, 139.6, 134.6, 128.1, 121.4, 113.8, 111.5, 56.8, 55.1, 41.4, 22.2, 11.0, 10.5; 

FTIR (neat) υmax 2959, 2915, 2858, 1600, 1584, 1490, 1447, 1378, 1291, 1261, 1153, 

1048, 910, 776 cm-1; GCMS: 256 [M]+ 

Methyl(4-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)phenyl)sulfane (57l) 

 

Obtained as a light yellow solid in 87% yield; 1H NMR (400 MHz, CDCl3) δ 6.99 (d, J = 

8.3 Hz, 2H), 6.77 (d, J = 8.3 Hz, 2H), 2.65 (s, 2H), 2.41 (s, 3H), 1.76 (s, 6H), 1.59 (s, 

6H), 0.99 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 139.3, 136.0, 134.8, 134.7, 129.2, 

126.0, 56.8, 41.1, 21.9, 16.4, 11.0, 10.5; FTIR (neat) υmax 2967, 2916, 2857, 1494, 1441, 

1378, 1093, 1017, 835, 810, 781 cm-1; GCMS: 272 [M]+ 

1-Nitro-4-((1,2,3,4,5-pentamethylcyclopenta-2,4-dienyl)methyl)benzene (57m) 

 

Obtained as a bright yellow solid in 10% yield; 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J 

= 8.8 Hz, 2H), 6.95 (d, J = 8.6 Hz, 2H), 2.79 (s, 2H), 1.80 (s, 6H), 1.56 (s, 6H), 1.03 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 146.7, 146.3, 138.5, 135.6, 129.2, 122.4, 56.9, 41.3, 

SMe

NO2



39 

 

21.8, 10.9, 10.5; FTIR (neat) υmax 2918, 2859, 1601, 1516, 1447, 1342, 851, 806, 

746,702 cm-1; GCMS: 271 [M]+ 

(E)-(3-(1,2,3,4,5-Pentamethylcyclopenta-2,4-dienyl)prop-1-enyl)benzene (57n) 

 

Obtained as colorless oil in 80% yield; 1H NMR (400 MHz, CDCl3) δ 7.14-7.28 (m, 5H), 

6.30 (d, J = 15.8 Hz, 1H), 5.40-5.47 (m, 1H), 2.34 (dd, J = 1.4, 7.0 Hz, 2H), 1.79 (s, 6H), 

1.76 (s, 6H), 0.97 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 140.1, 138.4, 134.2, 129.9, 

128.5, 128.1, 126.7, 126.0, 55.9, 38.5, 21.4, 11.2, 10.0; FTIR (neat) υmax 3026, 2962, 

2913, 2861, 1600, 1496, 1444, 1378, 960, 738 cm-1; GCMS: 252[M]+ 

2.7.3 Preparation of 2-amino-1-aza[6]helicenes 

All new 11,12-benzo-2-alkylamino-1-aza[6]helicenes were prepared according to the 

published procedure.32  

(+)-(P)-11,12-Benzo-2-(3-ethylpentan-3-amino)-1-aza[6]helicene (59) 

 

[α]20
D = +2684, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 8.19 − 8.26 (m, 3H), 

8.04 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 8.0 Hz, 1H), 7.26 – 7.38 

(m, 6H), 6.85 – 6.89 (m, 2H), 6.32 – 6.36 (m, 1H), 6.08 (d, J = 8.0 Hz, 1H), 0.89 – 1.02 

NN
H
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(m, 6H), 0.14 (t, J = 8.0 Hz, 1H) ; 13C NMR (100 MHz, CDCl3) 

δ 155.0, 145.5, 136.9, 134.0, 133.1, 132.8, 130.63, 130.61, 130.5, 128.4, 127.8, 127.6, 

127.1, 127.0, 126.9, 126.6, 126.4, 126.3, 126.2, 125.9, 125.0, 124.4, 124.2, 122.8, 122.79, 

121.7, 121.4, 120.6, 107.8, 57.7, 28.0, 7.7; FTIR (neat) υmax  2965, 2927, 1720, 1610, 

1520, 1485, 1464, 1360, 1277, 1215, 1131, 837, 747 cm-1; HRMS (ESI-TOF): Exact 

mass calcd for C36H33N2 [M + 1]+, expected: 493.2644, found: 493.2638 

(-)-(M)-11,12-Benzo-2-(2-methyl-1-phenylpropan-2-amino)-1-aza[6]helicene (60) 

 

[α]20
D = -2374, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 8.67 (dd, J = 4.0, 8.0 

Hz, 2H), 8.54 (d, J = 8.0 Hz, 1H), 8.42 (d, J = 8.0 Hz), 8.01 – 8.04 (m, 2H), 7.92 (d, J = 

8.0 Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.63 – 7.76 (m 5H), 7.29 – 7.31 (m, 1H), 7.08 – 

7.16 (m, 3H), 6.75 – 6.79 (m, 3H), 6.49 (d, J = 12.0 Hz, 1H), 3.86 (s, 1H), 2.63 (d, J = 

12.0 Hz, 1H), 2.37 (d, J = 12.0 Hz, 1H), 0.98 (s, 3H), 0.88 (s, 

3H);13CNMR(100MHz,CDCl3) 155.1, 145.6, 137.9, 136.5, 133.9, 132.9, 132.8, 130.7, 13

0.51, 130.46, 140.44, 128.5, 128.2, 127.7, 127.6, 127.4, 127.0, 126.9, 126.7, 126.5, 126.4,

 126.3, 126.0, 125.8, 125.1, 124.6, 124.2, 122.8, 122.7, 122.1, 121.5, 120.7, 109.6, 53.1, 4

6.4, 28.1, 27.0; FTIR (neat) υmax  2972, 1610, 1520, 1484, 1263, 839, 732, 700 cm-1; 

HRMS (ESI-TOF): Exact mass calcd for C39H31N2 [M + 1]+, expected: 527.2487, found: 

527.2482 

NN
H
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(-)-(M)-11,12-Benzo-2-(3-phenethyl-1,5-diphenylpentan-3-amino)-1-aza[6]helicene 

(61)  

 

[α]20
D = -1780, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 8.13 − 8.17 (m, 2H), 

7.94 (d, J = 8.0 Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.53 – 7.20 (m, 9H), 6.53 – 6.97 (m, 

15H), 6.27 – 6.29 (m, 2H) 6.11 (d, J = 8.0 Hz, 1H), 1.78 – 1.98 (m, 6H), 1.23 – 1.37 (m, 

6H); 13C NMR (100MHz, 

CDCl3) 154.4, 145.5, 142.0, 137.3, 134.1, 132.9, 130.7, 130.5, 130.4, 130.1, 128.6, 128.4

, 128.3, 127.7, 127.2, 127.1, 127.0, 126.99, 126.8, 126.5, 126.43, 126.39, 126.1, 125.85, 1

25.3, 124.3 122.9, 122.8, 122.3, 121.6, 120.9, 107.6, 57.2, 38.8, 30.0 (two signals overlap 

to give one); FTIR (neat) υmax 2932, 1608, 1519, 1454, 1379, 1264, 841, 733, 699 cm-1; 

HRMS (ESI-TOF): Exact mass calcd for C54H45N2 [M + 1]+, expected: 721.3583, found: 

721.3577 

(-)-(M)-11,12-Benzo-2-(5-butylnonan-5-amino)-1-aza[6]helicene (62) 

 

NN
H

NN
H
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[α]20
D = - 2082, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 8.61 – 8.67 (m, 3H), 

8.44 (d, J = 8.0 Hz, 1H), 7.66 – 8.01 (m, 7H), 7.26 – 7.32 (m, 3H), 6.74 – 6.77 (m, 1H), 

6.49 (d, J = 12.0 Hz, 1H), 0.77 –

1.35(m,27H);13CNMR(100MHz,CDCl3) 154.8, 145.4, 136.8, 134.0, 133.4, 132.8, 130.8, 

130.6, 130.5, 128.3, 127.7, 127.5, 127.13, 127.1, 126.9, 126.6, 126.43 126.36, 126.3, 126.

0, 125.1, 124.4, 124.3, 122.8, 122.7, 121.6, 121.3, 120.6, 107.4, 56.9, 36.6, 25.2, 23.0, 13.

9; FTIR (neat) υmax 3400, 2930, 2861, 1609, 1584, 1519, 1485, 1465, 1356, 1263, 1144, 

837, 751, 723 cm-1; HRMS (ESI-TOF): Exact mass calcd for C42H45N2 [M + 1]+, 

expected: 577.3583, found: 577.3577 

 2.7.4 General procedure for asymmetric nitroalkene Diels-Alder reaction 

 

 To a solution of 62 (72 mg, 0.12 mmol) in CH2Cl2 (2.4 mL) was added Et2O 

solution of HCl (1M, 0.14 mL) drop-wise at room temperature.  The reaction mixture was 

stirred for 30 min. and then concentrated in vacuo.  The resulting solid was redissolved in 

CH2Cl2 (2.0 mL), and then concentrated in vacuo, the process of which was repeated 

three times.  To the resulting yellow solid were added CH2Cl2 (2.6 mL), and 

NaBArF24·2.6H2O (109 mg, 0.12 mmol) at room temperature.  The resulting mixture was 

stirred for 30 min., filtered through a short pad of Celite, concentrated in vacuo, and then 

used in the Diels-Alder reaction without purification. 

N
HN

H

BArF24
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(-)-7-Benzyl-1,2,3,4,7-pentamethyl-5-nitrobicyclo[2.2.1]hept-2-ene (58a) 

 

A flame-dried test tube was charged with the catalyst (28 mg, 0.02 mmol) and 4 Å 

molecular sieves (28 mg).  To this were added CH2Cl2 (0.3 mL) and a solution of 

nitroethylene69 (15 mg, 0.2 mmol) in CH2Cl2 (0.1 mL).  The resulting mixture was cooled 

to -78 °C, slowly treated with a solution of diene (91 mg, 0.4 mmol) in CH2Cl2 (0.3 mL), 

stirred at -78 °C for 20 h, and then quenched with a solution of hydrazine hydrate (0.1 

mL) in MeOH (0.1 mL).  The resulting mixture was washed with H2O (3 x 1 mL) and 

brine (1 x 1 mL), dried over Na2SO4, filtered, and concentrated in vacuo.  The crude 

material was purified by flash chromatography on silica gel (20% benzene in hexanes) to 

afford the title compound as colorless oil (46 mg, 77%) with 70:30 er.  The ligand 5 was 

recovered by eluting the column with 100% EtOAc (67 mg, 93%), and reused without 

loss in activity and selectivity. 

Enantiomeric ratio was determined by HPLC with a Chiralcel OD-H column equipped 

with an OD-H guard column (100% Hexanes, flow rate = 0.5mL/min), tr (major) = 40.72 

min., tr (minor) = 46.79 min. [α]20
D = -40, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, 

CDCl3) δ 7.17 – 7.29 (m, 4H), 7.05 – 7.07 (m, 1H), 4.69 – 4.71 (m, 1H), 2.58 (d, J = 12.0 

Hz, 1H), 2.49 (d, J = 12.0 Hz, 1H), 1.87 – 1.89 (m, 2H), 1.69 (s, 3H), 1.48 (s, 3H), 1.12 

(s, 3H), 0.89 (s, 3H), 0.77 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 139.3, 139.1, 131.2, 

130.6, 127.8, 125.9, 91.6, 64.0, 63.6, 55.0, 39.2, 37.5, 15.4, 12.4, 11.2, 10.7, 10.1; FTIR 

(neat) υmax 2943, 1541, 1448, 1382, 1362, 908, 729 cm-1; HRMS (ESI-TOF): Exact mass 

calcd for C19H26NO2 [M + 1]+, expected: 300.1964, found: 300.1958. 

