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Abstract 
 

Development of Axial-Chiral Lewis Base Catalysts for Asymmetric Synthesis 

Author: Carlyn Reep 

Advisor: Norito Takenaka, Ph.D. 

Asymmetric Synthesis has become an essential tool to provide materials necessary 

to our everyday lives. The asymmetric formation of carbon-carbon bonds is the 

most important process in the construction of asymmetric organic molecules as this 

is how the structure/shape of a molecule is formed.  

Synthetic chiral molecules exist as agrochemicals, food additives, and 

pharmaceuticals, among other applications. As the demand for these materials has 

increased along with the growing population and scientific/technological 

advancements in these areas, the need for sustainable and efficient synthetic 

methods has come forefront as a scientific challenge.  

Chlorosilanes have emerged as an attractive reagent class for asymmetric synthesis. 

They have been shown to form powerful reaction intermediates when complexed 

with Lewis bases in numerous nucleophilic additions to carbonyls and their 

analogues. Herein