NO2



44 

 

(+)-7-(4-Fluorobenzyl)-1,2,3,4,7-pentamethyl-5-nitrobicyclo[2.2.1]hept-2-ene (58b) 

 

Enantiomeric ratio was determined by HPLC with a Chiralcel OD-H column equipped 

with an OD-H guard column (100% Hexanes, flow rate = 0.5mL/min), tr (minor) = 35.07 

min., tr (major) = 40.37 min. [α]20
D = +32, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, 

CDCl3) δ 6.99 – 7.02 (m, 2H), 6.89 – 6.94 (m, 2H), 4.70 (dd, J = 5.2, 6.4 Hz, 1H), 2.57 

(d, J = 12.0 Hz, 1H), 2.45 (d, J = 12.0 Hz, 1H), 1.88 – 1.90 (m, 2H), 1.69 (s, 3H), 1.47 (s, 

3H), 1.12 (s, 3H), 0.87 (s, 3H), 0.77 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 161.4 (d, J = 

243.0 Hz), 139.0, 134.95 (d, J = 3.6 Hz), 131.8 (d, J = 7.9 Hz), 131.2, 114.6 (d, J = 20.6 

Hz), 91.5, 63.49, 63.47, 56.0, 38.3, 37.5, 15.3, 12.4, 11.2, 10.7, 10.1;FTIR (neat) υmax 

2944, 1541, 1508, 1448, 1383, 1222, 908, 828, 729 cm-1; HRMS (ESI-TOF): Exact mass 

calcd for C19H25FNO2 [M + 1]+, expected: 318.1869, found: 318.1864. 

(+)-7-(4-Chlorobenzyl)-1,2,3,4,7-pentamethyl-5-nitrobicyclo[2.2.1]hept-2-ene (58c) 

 

Enantiomeric ratio was determined by HPLC with a Chiralcel OD-H column equipped 

with an OD-H guard column (100% Hexanes, flow rate = 0.5mL/min), tr (minor) = 44.85 

min., tr (major) = 55.91 min. [α]20
D = +40, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, 

CDCl3) δ 7.19 – 7.21 (m, 2H), 6.98 – 7.01 (m, 2H), 4.70 (dd, J = 5.2, 6.4 Hz, 1H), 2.57 

(d, J = 12.0 Hz, 1H), 2.46 (d, J = 12.0 Hz, 1H), 1.89 – 1.91 (m, 2H), 1.69 (s, 3H), 1.48 (s, 

3H), 1.14 (s, 3H), 0.87 (s, 3H), 0.79 (s, 3H); 13C NMR (100 MHz, CDCl3) 

F NO2

Cl NO2
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δ 139.0, 137.9, 131.82, 131.8, 131.3, 127.9, 91.4, 64.0, 63.5, 56.0, 38.5, 37.4 15.4, 12.4, 1

1.2, 10.8, 10.1 FTIR (neat) υmax 2942, 1540, 1490, 1447, 1382, 1362, 1091, 1015, 810, 

732 cm-1; HRMS (ESI-TOF): Exact mass calcd for C19H25ClNO2 [M + 1]+, expected: 

334.1574, found: 334.1568. 

(+)-7-(3-Chlorobenzyl)-1,2,3,4,7-pentamethyl-5-nitrobicyclo[2.2.1]hept-2-ene (58d) 

 

Enantiomeric ratio was determined by HPLC with a Chiralcel OD-H column equipped 

with an OD-H guard column (100% Hexanes, flow rate = 0.5mL/min), tr (minor) = 57.59 

min., tr (major) = 65.56 min. [α]20 
D = +28, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, 

CDCl3) δ 7.19 – 7.21 (m, 2H), 6.98 – 7.01 (m, 2H), 4.70 (dd, J = 5.2, 6.4 Hz, 1H), 2.57 

(d, J = 12.0 Hz, 1H), 2.46 (d, J = 12.0 Hz, 1H), 1.89 – 1.91 (m, 2H), 1.69 (s, 3H), 1.48 (s, 

3H), 1.14 (s, 3H), 0.87 (s, 3H), 0.79 (s, 3H); 13C NMR (100 MHz, CDCl3) 

δ 141.5, 139.1, 133.6, 131.3, 130.5, 129.0, 128.7, 126.1, 91.4, 63.9, 63.6, 56.0, 39.0, 37.4,

 15.5, 12.4, 11.2, 10.7, 10.1 FTIR (neat) υmax 2940, 1596, 1540, 1443, 1382, 1362, 1322, 

875, 785 cm-1; HRMS (ESI-TOF): Exact mass calcd for C19H25ClNO2 [M + 1]+, 

expected: 334.1574, found: 334.1587 

(1S, 4S, 5S, 7R)-(-)-7-(2-Chlorobenzyl)-1,2,3,4,7-pentamethyl-5-

nitrobicyclo[2.2.1]hept-2-ene (58e) 

 

NO2

Cl

Cl

NO2
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Obtained as a colorless oil in 55% yield with er of 68:32. Enantiomeric ratio was 

determined by HPLC with a Chiralcel OD-H column equipped with an OD-H guard 

column (100% Hexanes, flow rate = 0.5mL/min), tr (major) = 54.04 min., tr (minor) = 

60.32 min. [α]20
D = - 12, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 7.29 – 7.31 

(m, 1H), 7.09 – 7.20 (m, 3H), 4.69 – 4.72 (m, 1H), 2.80 (d, J = 14.0 Hz, 1H), 2.67 (d, J = 

14.0 Hz, 1H), 1.88 – 1.91 (m, 2H), 1.73 (s, 3H), 1.56 (s, 3H), 1.25 (s, 3H), 0.93 (s, 3H), 

0.84 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 139.3, 137.8, 135.3, 133.0, 131.3, 129.9, 

127.6, 126.2, 91.8, 64.6, 63.9, 56.7, 37.5, 34.9, 15.4, 12.6, 11.5, 11.1, 10.4; FTIR (neat) 

υmax 2943, 1541, 1444, 1382, 1361, 1058, 877, 753, 682 cm1; HRMS (ESI-TOF): Exact 

mass calcd for C19H24ClNNaO2 [M + Na]+, expected: 356.1393, found: 356.1387. 

(1S, 4S, 5S, 7R)-(-)-7-(2-Iodobenzyl)-1,2,3,4,7-pentamethyl-5-nitrobicyclo[2.2.1]hept-

2-ene (58f) 

 

Obtained as a colorless oil in 65% yield with er of 60:40. Enantiomeric ratio was 

determined by converting 10e into 3 via halogen-lithium exchange reaction followed by 

aqueous work-up, using a Chiralcel OD-H column equipped with an OD-H guard column 

(100% Hexanes, flow rate = 0.5mL/min), tr (major) = 40.71 min., tr (minor) = 45.09 min. 

[α]20
D = - 16, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.0 Hz, 

1H), 7.19 – 7.24 (m, 2H), 6.83 – 6.85 (m, 1H), 4.68 – 4.70 (m, 1H), 2.85 (d, J = 14.4 Hz, 

1H), 2.72 (d, J = 14.4 Hz, 1H), 1.88 – 1.90 (m, 2H), 1.73 (s, 3H), 1.50 (s, 3H), 1.26 (s, 

I

NO2



47 

 

3H), 0.93 (s, 3H), 0.86 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 143.2, 140.6, 139.6, 

131.9, 131.8, 128.3, 127.9, 103.6, 92.0, 65.0, 64.7, 57.1, 42.3, 37.7, 16.4, 13.5, 12.1, 12.0, 

11.0; FTIR (neat) υmax 2943, 1540, 1449, 1382, 1361, 1009, 733, 753 cm1; HRMS (ESI-

TOF): Exact mass calcd for C19H24INNaO2 [M + Na]+, expected: 448.0749, found: 

448.0760. 

(1S, 4S, 5S, 7R)-(-)-1,2,3,4,7-Pentamethyl-7-(4-methylbenzyl)-5-

nitrobicyclo[2.2.1]hept-2-ene (58g) 

 

Obtained as a colorless oil in 85% yield with er of 65:35. Enantiomeric ratio was 

determined by HPLC with a Chiralcel OD-H column equipped with an OD-H guard 

column (100% Hexanes, flow rate = 0.5mL/min), tr (major) = 29.73 min., tr (minor) = 

33.85 min. [α]20
D = - 52, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 7.03 (d, J = 

7.6 Hz, 2H), 6.94 (d, J = 7.6 Hz, 2H), 4.69 – 4.71 (m, 1H), 2.55 (d, J = 13.6 Hz, 1H), 

2.45 (d, J = 13.6 Hz, 1H), 2.31 (s, 3H), 1.87 – 1.89 (m, 2H), 1.70 (s, 3H), 1.49 (s, 3H), 

1.12 (s, 3H), 0.88 (s, 3H), 0.78 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 139.3, 136.3, 

135.6, 131.3, 130.7, 128.7, 96.7, 91.8, 64.3, 63.8, 56.2, 21.1, 15.5, 12.6, 11.4, 11.0, 10.3; 

FTIR (neat) υmax 2936, 1542, 1447, 1362, 1109,  813, 774 cm-1; HRMS (ESI-TOF): 

Exact mass calcd for C20H27NNaO2 [M + Na]+, expected: 336.1939, found: 336.1947. 

 

Me

NO2
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(1S, 4S, 5S, 7R)-(-)-1,2,3,4,7-Pentamethyl-5-nitro-7-(4-

(trifluoromethyl)benzyl)bicyclo[2.2.1]hept-2-ene (58h) 

 

Obtained as a colorless oil in 75% yield with er of 64:36. Enantiomeric ratio was 

determined by HPLC with a Chiralcel OD-H column equipped with an OD-H guard 

column (100% Hexanes, flow rate = 0.5mL/min), tr (major) = 31.85 min., tr (minor) = 

38.25 min. [α]20
D = - 22, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 

8.0 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H), 4.69 – 4.72 (m, 1H), 2.65 (d, J = 13.6 Hz, 1H), 

2.54 (d, J = 13.6 Hz, 1H), 1.87 – 1.91 (m, 2H), 1.70 (s, 3H), 1.48 (s, 3H), 1.14 (s, 3H), 

0.89 (s, 3H), 0.79 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 143.9 (d, J = 1.4 Hz), 139.3 (d, 

J = 1.5 Hz), 131.5, 131.0, 128.4 (t, J = 320.0 Hz), 125.8, 124.9 (dd, J = 3.6 Hz, J = 72.0 

Hz), 91.5, 64.2, 63.9, 56.2, 39.2, 37.6, 15.6, 12.6, 11.4, 11.0, 10.3; FTIR (neat) υmax 2945, 

1543, 1323, 1162, 1118, 1067, 1018, 842, 746 cm1; HRMS (ESI-TOF): Exact mass calcd 

for C20H24F3NNaO2 [M + Na]+, expected: 390.1657, found: 390.1654. 

(1S, 4S, 5S, 7R)-(-)-7-(4-tert-Butylbenzyl)-1,2,3,4,7-pentamethyl-5-

nitrobicyclo[2.2.1]hept-2-ene (58i) 

 

F3C

NO2

NO2
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Obtained as a colorless oil in 80% yield with er of 70:30. Enantiomeric ratio was 

determined by HPLC with a Chiralcel OD-H column equipped with an OD-H guard 

column (100% Hexanes, flow rate = 0.4mL/min), tr (major) = 26.76 min., tr (minor) = 

29.51 min. [α]20
D = - 54, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 

8.4 Hz, 2H), 6.98 (d, J = 8.0 Hz, 2H), 4.69 – 4.72 (m, 1H), 2.55 (d, J = 13.6 Hz, 1H), 

2.45 (d, J = 13.6 Hz, 1H), 1.85 – 1.89 (m, 2H), 1.70 (s, 3H), 1.48 (s, 3H), 1.3 (s, 9H), 

1.12 (s, 3H), 0.88 (s, 3H), 0.78 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 149.0, 139.2, 

136.3, 131.3, 130.4, 124.8, 91.8, 64.3, 63.8, 56.2, 38.7, 37.7, 34.5, 31.5, 15.6, 12.6, 11.4, 

10.9, 10.3; FTIR (neat) υmax 2952, 1542, 1362, 1269, 1110, 908, 835, 731 cm1; HRMS 

(ESI-TOF): Exact mass calcd for C23H33NNaO2 [M + Na]+, expected: 378.2409, found: 

378.2408. 

(1S, 4S, 5S, 7R)-(-)-2-((1,2,3,4,7-Pentamethyl-5-nitrobicyclo[2.2.1]hept-2-en-7-

yl)methyl)naphthalene (58j) 

 

Obtained as a colorless oil in 83% yield with er of 69:31. Enantiomeric ratio was 

determined by HPLC with a Chiralcel AS-H column equipped with an AS-H guard 

column (100% Hexanes, flow rate = 0.5mL/min), tr (minor) = 52.69 min., tr (major) = 

69.35 min. [α]20
D = - 48, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 7.73 – 7.81 

(m, 3H), 7.51 (br s, 1H), 7.41 – 7.48 (m, 2H), 7.21 (dd, J = 2.0, 8.4 Hz, 1H), 4.71 – 4.74 

(m, 1H), 2.77 (d, J = 13.6 Hz, 1H), 2.61 (d, J = 13.6 Hz, 1H) , 1.90 – 1.91 (m, 2H), 1.74 

NO2
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(s, 3H), 1.53 (s, 3H), 1.16 (s, 3H), 0.95 (s, 3H), 0.79 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 139.3, 137.1, 133.4, 132.1, 131.4, 129.6, 129.0, 127.7, 127.6, 127.3, 126.1, 

125.4, 91.7, 64.3 64.1, 56.3, 39.5, 37.7, 15.7, 12.7, 11.5, 11.0, 10.4; FTIR (neat) υmax 

2943, 1540, 1382, 1362, 1084, 821, 748 cm1; HRMS (ESI-TOF): Exact mass calcd for 

C23H28NO2 [M + 1]+, expected: 350.2120, found: 350.2116.  

(1S, 4S, 5S, 7R)-(-)-7-(3-Methoxybenzyl)-1,2,3,4,7-pentamethyl-5-

nitrobicyclo[2.2.1]hept-2-ene (58k) 

 

Obtained as a colorless oil in 80% yield with er of 66:34. Enantiomeric ratio was 

determined by HPLC with a Chiralcel AS-H column equipped with an AS-H guard 

column (1% iPrOH in Hexanes, flow rate = 0.3mL/min), tr (minor) = 22.48 min., tr 

(major) = 25.07 min. [α]20
D = - 30, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 

7.12 – 7.16 (m, 1H), 6.61 – 6.73 (m, 2H), 4.68 – 4.71 (m, 1H), 3.78 (s, 3H), 2.55 (d, J = 

13.6 Hz, 1H), 2.45 (d, J = 13.6 Hz, 1H), 1.88 – 1.89 (m, 2H), 1.70 (s, 3H), 1.48 (s, 3H), 

1.13 (s, 3H), 0.89 (s, 3H), 0.79 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 159.3, 141.1, 

139.2, 131.3, 128.9, 123.3, 116.8, 111.1, 102.7, 91.7, 64.3, 63.8, 56.2, 55.2, 39.4, 37.7, 

15.7, 12.6, 11.5, 10.9, 10.3; FTIR (neat) υmax 2939, 1599, 1583, 1541, 1488, 1362, 1264, 

1154, 1045, 768, 699 cm1; HRMS (ESI-TOF): Exact mass calcd for C20H27NNaO3 [M + 

Na]+, expected: 352.1889, found: 352.1898. 

MeO

NO2
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(1S, 4S, 5S, 7R)-(-)-Methyl(4-((1,2,3,4,7-pentamethyl-5-nitrobicyclo[2.2.1]hept-2-en-

7-yl)methyl)phenyl)sulfane (58l) 

 

Obtained as a colorless oil in 89% yield with er of 67:33. Enantiomeric ratio was 

determined by HPLC with a Chiralcel AS-H column equipped with an AS-H guard 

column (1% iPrOH in Hexanes, flow rate = 0.3mL/min), tr (minor) = 25.25 min., tr 

(major) = 28.71 min. [α]20
D = - 60, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 

7.13 (d, J = 8.4 Hz, 1H), 6.98 (d, J = 8.0 Hz, 1H), 4.68 – 4.71 (m, 1H), 2.42 – 2.56 (m, 

5H), 1.87 – 1.89 (m, 2H), 1.69 (s, 3H), 1.47 (s, 3H), 1.12 (s, 3H), 0.86 (s, 3H), 0.78 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 139.5, 136.7, 136.1, 131.7, 131.6, 126.7, 92.0, 64.5, 

64.1, 56.5, 39.1, 38.0, 16.5, 15.9, 13.0, 11.8, 11.3, 10.6; FTIR (neat) υmax 2939, 1540, 

1439, 1362, 1090, 810, 755 cm1; HRMS (ESI-TOF): Exact mass calcd for C20H28NO2S 

[M + 1]+, expected: 346.1841, found: 346.1845. 

(1S, 4S, 5S, 7R)-(-)-7-Cinnamyl-1,2,3,4,7-pentamethyl-5-nitrobicyclo[2.2.1]hept-2-

ene (58n) 

 

Obtained as a colorless oil in 79% yield with er of 63:37. Enantiomeric ratio was 

determined by HPLC with a Chiralcel AS-H column equipped with an AS-H guard 

column (100% Hexanes, flow rate = 0.5mL/min), tr (minor) = 19.25 min., tr (major) = 

MeS

NO2

NO2
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24.89 min. [α]20
D = - 54, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 7.25 – 7.33 

(m, 4H), 7.17 – 7.23 (m, 1H), 6.03 – 6.22 (m, 2H), 4.72 – 4.75 (m, 1H), 2.07 – 2.19 (m, 

2H), 1.89 – 1.98 (m, 2H), 1.65 (s, 3H), 1.42 (s, 3H), 1.29 (s, 3H), 1.06 (s, 3H), 0.81 (s, 

3H); 13C NMR (100 MHz, CDCl3) δ 139.3, 137.9, 131.3, 130.3, 128.7, 128.67, 127.0, 

126.0, 91.7, 63.9, 63.5, 55.7, 37.4, 36.9, 15.7, 12.7, 11.2, 11.1, 10.2; FTIR (neat) υmax 

2939, 1540, 1446, 1362, 1077, 966, 745, 693 cm1; HRMS (ESI-TOF): Exact mass calcd 

for C21H27NNaO2 [M + Na]+, expected: 348.1939, found: 348.1931. 

2.7.5 New dienes synthesis 

 Synthesis of diones 65 

All the diones were synthesized according to the reported procedures. 62,63 

2-Methyl-2-phenylcyclopentane- 1,3-dione (65a):  

 

Obtained as pale yellow oil in 68% yield. All spectral data were identical to the literature 

values 70. 

2-Methyl-2-phenemethylcyclopentane-1,3-dione (65b):  

 

Obtained as a light orange solid in 72% yield.  All spectral data were identical to the 

literature values 71. 

 

O O
Ph

O O

Ph
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2-Methyl-2-phenethylcyclopentane-1,3-dione (65c):  

 

Obtained as a brown solid in 84% yield; 1H NMR (400 MHz, CDCl3) d 7.27-7.07 (m, 

5H), 2.58-2.81 (m, 4H), 2.46-2.50 (m, 2H), 1.95-1.99 (m, 2H), 1.16 (s, 3H); 13C NMR 

(100 MHz, CDCl3) d 216.7, 140.9, 128.9, 128.8, 126.7, 56.8, 37.3, 35.5, 31.2, 20.2; FTIR 

(neat) umax 3029, 2922, 1757, 1713, 1497, 1454, 1377, 1269, 1039, 1000, 922, 748, 700 

cm-1; HRMS (ESI-TOF): Exact mass calcd for C14H16NaO2 [M + Na]+, expected: 

239.1043, found: 239.1043 

General procedure for the synthesis of dienes 33 

The methylenation of diones 65 and the following isomerization of 66 to 33 were carried 

out with slight modification from the procedures reported in the literature. The reactions 

were not fully optimized. A typical procedure is as follows: 

To a mixture of Mg (3.36 g, 140 mmol) and TiCl4 (7.65 ml, 70 mmol) in CH2Cl2 (70 mL) 

cooled down to 0 °C was added via cannula a solution of dione (7.0 mmol) in CH2Cl2 (26 

mL) and THF (26 mL). After being stirred for 2 h at 0 °C, the resulting green-black 

mixture was stirred for another 2 h at room temperature. The reaction mixture was then 

quenched by slowly adding saturated potassium carbonate solution (150 mL) and diluted 

with ether (300 mL). The organic layer was then separated, dried, evaporated, and passed 

through a short plug of silica gel with pentane, and used as crude without further 

purification in the following step. The crude was then dissolved in PhH (14 ml), and 47% 

O O

Ph
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aqueous HI (0.7 ml) was added. The reaction mixture was then stirred vigorously for 20 h 

in the dark. The reaction was diluted with pentane (20 mL), washed with saturated 

aqueous NaHCO3, (2 X 15 mL), aqueous Na2S2O2, (2 X 15 mL), and brine (15 mL), and 

the organic phase was dried over a mixture of MgSO4 and K2CO3. The product was 

purified by flash chromatography (100% hexane) to yield the desired products. 

(1,2,5-Trimethylcyclopenta-2,4-dienyl)benzene (33a):  

 

Obtained as a colorless oil in 25% yield based on dione 33a; 1H NMR (400 MHz, CDCl3) 

d 7.25-7.31 (m, 2H), 7.17-7.21 (m, 1H), 7.03-7.06 (m, 2H), 5.98 (s, 2H), 1.70 (s, 6H), 

1.38 (s, 3H); 13C NMR (100 MHz, CDCl3) d 154.4 (2x), 128.7, 126.4, 126.3, 125.1, 18.8, 

13.3 (2x); FTIR (neat) umax 3055, 2965, 2932, 2914, 2878, 1600, 1492, 1444, 1372, 1023, 

819, 756 cm-1; GCMS: 184[M]+ 

 (2-(1,2,5-Trimethylcyclopenta-2,4-dienyl)methyl)benzene (33b):  

 

Obtained as a colorless oil in 28% yield based on dione 33b; 1H NMR (400 MHz, CDCl3) 

d 6.96-7.13 (m, 5H), 5.76 (s, 2H), 2.78 (s, 2H), 1.92 (s, 6H), 1.07 (s, 3H); 13C NMR (100 

MHz, CDCl3) d 149.4, 138.3, 128.7, 127.6, 126.1, 125.8, 57.2, 41.2, 22.5, 13.4; FTIR 

(neat) umax 3046, 2959, 2918, 1604, 1495, 1450, 1377, 1030, 821, 755 cm-1; GCMS: 

198[M]+ 

 

 

Ph

Ph
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(2-(1,2,5-Trimethylcyclopenta-2,4-dienyl)ethyl)benzene (33c):  

 

Obtained as a colorless oil in 40% yield based on dione 33c; 1H NMR (400 MHz, CDCl3) 

d 7.24-7.28 (m, 2H), 7.15-7.19 (m, 1H), 7.11-7.13 (m, 2H), 5.99 (s, 2H), 1.95-1.99 (m, 

2H), 1.88 (s, 6H), 1.74-1.78 (m, 2H), 0.99 (s, 3H); 13C NMR (100 MHz, CDCl3) d 149.9, 

143,5, 128.6, 128.5, 125.9, 125.5, 56.6, 37.3, 30.5, 22.4, 13.1; FTIR (neat) umax 3061, 

3028, 2965, 2931, 2863, 1604, 1496, 1450, 1376, 1030, 911, 821, 748 cm-1; GCMS: 

212[M]+ 

2.7.6 General procedure for NaBArF24•2.5H2O catalyzed nitroalkene Diels-Alder 

reaction 

A flame-dried test tube was charged with NaBArF24•2.5H2O (19 mg, 0.02 mmol).  To 

this were added CH2Cl2 (0.3 mL) and a solution of nitroethylene (28 mg, 0.4 mmol) in 

CH2Cl2 (0.1 mL).  The resulting mixture was cooled to -78 °C, slowly treated with a 

solution of diene (0.2 mmol) in CH2Cl2 (0.3 mL), then the mixture was allowed to warm 

up to r.t. and stirred for 20 h, and then quenched with a solution of hydrazine hydrate (0.1 

mL) in MeOH (0.1 mL).  The resulting mixture was washed with H2O (3 x 1 mL) and 

brine (1 x 1 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The crude 

material was purified by flash chromatography on silica gel (2% EtOAc in hexanes).  

7-Benzyl-1,4,7-trimethyl-5-nitrobicyclo[2.2.1]hept-2-ene (67b)  

 

Ph

NO2
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Obtained as a white solid in 67% yield. 1H NMR (400 MHz, CDCl3) d 7.13 – 7.26 (m, 

5H), 6.20 (d, J = 6.0 Hz, 1H), 5.68 (d, J = 6.0 Hz, 1H), 4.72 – 4.75 (m, 1H), 2.80 (d, J = 

14.4 Hz, 1H), 2.61 (d, J = 13.6 Hz, 1H), 2.04 – 2.10 (m, 1H), 1.92 – 1.97 (m, 1H), 1.21 

(s, 3H), 0.91 (s, 3H), 0.87 (s, 3H); 13C NMR (100 MHz, CDCl3) d 142.1, 139.2, 133.4, 

130.8, 128.0, 126.3, 90.3, 65.1, 62.1, 55.5, 39.2, 38.9, 15.1, 14.0, 12.6; FTIR (neat) umax 

2955, 1541, 1452, 1366, 1091, 877, 748, 704 cm1; HRMS (ESI-TOF): Exact mass calcd 

for C17H22NO2 [M + 1]+, expected: 272.1651, found: 272.1643. 

1,4,7-Trimethyl-5-nitro-7-phenethylbicyclo[2.2.1]hept-2-ene (67c) 

 

Obtained as colorless oil in 42% yield. 1H NMR (400 MHz, CDCl3) d 7.26 – 7.29 (m, 

2H), 7.12 – 7.20 (m, 3H), 6.11 (d, J = 6.0 Hz, 1H), 5.58 (d, J = 6.0 Hz, 1H), 4.78 – 4.81 

(m, 1H), 2.51 – 2.57 (m, 2H), 2.13 – 2.18 (m, 1H), 1.96 – 2.00 (m, 1H), 1.56 – 1.75 (m, 

2H), 1.38 (s, 3H), 1.21 (s, 3H), 0.91 (s, 3H); 13C NMR (100 MHz, CDCl3) d 143.3, 141.7, 

133.1, 128.55, 128.2, 125.9, 90.3, 64.1, 61.9, 55.3, 39.0, 35.1, 32.5, 14.7, 14.3, 13.0; 

FTIR (neat) umax 2952, 1542, 1453, 1366, 1091, 752, 700 cm1; HRMS (ESI-TOF): Exact 

mass calcd for C18H23NNaO2 [M + Na]+, expected: 308.1626, found: 308.1628. 

2.7.7 Assignment of absolute stereochemistry 

Absolute configuration of (+)-7-(4-chlorobenzyl)-1,2,3,4,7-pentamethyl-5-nitrobicyclo-

[2.2.1]hept-2-ene was assigned on the basis of the X-ray structure of enantiopure 57c 

prepared by HPLC (Chiralcel OD-H column, 100% Hexanes, flow rate = 0.5mL/min, tr 

NO2
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of (-)-enantiomer = 44.85 min., tr of (+)-enantiomer = 55.91 min.) as described below. 

Those of other products were assigned by analogy. 

 

Figure 2.8 An ORTEP of the molecular structure of (+)-enantiomer showing 50 % 

thermal ellipsoid probability. 

 

Figure 2.9 An ORTEP of the molecular structure of (-)-enantiomer showing 50 % 

thermal ellipsoid probability. 
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Crystallographic analyses: 

The data crystals of (+)-enantiomer and (-)-enantiomer were mounted onto the end of a 

thin glass fiber using Paratone-N. X-ray intensity data were measured with a Bruker 

SMART APEX2 CCD-based diffractometer using Mo Kα radiation (λ = 0.71073 Å).1 

The raw data frames were integrated with the SAINT+ program by using a narrow-frame 

integration algorithm.1 Corrections for Lorentz and polarization effects were also applied 

with SAINT+. An empirical absorption correction based on the multiple measurement of 

equivalent reflections was applied using the program SADABS. The structure 

was solved by a combination of direct methods and difference Fourier syntheses, and 

refined by fullmatrix least-squares on F2, by using the SHELXTL software package.2 All 

non-hydrogen atoms were refined with anisotropic displacement parameters unless 

otherwise stated. Hydrogen atoms were placed in geometrically idealized positions and 

included as standard riding atoms during the least-squares refinements. Crystal data, data 

collection parameters, and results of the analyses are listed in Table S1. 

Colorless single crystals of (+)-enantiomer suitable for x-ray diffraction analyses 

obtained by evaporation of ethanol/water solvent mixture crystallized in the Triclinic 

crystal system. The structure could only be solved in the chiral space group P1. Attempts 

to solve the structure in the centrosymmetrical space group P1 were unsuccessful. 

Furthermore, ADDSYM/PLATON3 test did not indicate any additional missed 

symmetry. The Flack x(u) parameter 0.04(3) indicates that the correctenantiomorph has 

been selected. With Z = 4, there are four formula equivalents of the complex present in 

the asymmetric crystal unit. All four molecules are the same enantiomer. Colorless single 

crystals of (-)-enantiomer suitable for x-ray diffraction analyses obtained by evaporation 
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of isopropanol/water solvent mixture crystallized in the Triclinic crystal system. The 

structure could only be solved in the chiral space group P1. Attempts to solve the 

structure in the centrosymmetrical space group P1 were unsuccessful. Furthermore, 

ADDSYM/PLATON3 test did not indicate any additional missed symmetry. The Flack 

x(u) parameter − 0.03(3) indicates that the correct enantiomorph has been selected. With 

Z = 4, there are four formula equivalents of the complex present in 

the asymmetric crystal unit. All four molecules are the same enantiomer. 

Table 2.10 Crystallographic data for (+)-enantiomer and (-)-enantiomer. 

 

enantiomorph has been selected. With Z = 4, there are four formula equivalents of the complex present in 

the asymmetric crystal unit.  All four molecules are the same enantiomer.   

 Colorless single crystals of (-)-enantiomer suitable for x-ray diffraction analyses obtained by 

evaporation of isopropanol/water solvent mixture crystallized in the Triclinic crystal system. The 

structure could only be solved in the chiral space group P1.  Attempts to solve the structure in the 

centrosymmetrical space group P!1 were unsuccessful. Furthermore, ADDSYM/PLATON3 test did not 

indicate any additional missed symmetry. The Flack x(u) parameter " 0.03(3) indicates that the correct 

enantiomorph has been selected. With Z = 4, there are four formula equivalents of the complex present in 

the asymmetric crystal unit.  All four molecules are the same enantiomer. 

Table S1.  Crystallographic Data for (+)-enantiomer and (-)-enantiomer.  

 (+)-enantiomer (-)-enantiomer 

Empirical formula C19H24NO2Cl C19H24NO2Cl 

Formula weight 333.84 333.84 

Crystal system Triclinic Triclinic 

Lattice parameters   

a (Å) 8.3213(4) 8.3206(4) 

b (Å) 8.3312(4) 8.3369(4) 

c (Å) 25.7701(13) 25.7561(14) 

! (°) 93.369(1) 93.355(1) 

" (°) 95.301(1) 95.323(1) 

# (°) 93.703(1) 93.682(1) 

V (Å3) 1771.42(15) 1771.53(15) 

Space group P1 (#1) P1 (#1) 

Z value 4 4 

#calc (g / cm3) 1.252 1.252 

µ (Mo K$) (mm-1) 0.225 0.225 

Temperature (K) 100 100 

S12
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2!max (°) 54.0 54.0 

No. Obs. ( I > 2"(I)) 12509 12543 

No. Parameters 849 849 

Goodness of fit 1.023 1.036 

Max. shift in cycle 0.002 0.001 

Residuals*:R1; wR2 0.0446; 0.0827 0.0453; 0.0873 

Absorption Correction, 

Max/min 

Multi-scan 

0.9933/0.9194 

Multi-scan 

0.9866/0.9154 

Absolute structure Flack parameter 0.04(3) # 0.03(3) 

Largest peak in Final Diff. Map (e- / Å3) 0.228 0.302 

 

*R = $hkl(%%Fobs%-%Fcalc%%)/$hkl%Fobs%; Rw = [$hklw(%Fobs%-%Fcalc%)2/$hklwFobs
2]1/2,  

w = 1/"2(Fobs); GOF = [$hklw(%Fobs%-%Fcalc%)2/(ndata – nvari)]1/2. 

 

References for X-ray analyses: 

Apex2 Version 2.2-0 and SAINT+ Version 7.46A; Bruker Analytical X-ray System, Inc., Madison, 
Wisconsin, USA, 2007. 

(a) G. M. Sheldrick, SHELXTL Version 6.1; Bruker Analytical X-ray Systems, Inc., Madison, Wisconsin, 
USA, 2000. (b) G. M. Sheldrick, Acta Cryst. 2008, A64, 112–122. 

PLATON, A Multipurpose Crystallographic Tool, Utrecht University, Utrecht, The Netherlands, Spek, A. 
L. 2008. 
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CHAPTER 3

Catalysis of the Claisen Rearrangement by Helical Chiral Hydrogen-Bond Donors 

The C – C bond forming ability of the Claisen rearrangement makes it useful and 

powerful method in synthesis. Complex stereochemical motifs can be generated from 

comparatively simple precursors in a highly predictable manner, which makes this 

transformation highly valuable. The predictability is reliant upon the pericyclic nature of 

the mechanism and the inclination of substrates to go through a highly ordered six-

membered transition state (Figure 3.1). As a result, it has found considerable use in the 

total synthesis of natural products containing intricate stereochemical motifs.72  

 

3.1 Background 

3.1.1 Enzymatic catalysis of Claisen rearrangement 

The enzyme chorismate mutase catalyzes the [3,3]-sigmatropic rearrangement of 

chorismate to prephenate with a rate enhancement of about 106 – 107 fold. It is a rare 

example of pericyclic processes occurring naturally. Through substrate labeling73 and 

kinetic isotope effect studies74 it was demonstrated that the uncatalyzed and catalyzed 

reactions proceed via a chair-like transition state. Analysis of solved X-ray structures for 

Bacillus subtilis75,76 and Escheria coli77 chorismate mutases and catalytic antibody 1F778 

bound to an oxabicyclic transition state analogue revealed stabilization of the transition 

state through a series of electrostatic and hydrogen-bonding interactions. In the active site 

Arginine and Lysine residues interact with the ether oxygen of the allyl vinyl ether and 

X X X
R1

R2

R1

R2R2

R1

Figure 3.1 Highly ordered six-membered transition state
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the carboxylate functional groups.79 In Bacillus subtilis chorismate mutase mutagenesis 

studies have shown the cationic H-bond donor Arginine 90 is at a position necessary for 

catalysis80,81 (Figure 3.2) stabilizing the negative charge that develops on the oxygen in 

the transition state and the required chair-like conformation.  

 

3.1.2 Catalysis of Claisen rearrangement via hydrogen-bond donors 

 In 1995, Curran demonstrated the acceleration of the Claisen rearrangement of 

acylic allyl vinyl ethers using diaryl ureas.82 Rates were observed to be up to 22.4 times 

faster with 1.0 equivalent of the double H-bond donor urea catalyst.  
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Figure 3.2 Schematic diagram of hydrogen-bonding interactions in Bacillus subtilis 
chorismate mustase bound to oxabicyclic transistion state analogue. 
Reported by Schultz (Reference 80).
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As an explanation, Curran proposed a bis-hydrogen bonded transition state model for the 

acceleration effects of the urea catalyst on the Claisen rearrangement. Analogous 

thioureas that are about 106 times more acidic demonstrated a weaker accelerating effect, 

which suggests that hydrogen bonding and not acidity was crucial for acceleration.  

 

This bis-hydrogen bonding model was in agreement with control experiments that 

illustrated reduced acceleration with single hydrogen bond donor urea catalysts. Also in a 

large excess of dimethyl sulfoxide (DMSO) the double hydrogen-bond donor urea 

catalyst was inhibited as it was expected to bind preferentially.  

O O
R R

70 : R = Ph (all E)
71 : R = OMe (E/Z = 2.6/1)

C6D6

catalyst

Table 3.1 Rearangements of allyl vinyl ethers with urea catalyst. Reported by Curran (Reference 82).

Substrate equiv k (x 10-5 s-1)Temp. (C)
70

70

70

70

71

71

71

71

100

100

100

100

80

80

80

80

none

0.2

0.5

1.0

none

0.1

0.4

1.0

krel

0.4

0.7

1.3

1.8

0.6

1.6

3.1

13.7

1

1.7

3.1

4.2

1

2.7

5.0

22.4

N
H

N
H
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CF3 CF3

CO2C8H17C8H17O2C

72

O

MeO

N O

N
H

H

Ar

Ar O

MeO

N O

N
H

H

Ar

Ar

Figure 3.3 Bis-hydrogen transistion state model. 
Reported by Curran (Refererence 82).
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 Hiersemann performed a theoretical and experimental study in 2007 for the 

development of an organocatalytic asymmetric Claisen rearrangement.83 Using acyclic 2-

alkoxycarbonyl-substituted allyl vinyl ether 73 as the model substrate, detailed 

computational studies showed a chair-like transition state binding in a bidentate fashion 

to the ether and carboxylate oxygen atoms as having the lowest energy.  

 

Consequently, the rate acceleration of Claisen rearrangement with achiral 1,3-bis-(3,5-

bis(trifluoromethyl)phenyl) thiourea 53 was investigated. Though moderate acceleration 

was observed with stoichiometric quantities of the thiourea, catalytic results were 

minimal. As a result, Hiersemann inferred that while thioureas were able to stabilize the 

transition state, the energy of the conformational changes were too large for the 2-

isopropoxycarbonyl-1-methyl-substituted allyl vinyl ether substrate and indicated that the 

choice of a suitable catalyst/substrate combination is essential for development of 

catalysis.  

O

HO O
N

SNH

H Ar

Ar

O O

CO2iPr N

S

N
HH

Ar Ar CO2iPr

Figure 3.4 Transition state stabilization for Claisen rearrangement by 
bidentate thiourea coordination. Reported by Hiersemann (Reference 83).
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In 2008 Jacobsen demonstrated the first asymmetric catalysis of the Claisen 

rearrangement of ester substituted allyl vinyl ethers16 via H-bond donor guanidinium 

ions.20 A subsequent study was demonstrated with O-allylated β-ketoester substrates 

(Scheme 3.1).25 However, the activity of their catalyst was again observed to be low with 

reaction times of 2 to 6 days. Importantly, Jacobsen proposed that the phenyl 

substitutions on the pyrrole rings provided cation-π interactions that led to stabilization in 

the transition state, which was instrumental to enantioselectivity and catalytic activity.  

 

 

Table 3.2 Thiourea accelerated Claisen rearrangement.
Reported by Hiersemann (Reference 83).

Entry Temp (C) time (d)mol (%)

1

2

3

4

5

0

20

20

100

100

25

25

45

45

45

5

5

0.25

1

5

N
H

N
H

S

CF3 CF3

CF3F3C

53

O O

CO2iPr CO2iPr53

CH3Cl

Conv. (%)

10

17

15

41

84

a

a

a

a Reaction performed in sealed tube.

73 74
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Scheme 3.1 Asymmetric Claisen rearrangement via guanidinium ions. 
Reported by Jacobsen (Reference 25).
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3.2 Perspective 

In light of recent studies, it is evident that hydrogen bond donors can effectively 

promote the Claisen rearrangement.20, 25 We became interested in the ability of our helical 

chiral H-bond donors potential in this transformation. If successful it would provide 

complimentary means to the limited existing methods through organocatalysis. We 

hypothesized that the H-bond donor motif of our catalyst would be effective due to its 

similarity to guanidinium ions. Also, the annulated nature of the helicene framework may 

be beneficial as the importance of the phenyl group on Jacobsen’s guanidinium catalyst 

was paramount to facilitate cation-π interactions. We chose O-allylated methyl 1-

indanone-2-carboxylate as our model substrate. It possessed a carboxylate group, which 

better facilitates a double H-bond donating motif and was experimentally suitable for 

reaction monitoring and product quantification.  

3.3 Results and discussion 

 To begin our investigation we chose H-bonding catalysts previously developed in 

our laboratory32 (Figure 3.5). We were provided with an initial idea of the reactivity and 

selectivity possessed by this class of catalysts, observing modest yields and low 

selectivities (Table 3.3).  

 

N
HN

H

BArF24

N
HN

H

BArF24

N
HN

H

BArF24

(P)-32 (M)-75 (M)-76

Figure 3.5 Helical chiral H-bond donor catalysts. 
Reported by Takenaka (Reference 32).
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Beginning with catalyst (P)-32, which has proven effective for a number of 

transformations in our laboratory, we obtained the rearrangement product in a yield of 

43%, approximately double the conversion of the reaction without any catalyst, and an er, 

enantiomeric ratio, of 59:41 (18% ee).  

 

Catalyst (M)-75 showed improved yield (78%) and enantioselectivity (34% ee), leading 

us to believe that the adamantyl substituent may have negatively affected the reaction due 

to steric hindrance. The use of an even smaller catalyst (M)-76 produced a lower yield 

and lower selectivity than its larger counterpart. However, these preliminary results were 

considered to be promising starting points. The selectivities obtained provided support to 

show that the rearrangement occurred in a chiral environment. We observed adequate 

yields and definite enantio-induction with our catalytic systems based on 1-

aza[6]helicene scaffolds which have the ability to be tuned.  

 

O O

OMe

O O

OMe

catalyst
(20 mol%)

CH2Cl2, 
20 h, rt

Entry Yield (%)b erc

1

2

3

4d

20

43

78

52

-

59:41

33:67

45:55

Cat.

none

(P)-32

(M)-75

(M)-76

a Reaction conditions: 0.1 mmol scale in the presence of 20 mol %
catalyst in CH2Cl2 (0.5 mL). b Yield of islolated products. 
c Determined by chiral HPLC analysis. d 4Å Molecular sieve used.

Table 3.3 Claisen Rearrangement with H-bond donor catalysts

77 78
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3.3.1 Development of helical chiral dimer catalysts 

 While we observed that our helical chiral H-bond donors can accelerate the 

Claisen rearrangement for the chosen substrate, our efforts became focused on increasing 

the selectivity. It was apparent from our results with 75 that the removal of steric bulk 

resulted in increased enantioselectivity but the use of the smaller 76 showed attenuated 

results. We hypothesized this [3,3]-sigmatropic rearrangement takes place in the “chiral 

pocket”, a chiral volume of space crafted by the helicene framework,84 of our helical 

catalyst via H-bonding interactions. As such, we hypothesized that if this chiral 

environment can be enhanced, it should have a direct effect on the resultant 

enantioselectivity of the Claisen rearrangement.  

 Our investigation comprised of developing a helical dimer as the chiral backbone 

for our catalyst. We chose to begin with a 1-aza[6]helicene (6 ring) dimer structure, 

keeping in mind the negative effect of possible steric hindrance with (P)-32 (7 ring), it 

would be the smaller of the two potential helical structures upon dimerization. Our 

synthesis of this dimer began with enantiopure 1-azahelicene N-oxide (M)-23 which was 

accessed by methods previously developed in our group.4 Using modified conditions for 

the synthesis of Lewis basic bidentate 11,12-benzo-1-aza[6]helicene N-oxide catalysts,85 

the dimerization was found to work best with 2.4 equivalents of lithium diisopropylamine 

(LDA) followed by quenching with 2,4-dichloro-5,6-dicyano-p-benzoquinone (DDQ). 

The reduction of dimerized N-oxide with zinc and ammonium formate proceeded 

smoothly to provide the 1-aza[6]helicene dimer product (Scheme 3.2). 
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With this new ligand in hand (M)-80, we began the preparation of our double H-

bond donor dimer catalysts. (M)-81 and (M)-82 were prepared in a similar fashion to 

previously reported H-bond donor catalysts in our group32 with 1 or 2 equivalents of 

reagents providing the mono or di-protonated species respectively. We were also 

interested in using a different counter anion to gain insight into any possible effect on 

yield and selectivity. As such, (M)-83 and (M)-84 could be prepared in situ86 using 

trifluoromethanesulfonimide, forming an ion pair after protonation of the ligand (Scheme 

3.3).  

N
O

NN
O

O

NN

1. LDA / THF, 
3h, -78 ºC

2. DDQ

Zn
HCOONH4

MeOH, 
reflux, 24 h

Scheme 3.2 Synthesis of 1-azahelicene dimer ligand

(M)-79

(M)-80

(M)-23



70 

 

 

 

3.3.2 Catalysis of Claisen rearrangement with dimer hydrogen-bond donors 

 We performed a small solvent screen with new catalyst (M)-82 in light of known 

effect of solvents on the Claisen rearrangement due to its highly polarized transition 

state21 (Table 3.4). 

NN
CH2Cl2 N

H

H
N

2 (Tf2N)

Tf2NH (2 eq.)

Scheme 3.3 Preparation of catalyst from dimer ligand

Tf2NH =
H
NS S

O

O

O

O
F3C CF3

(M)-80 (M)-84

N
H

H
N

2 (BArF24)

N
H

N

BArF24

Figure 3.6 Single and double H-bond dimer catalysts with different counter anions

N
H

N

Tf2N

N
H

H
N

2 (Tf2N)

(M)-81

(M)-82
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We were pleased to find that the catalyst worked well in both polar and non-polar 

solvents. The rearrangement proceeded well in dichloromethane providing a very high 

yield. Good yields were also observed with aromatic solvent benzene and ethereal solvent 

tert-butyl methyl ether (TBME). This illustrated that it did not affect the activity of the 

catalyst through H-bonding interactions of the oxygen atom lone pairs. The non-polar 

hydrocarbon solvents, hexanes and cyclohexane provided lower yields, which may be 

attributed to the lack of solubility of the catalyst in these solvents. However, we were 

surprised there was a complete lack of selectivity of our catalyst in all solvents. While the 

catalytic activity was enhanced by the use of a dimer structure, the enantioselection was 

completely diminished.  

Entry Solvent

1

2

3

4

5

CH2Cl2

Hexanes

Cyclohexane

Benzene

TBME

yield (%)c

96

58

50

78

78

O O

OMe

O O

OMe

(M)-82
(20 mol%)

Solvent, 20 h,
4Å MS, 0 ºC to rt

erd

50:50

50:50

50:50

50:50

50:50

a Reaction conditions: 0.05 mmol scale in the presence of 20 mol %
catalyst in CH2Cl2 (0.25 mL). b 0.1 mmol scale. c Yield of islolated
products. d Determined by chiral HPLC analysis

Table 3.4 Solvent effect on rearrangementsa

b

77 78
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 We then investigated the performance of our single H-bond and double H-bond 

donor dimer catalysts (Table 3.5). It was apparent that the single H-bond catalysts were 

not very effective with 81 providing low yield and 83 showing no apparent activity. 

However, their double H-bond donor analogues showed approximately twice the catalytic 

activity is due more efficient H-bonding between the ether and carboxyl ester oxygen 

atoms of the O-allylated β-ketoester substrate. Interestingly, 84 did not provide any 

rearrangement product and on further analysis it was observed that substrate was 

hydrolyzed to the β-ketoester. We believed this may have been a result of adventitious 

acid87 as the corresponding reaction conducted with molecular sieve provided the desired 

rearrangement product in good yield. Indeed all reactions gave increased yields in the 

presence of molecular sieve that maybe attributed to the removal of impurities. Overall 

the rearrangement conversions of the catalysts with the non-coordinating BArF24 counter 

anion, (M)-81 and (M)-82 were higher than their respective counterparts, which is in 

O O

OMe

O O

OMe

catalyst
(20 mol%)

CH2Cl2, 20 h,
0 ºC to rt

Entry Yield w/ No MS 
(%)b

Yield w/ MS 
(%)b

1

2

3

4

28

88

14

0

50

96

33

62

Cat.

(M)-81

(M)-82

(M)-83

(M)-84

a Reaction conditions: 0.1 mmol scale in the presence of 20 mol %
catalyst in CH2Cl2 (0.5 mL). b Enantiomeric ratio (er) was 50:50. 
Determined by chiral HPLC analysis

Table 3.5 Claisen rearrangement with different dimer catalystsa

77 78
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accord with the acceleration studies of catalysts with based on counter anion 

coordination. Unfortunately, again no enantioselection was observed for any of the 

rearrangements. The results led us to believe that there are H-bonding interactions 

between the dimer catalysts and the substrate and possibly cation-π interactions, 

sufficiently lower the energy of the transition state, thus resulting in acceleration. It is 

important to note that the x-ray crystallographic structure of the 11, 12-benzo-1-

aza[6]helicene dimer single H-bond donor catalyst was obtained (Figure 3.7).88  

 

While this particular catalyst was not investigated, its structure would be analogous to 

that of the 1-aza[6]helicene dimers used as catalysts for the Claisen rearrangement. On 

analysis of the x-ray structure it is clear that the dimer maintains the helical nature 

throughout the molecular framework. As aforementioned, this helical characteristic acts 

as the chiral element of the catalyst. The bonding site of the catalyst seems to be within 

the chiral architecture of the catalyst, which is necessary to induce enantioselectivity 

(Figure 3.7, View A). In addition, the continuous helical shape would craft a chiral 

volume of space, or chiral pocket, in which the reaction should occur (Figure 3.7, View 

B). However, the lack of enantioselection observed in our investigation maybe due to the 

N
H

N

BArF24

Figure 3.7 X-ray structure of 11,12-benzo-1-aza[6]helicene dimer single H-bond donor catalyst.
BArF24- counter anion not shown for clarity (Reference 88).

View A View B
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formation of the hydrogen bonded chair-like transition state in a space that is distant from 

or outside of the chiral pocket of the dimer H-bond donor catalyst. The structure of the O-

allylated β-ketoester substrate may not fit well in the chiral pocket due to steric 

interactions, forcing it into a different position but one in which it is still hydrogen 

bonded to the catalyst. As such, the ensuing pericyclic rearrangement would occur in an 

achiral environment resulting in no enantioselectivity.  

3.4 Future studies 

 In light of these results our future efforts would be centered on expansion of the 

substrates and developing catalysts to improve the levels of enantioselectivity. The 

present dimer catalysts should be evaluated with different cyclic and acyclic allyl vinyl 

ethers to explore the range of its substrate scope. The synthesis of various double H-bond 

donor dimer catalysts derived from 11, 12-benzo-1-aza[6]helicene ligands will be 

pursued as can be accessed via the designed synthetic route in (Scheme 3.2) from the 

respective N-oxide and subsequently investigated in the Claisen rearrangement.  

3.5 Conclusion 

We demonstrated acceleration of the Claisen rearrangement for an O-allylated β-

ketoester substrate by helical chiral hydrogen bond donor catalysts. Also, we have 

developed helical chiral dimer H-bond donors, which to the best of our knowledge, is the 

first of its kind. Our results have shown that double H-bond donor catalysts are more 

efficient than single H-bond donor analogues in acceleration of the Claisen 

rearrangement, which is in good agreement with previous studies. Dimer catalysts with 

this new extended helical framework and the non-coordination BArF24 counter anion 

possess higher activity than those we have previously reported. Although no 
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enantioselectivity was observed with helical dimer H-bond catalysts, these results provide 

a platform to further build on our investigation. 

3.6 Experimental section 

3.6.1 General information 

All reactions were carried out in the oven- or flame-dried glassware under an atmosphere 

of dry argon unless otherwise noted. Except as otherwise indicated, all reactions were 

magnetically stirred and monitored by analytical thin-layer chromatography using 

Silicycle pre-coated silica gel plates with F254 indicator. Visualization was accomplished 

by UV light (256 nm), with combination of potassium permanganate and/or vanillin 

solution as an indicator. Flash column chromatography was performed according to the 

method of Still using silica gel 60 (mesh 230-400) supplied by Silicycle. 

Commercial grade reagents and solvents were used without further purification except as 

indicated below.  Dichloromenthane (CH2Cl2) was freshly distilled over calcium hydride 

under an atmosphere of dry argon prior to use.  THF was freshly distilled over 

sodium/benzophenone under an atmosphere of dry argon prior to use.   

1H NMR and 13C NMR spectra were recorded on a Bruker Avance 300 (300 MHz 1H), a 

Bruker Avance 400 (400 MHz 1H, 100 MHz 13C), and a Bruker Avance 500 (500 MHz 

1H, 125 MHz 13C). Chemical shift values (δ) are reported in ppm relative to Me4Si (δ 0.0 

ppm) unless otherwise noted. The proton spectra are reported as follows δ (multiplicity, 

coupling constant J, number of protons). Multiplicities are indicated by s (singlet), d 

(doublet), t (triplet), q (quartet), p (quintet), h (septet), m (multiplet) and br (broad). 

Optical rotations were measured on a Rudolph Research Analytical AUTOPOL® III 

automatic polarimeter. Infrared spectra were recorded using PerkinElmerTM SPECTRUM 
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ONE with Universal ATR Sampling Accessory (Composite Zinc Selenide and Diamond 

crystals). High-resolution mass spectra were obtained at Mass Spectrometry Laboratory, 

Department of Chemistry, University of Miami.   

3.6.2 Preparation of (M)-1-aza[6]helicene N-oxide dimer, (M)-79 

 

From stock solution containing 210µL (1.5 mmol) of diisopropyl amine in THF (1.0 mL), 

100 µL was removed and added to 1.0 mL THF and cooled to -78 degrees Celsius.  Then 

93µL (0.14 mmol, 1.5M) of nBuLi was added resulting solution was stirred for 30 mins 

at -78 degrees Celsius. The LDA solution was then quickly added via syringe to a 20mg 

(0.06 mmol) 1-azahelicene N-oxide solution in THF (1.0 mL) solution, chilled to -78 

degrees Celsius. The reaction mixture was stirred for up to 3 hours and monitored by 

TLC. Reaction was quenched by adding 26mg (0.12 mmol) of 2,3-Dichloro-5,6-dicyano-

1,4-benzoquinone (DDQ) pre-chilled at -78 deg. Celsius and stirred for 30 mins. 50% 

m/v NaOH was added until pH became basic. The resulting mixture was washed with 

H2O and brine, dried over Na2SO4, filtered, and concentrated in vacuo.  The crude 

material was purified by flash chromatography on silica gel (70% EtOAc in hexanes) to 

afford the desired product (13 mg, 33%). 

[α]20
D = - 8902, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 7.71 – 8.07 (m, 18H), 

7.56 (d, J = 8.0 Hz, 2H), 7.34 – 7.39 (m, 2H), 7.09 – 7.12 (d, J = 12.0 Hz, 2H), 6.49 – 

6.70 (m, 2H), 6.04 (d, J = 12.0 Hz, 2H); 13CNMR (100 MHz, CDCl3) δ 171.3, 104.2, 

NN
O

O
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139.9, 132.7, 132.3, 131.7, 131.0, 130.2, 129.8, 129.6, 128.7, 127.7, 127.2, 127.1, 125.76, 

125.74, 125.4, 125.1, 124.2, 123.7, 123.6, 123.3, 120.1, 99.8; FTIR (neat) υmax 3046, 

2925, 2858, 1733, 1463, 1305, 1244, 1096, 846, 834, 789, 739, 698cm-1; HRMS (ESI-

TOF): Exact mass calcd for C50H29N2O2 [M + 1]+, expected: 689.2224, found: 689.2271 

3.6.3 Preparation of (M)-1-aza[6]helicene dimer, (M)-80 

 

To a solution of 34mg (0.05 mmol) (M)-1-aza[6]helicene N-oxide dimer in methanol 

(25.0 mL) was added Zinc dust (131mg) and ammonium formate (164mg) and heated 

under reflux conditions for 24 hours. After cooling to room temperature the reaction 

mixture was filtered through celite and condensed in vacuo. It was then redissolved in 

CH2Cl2 and washed with NH4Cl, NaHCO3 and brine and condensed in vacuo. The crude 

material was purified by flash chromatography on silica gel (30:70:1 EtOAc: Hexanes: 

NEt3) to afford the desired product (24 mg, 73%). 

[α]20
D = - 6154, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 7.91 – 8.05 (m, 16H), 

7.76 – 7.81 (m, 6H), 7.66 – 7.68 (d, J = 8.0 Hz, 2H), 6.68 – 6.74 (dd, J = 12.0, 24.0 Hz, 

2H), 6.58 – 6.61 (d, J = 12.0 Hz, 2H); 13CNMR (100 MHz, CDCl3) δ 152.4, 145.0, 135.0, 

133.6, 133.4, 132.2, 131.5, 131.2, 130.5, 129.4, 128.3, 128.1, 127.6, 127.4, 127.2, 127.0, 

126.7, 126.5, 126.39, 126.36, 126.2, 125.8, 124.8, 124.4, 119.3; FTIR (neat) υmax 3044, 

2925, 1597, 1575, 1497, 1265, 1074, 851, 831, 792, 742 cm-1; HRMS (ESI-TOF): Exact 

mass calcd for C50H29N2 [M + 1]+, expected: 657.2325, found: 657.2349 

NN
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3.6.4 Preparation of helical dimer catalysts 

Catalysts (M)-81 and (M)-82 were prepared according to the literature procedure.32 

(M)-1-aza[6]helicenium dimer BArF24, (M)-81 

 

[α]20
D = - 5343, c = 0.001, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 8.50 – 8.48 (d, J = 

8.0Hz, 2H), 8.39 – 8.41 (d, J = 8.0 Hz, 2H), 8.30 – 8.32 (d, J = 8.0 Hz, 2H), 8.22 – 8.26 

(dd, J = 8.0, 18.0 Hz, 4H), 7.92 – 7.94 (d, J = 8.0 Hz, 1H), 7.79 – 7.83 (m, 10H), 7.52 – 

7.57 (m, 5H), 7.04 – 7.06 (d, J = 8.0 Hz, 2H), 6.57 – 6.60 (m, 2H), 6.37 – 6.40 (d, J = 

12.0 Hz, 2H), 6.27 – 6.30 (m, 4H), 5.79 – 5.81 (d, J = 8.4 Hz, 2H); 13CNMR (100 MHz, 

CDCl3) δ 162.7, 162.2, 161.7, 161.2, 142.0, 141.2, 139.9, 135.0, 134.3, 132.1, 131.4, 

130.7, 129.7, 129.39 (d, J = 3.0 Hz) 129.07 (d, J = 3.0 Hz), 128.8, 128.1, 127.9, 127.5, 

126.4, 126.1, 125.8, 123.4, 123.2, 122.8, 120.7, 177.7, 116.8; FTIR (neat) υmax 2924, 

2854, 1608, 1354, 1276, 1123, 908, 886, 851, 839, 825, 806, 771, 733 cm-1; HRMS (ESI-

TOF): Exact mass calcd for C50H29N2 [M + 1]+, expected: 657.2325, found: 657.2332 

(M)-1-aza[6]helicenium dimer 2BArF24, (M)-82 

 

N
H

N

BArF24

N
H

H
N

2 (BArF24)
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[α]20
D = - 1964, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CDCl3) δ 8.51 – 8.49 (d, J = 

8.0Hz, 2H), 8.39 – 8.42 (d, J = 12.0 Hz, 2H), 8.30 – 8.32 (d, J = 8.0 Hz, 2H), 8.21 – 8.27 

(m, 4H), 7.92 – 7.94 (d, J = 8.0 Hz, 1H), 7.77 – 7.83 (m, 20H), 7.52 – 7.57 (m, 10H), 

7.04 – 7.06 (d, J = 8.0 Hz, 2H), 6.57 – 6.60 (m, 2H), 6.38 – 6.40 (d, J = 8.0 Hz, 2H), 6.27 

– 6.31 (m, 4H), 5.79 – 5.81 (d, J = 8.0 Hz, 2H); 13CNMR (100 MHz, CDCl3)  δ 162.7, 

162.2, 161.71, 161.21, 142.0 141.2, 139.9, 135.3, 135.0, 134.3, 132.2, 131.48, 131.45, 

130.7, 129.2 ( J = 32.0 Hz, 56.0 Hz), 128.1, 128.0, 127.6, 126.5, 126.2, 126.1, 125.9, 

125.8, 125.2 ( J = 3.0 Hz), 124.9, 124.8, 123.4, 123.2, 122.8, 120.65, 117.7 ( J = 4.0 Hz), 

116.7; FTIR (neat) υmax 2935 1708, 1610, 1354, 1276, 1124, 888, 839, 713, 682, 670 cm-

1; HRMS (ESI-TOF): Exact mass calcd for C50H30N2 [M]+, expected: 658.2398, found: 

657.2368 

Preparation of catalyst (M)-1-aza[6]helicenium dimer Tf2N, (M)-83 

 

To 11mg (0.02 mmol) of 1-aza[6]helicene dimer was added trifluoromethanesulfonimide 

(0.018 mmol) from a stock solution in CH2Cl2. 

[α]20
D = - 6560, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CD2Cl2) δ 8.70– 8.72 (d, J = 

8.0 Hz, 2H), 8.53 – 8.55 (d, J = 8.0 Hz, 2H), 8.40 – 8.42 (d, J = 8.0 Hz, 2H), 8.29 – 8.31 

(m, 4H), 8.14 – 8.16 (d, J = 8.0 Hz, 1H), 7.83 – 7.85 (d, J = 8.0 Hz, 2H), 7.07 – 7.09 (m, 

2H), 6.60 – 6.64 (m, 2H), 6.40 – 6.42 (d, J = 8.0 Hz, 2H), 6.29 – 6.33 (m, 4H), 5.80 – 

5.82 (d, J = 8.0 Hz, 2H); 13CNMR (100 MHz, CD2Cl2) δ 142.6, 141.5, 139.7, 135.4, 

N
H

N

Tf2N
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134.2, 131.9, 131.8, 131.4, 130.6, 128.2, 128.1, 127.6, 126.5, 126.0, 125.8, 125.5, 125.2, 

125.1, 124.9, 124.6, 123.2, 122.8, 121.8, 118.6, 117.6, 115.4; FTIR (neat) υmax 2931, 

1608, 1350, 1190, 1137, 1058, 855, 749 cm-1; HRMS (ESI-TOF): Exact mass calcd for 

C50H29N2 [M]+, expected: 657.2325, found: 657.2351 

(M)-1-aza[6]helicenium dimer 2Tf2N, (M)-84 

 

[α]20
D = - 5316, c = 0.0005, CH2Cl2. 1H NMR (400 MHz, CD2Cl2) δ 8.70– 8.72 (d, J = 

8.0 Hz, 2H), 8.51 – 8.53 (d, J = 8.0 Hz, 2H), 8.39 – 8.41 (d, J = 8.0 Hz, 2H), 8.27 – 8.30 

(m, 4H), 8.13 – 8.15 (d, J = 8.0 Hz, 1H), 7.80 – 7.84 (m, 4H), 7.06 – 7.08 (d, J = 8.0 Hz, 

2H), 6.61 – 6.64 (m, 2H), 6.41 – 6.43 (d, J = 8.0 Hz, 2H), 6.29 – 6.31 (m, 4H), 5.82 – 

5.84 (d, J = 8.0 Hz, 2H); 13CNMR (100 MHz, CD2Cl2) δ 142.6, 141.4, 139.7, 135.4, 

134.3, 131.9, 131.8, 131.4, 130.6, 128.2, 128.1, 127.56, 126.55, 126.1, 125.9, 125.8, 

125.5, 125.1, 124.9, 124.6, 123.2, 122.8, 121.5, 118.3, 117.6; FTIR (neat) υmax 3540, 

3081, 2924, 1608, 1349, 1333, 1186, 1135, 1055, 854, 743 cm-1; HRMS (ESI-TOF): 

Exact mass calcd for C50H29N2 [M]+, expected: 658.2398, found: 658.2359 
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CHAPTER 4

Development of a Third Generation Helicene Synthesis 

Helicenes and their derivatives have been long known examples of helical-shaped 

small molecules. In 1956 Newman demonstrated the first optically active synthesis of 

hexahelicene.31 Since then there have been various synthetic strategies and methods to 

prepare helicenes in substantial quantities. However, in order for helicenes to be utilized 

as chiral catalytic scaffolds and efficient synthesis that permits structural variation is 

needed. In 2008 we reported the first application of azahelicenes in asymmetric 

catalysis.4 The modular nature of our synthetic route allowed us to modify the bottom 

half of azahelicene at a late stage. With this in mind, we continued efforts to development 

a more efficient method. 

4.1 Background 

We recently modified of our azahelicene preparation to address some limitations 

of the original synthesis but retained its modular nature. The benzoquinoline unit was 

prepared without the use of cross coupling reagents and can typically be synthesized in 

quantities of about five grams and stored without degradation. It can then be coupled with 

readily available screen units. The optical resolution of 11, 12-benzo-1-aza[6]helicene is 

acquired through chiral HPLC or diastereomeric salts with optically pure dibenzoyl-

tartaric acid. Subsequent, basification provides it in approximately 85% ee after which a 

simple recrystallization affords the optically pure form. 
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Initially, we were aware of how time consuming and tedious the resolution step can be. 

To this end, we then attempted to access 1-azahelicene 31 in an enantioselective manner 

by use of well known chiral reagents for the intramolecular cyclization step. 

Unfortunately, we observed no promising results and did not proceed in a rigorous 

investigation of the transformation at that time. (Scheme 4.2) 

Br

1. HNO3/H2O
2. FE, EtOH

N

Br
Me

N

Br

Br

P+Ph3Br-+

N

3. Skraup Rxn

N

Br
CHO

Br

2-nitropropane
NaOEt

EtOH/
DMF

NaHMDS

THF/DMF

NBS, 
(BzO)2
PhH

reflux, 20 h

NBr Br

Scheme 4.1 Second generation synthesis of 1-azahelicenes. 11,12-Benzo-1-aza[6]helicene shown as 
a representative example. Reported by Takenaka (reference 32).
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10 mol %

(Me3Sn)2
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Recently Fuchter and his coworkers demonstrated a new synthetic route to asymmetric 

azahelicenes. The key intermediate was formed by using a copper-mediated cross-

coupling reaction between a benzo[h]quinoline unit and functionalized naphthalene. The 

stereochemistry was derived through formation of the sterically hindered biaryl product.89 

This axial chirality was preserved in following transformations to provide asymmetric 1-

azahelicenes and varying derivatives.  

 

 

OO
CH3H3C

PP

86

DIOP

PPh2
PPh2

87

BINAP

P P
CH3

CH3

88

Chiraphos

Catalyst
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Scheme 4.2 Formation of 1-aza[6]helicene with chiral ligands

N
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N

TMS

TMS
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Scheme 4.3 Synthesis of 1-azahelicene via copper-mediated cross coupling.
Reported by Fuchter (Reference 89).
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4.2 Perspective 

The expansion of interest in helicenes is becoming more apparent with reported 

studies in fields such as nonlinear optics,90 electro-optical switches,91 molecular 

recognition92,93 and catalysis. 4,32,94,95 We have established that molecules with helical 

topology based on 1-azahelicene framework can be highly effective chiral and catalytic 

scaffolds for unrelated transformations. With continued studies and enhancement, the 

possibility of these helical organocatalysts being used in total synthesis of medicinal 

compounds may arise.  

 This increased interest and our group’s desire for our catalyst to possess general 

applicability necessitates improving the efficiency of our 1-azahelicene synthesis. Even 

though our second-generation synthesis can readily provide 1-azahelicenes on a multi-

gram scale, the optical resolution via tartaric acid (crystallization of diastereomeric salts) 

or chiral HPLC separation can be viewed as a bottleneck. As such, a third-generation 

synthesis attempting to decrease the number of steps involved and circumvent the 

problem of resolution was devised. 

 In light of Fuchter’s work, we decided to reinvestigate our synthetic route to 

access 1-azahelicenes. On retrosynthetic analysis, we envisaged disconnecting to a key 

biaryl species 93 via an intramolecular coupling reaction, a transformation that is well 

developed.96,97,98 Further disconnection of the aryl – aryl bond of intermediate 93 would 

lead to bromobenzoquinoline unit 21, readily available in our group and functionalized 

naphthalenes. However, we were wary of the difficulty in accessing intermediate 63 as it 

is a sterically hindered biaryl analogous to 2,2’-dimethyl-1,1’-binaphthyl. Although there 

have been numerous examples of biaryls formation through well-developed coupling 
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methods, 2,2’-dimethyl-1,1’-binaphthyl remains notoriously difficult to synthesize as is 

evidenced by select examples in the literature.  

 

The enantioselective synthesis of 2,2’-dimethyl-1,1’-binaphthyl via cross 

coupling methods has been demonstrated by Hayashi (Kumada),99 Espinet (Negishi)100 

and more recently by Uozumi (Suzuki)101 all in high yield and enantioselectivity. On this 

basis we believe that the challenge to access the biaryl intermediate can be overcome thus 

effectively expediting the preparation of enantiopure 1-azahelicenes. Therefore paving 

the way toward an asymmetric third generation synthesis.  

N

(P)-92

N
Br

M

N
+

Scheme 4.4 Retrosynthetic analysis of 1-aza[6]helicene

93

21
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4.3 Results and discussion 

4.3.1 Suzuki coupling 

Our investigation began with the evaluation of known effective catalyst ligand 

developed by Uozumi for asymmetric Suzuki coupling. We studied this ligand using the 

Suzuki, Negishi and Kumada cross coupling methods. We began with the Suzuki cross 

coupling but these conditions but unfortunately our initial attempts did not provide any 

desired product. Interestingly, the benzoquinoline dimer and 2,2’-dimethyl-1,1’-

binaphthyl were observed as products instead. The benzoquinoline dimer was formed as 

the major product at approximately twice that of the minor 2,2’-dimethyl-1,1’-binaphthyl 

product.  

M

+

X

Cross
Coupling

Coupling ee (%)Yield

a (R) configuration

Kumada - X = Br, M = MgBr
Negishi - X = Br, M = ZnCl
Suzuki - X = I,   M = B(OH)2

Catayst

Fe

PPh2

NMe2
Fe PPh2

OMe
H Me

N N

H

PPh2

O

Method

Hiyama

Espinet

Uozumi

Kumada

Negishi

Suzuki

Ni

Pd

Pd

74

95

98

95

85

90

Ligand

95

96

97

Table 4.1 Asymmetric cross coupling of 2,2ʼ-dimethyl-1,1ʼ-binaphthyl
by Hiyama, Espinet and Uozumi.

95 96 97

a

94
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Mechanistically, Suzuki coupling requires the addition of a base, potassium phosphate in 

this case, to activate the boronic acid species to facilitate the transmetallation step (Figure 

4.1).102 This requirement of a base makes the transmetallation step a slow one. The 

preceding step, oxidative addition of palladium to benzoquinoline, would mean that there 

is the presence of a reactive benzoquinoline-palladium (II) species.  

 

Interestingly, analogous benzo[h]quinoline, and 8-methylquinoline are known to form 

dimeric complexes in the presence of a palladium source (Figure 4.2 A and B).103 This 

N

Br

B(OH)2

K3PO4 PhMe
100 ºC, 12 h

+ N
N

Major Minor

major to minor 2.1 : 1

97, Pd(OAc)2
10 mol %

Scheme 4.5 Synthesis of biaryls via Suzuki coupling

+

9921 98

L2Pd(0)

NaOtBu

R

NaX

R

R1 B(OH2)2
NaOtBu

R1 B(OH2)2

OtBu

BuO B(OH)2

OtBu

R R1
X

L2PdIIR

t

L2PdII

L2PdII

Reductive
Elimination

Oxidative
Addition

Transmetallation

Addition
of base

X

R OtBu

R1

Figure 4.1 Catalytic cyclye for Suzuki coupling.

R, R1 = Ar
X = Br, I
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occurs through proton abstraction and is very similar to the cyclopalladation 

process.104,105 The analogous nature of 21 to these reported compounds allows for the 

formation of a dimeric complex (Figure 4.2 C) due to the cyclopalladation process. As a 

result, we believe a reductive elimination would lead to the formation of benzoquinoline 

dimer 99. 

 

In an effort to circumvent this problem, we then decided to use 1-bromo-2-

methyl-8-nitronaphthalene 100 as a coupling partner instead of 21. This naphthalene 

should not have the problem of cyclopalladation, is sterically less demanding than 21 and 

would be able to undergo subsequent transformations to form the desired intermediate 

after the biaryl formation. However, the 2,2’-dimethyl-1,1’-binaphthyl was the only 

product observed. While we successfully prevented the formation of the benzoquinoline 

dimer, the favored reaction pathway was observed to be the homo-coupling of boronic 

acid 98 to yield 94.  

 

N
N Pd

Cl

H2
C

Pd
Cl

N

Me

Pd
Br

2 2 2

A B C

Figure 4.2 Dimeric complexes

NO2 Br

B(OH)2

+
K3PO4 PhMe
100 ºC, 12 h

NO2

88% ee Not observed

97, Pd(OAc)2
10 mol%

100 98 94

Scheme 4.6 Synthesis of biaryls via Suzuki coupling with new coupling partner
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4.3.2 Negishi coupling 

Next we investigated Negishi coupling conditions for our substrates. The 

possibility of forming the benzoquinoline dimer 99 was minimized as no base is required 

for activation in the Negishi coupling mechanism and as such the transmetallation step is 

faster than in Suzuki coupling. While the dimerized side product was not formed, neither 

was the desired biaryl, with the 2,2’-dimethyl-1,1’-binaphthyl and benzo[h]quinoline 102 

being observed as products. We believe that the apparent decomposition of the 

benzoquinoline unit 21 resulting in the formation of 102, may have occurred at the 

oxidative addition or transmetallation step. This decomposition is seemingly equal to the 

rate of formation of the 2,2’-dimethyl-1,1’-binaphthyl formed as a result of homo-

coupling of naphthalene unit 101. 

 

Initially we used the naphthalene unit to generate the zinc halide species, in 

further efforts, we then alternated to the benzoquinoline to form the zinc halide species 

103. In this instance no product of any kind was observed. We suspect that this may have 

been a result of lone pair coordination of the nitrogen atom to the zinc metal due to their 

N

Br

ZnCl

+
THF, 50 ºC

20 h

31% NMR yield
80% ee

N

H

28% NMR yield

N

ClZn

Br

+
THF, 50 ºC, 6 h

then sealed tube 
100 ºC 20 h

97, Pd(OAc)2
20 mol %

+

catalyst
10 mol%

No Product

Scheme 4.7 Synthesis of biaryls via Negishi coupling.

97, Pd(OAc)2

OR

PdCl2(PPh3)2

21 101 102 94
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proximity in the benzoquinoline unit 103. This would lead to a reduced reactivity of the 

species, resulting in no product formation. Subsequently, the reaction was then carried 

out with achiral ligand-catalyst system, PdCl2(PPh3)2 and the same result was observed. 

4.3.3 Kumada coupling 

We then investigated Kumada coupling conditions for our substrates. With our 

initial efforts we were pleased to find the desired compound was formed in 59% yield 

using an achiral catalyst, NiCl2(PPh3)2.  

 

However, with the use of 97 a yield of 31% was obtained but no enantioselectivity was 

observed. The decrease in yield may have been a result of the bulky cyclooctadiene 

ligand on the Nickel source, which may cause negative steric interactions in an already 

sterically demanding system. While the lack of enantioselection may be due to a number 

of factors, it is important to note that naphthalene unit 104 is a Grignard reagent and can 

possibly react with the carbonyl functional group of 97 and render the catalyst 

ineffective. 

N

Br

MgBr

+

NiCl2(PPh3)2
(10 mol %)

N

Scheme 4.8 Synthesis of biaryl via Kumada coupling.

Et2O, 40 ºC
12 h

59% yield

N

Br
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31% yield
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4.3.4 Enantioselective intramolecular cyclization  

Not to be deterred by these results, we decided to reinvestigate the asymmetric 

cyclization step of 1-aza[6]helicene using Uozumi’s ligand 97 under Stille-Kelly 

conditions. The effectual nature of Uozumi’s ligand for intermolecular cross – coupling 

indicated that it may well be applicable in an intramolecular variant. While the use of 

aforementioned chiral reagents was unproductive, to our delight, the reaction proceeded 

in 46% yield and 99% ee with 97. Although the yield was modest which again may be 

due to the sterically demanding nature of the compound 85, we were pleased that the 

transformation was highly selective and provided near enantiopure product. The 

remarkably high level enantioselectivity shows that the catalyst binds to the substrate 

almost exclusively in one fashion, leading to the formation of one predominant 

enantiomer as the product.   

 

4.4 Future studies 

The asymmetric cross coupling with our substrates should be systematically 

investigated with the use of the chiral ligands developed by Hiyama and Espinet for 2,2’-

dimethyl-1,1’-binaphthyl. Once an effective catalyst has been identified, the various 

coupling methods can then be investigated to indicate which provides the best results for 

the key intermediate. The synthetic route will be followed to access 1-aza[6]helicene. As 

N
Br

Br
Me3Sn-SnMe3

PhMe, 100 ºC 12 h

97, Pd(OAc)2
25 mol % N

46% yield
99% ee

Scheme 4.9 Enantioselective cyclization via Stille-Kelly coupling

85 (P)-92
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such, structural analogs of our substrates can then be investigated in the synthesis of other 

1-azahelicenes. Also, the formation of 1-aza[7]helicene can be investigated by using the 

intramolecular cyclization with Uozumi’s ligand and the respective precursor. 

4.5 Conclusion 

 We have attempted to further streamline access to 1-azahelicenes by designing a 

third generation synthesis. Although our efforts to accomplish this synthesis have been 

generally ineffective, the racemic desired product was obtained through Kumada 

coupling. We believe continued investigation of chiral catalysts will eventually facilitate 

this transformation enantioselectively, allowing us to retain the modular nature akin to 

our present synthetic route to 1-azahelicenes. Thus far we have shown the last step of the 

second generation synthesis of 1-aza[6]helicene can be prepared with high selectivity 

thereby eliminating the need for resolution by tartaric acid or semi-preparative chiral 

HPLC separation.  

4.6 Experimental section 

4.6.1 General information 

All reactions were carried out in the oven- or flame-dried glassware under an atmosphere 

of dry argon unless otherwise noted. Except as otherwise indicated, all reactions were 

magnetically stirred and monitored by analytical thin-layer chromatography using 

Silicycle pre-coated silica gel plates with F254 indicator. Visualization was accomplished 

by UV light (256 nm), with combination of potassium permanganate and/or vanillin 

solution as an indicator. Flash column chromatography was performed according to the 

method of Still using silica gel 60 (mesh 230-400) supplied by Silicycle. 



93 

 

Commercial grade reagents and solvents were used without further purification except as 

indicated below.  Dichloromenthane (CH2Cl2) was freshly distilled over calcium hydride 

under an atmosphere of dry argon prior to use.  THF was freshly distilled over 

sodium/benzophenone under an atmosphere of dry argon prior to use.   

1H NMR and 13C NMR spectra were recorded on a Bruker Avance 300 (300 MHz 1H), a 

Bruker Avance 400 (400 MHz 1H, 100 MHz 13C), and a Bruker Avance 500 (500 MHz 

1H, 125 MHz 13C). Chemical shift values (δ) are reported in ppm relative to Me4Si (δ 0.0 

ppm) unless otherwise noted. The proton spectra are reported as follows δ (multiplicity, 

coupling constant J, number of protons). Multiplicities are indicated by s (singlet), d 

(doublet), t (triplet), q (quartet), p (quintet), h (septet), m (multiplet) and br (broad). 

Optical rotations were measured on a Rudolph Research Analytical AUTOPOL® III 

automatic polarimeter. Infrared spectra were recorded using PerkinElmerTM SPECTRUM 

ONE with Universal ATR Sampling Accessory (Composite Zinc Selenide and Diamond 

crystals). High-resolution mass spectra were obtained at Mass Spectrometry Laboratory, 

Department of Chemistry, University of Miami.   

4.6.2 2,2’-Dimethyl benzoquinoline dimer (99) 

 
1H NMR (300 MHz, CDCl3) δ 7.87 – 7.91 (m, 8H), 7.64 – 7.61 (d, J = 8.1 Hz, 2H), 7.56 

– 7.53 (d, J = 9.0 Hz, 2H), 7.02 – 6.98 (dd, J = 4.2, 7.8 Hz, 2H), 1.87 (s, 6H); 13CNMR 

(100 MHz, CDCl3) δ 147.9, 146.8, 143.1, 134.6, 134.3, 133.4, 130.6, 129.6, 128.8, 126.7, 

N

N Me
Me
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126.0, 124.2, 120.1, 21.0; FTIR (neat) υmax 3041, 2918, 1588, 1555, 1509, 1437, 1392, 

906, 839, 735, 652 cm-1; HRMS (ESI-TOF): Exact mass calcd for C28H20N2 [M + 1]+, 

expected: 385.1699, found: 385.1702. 
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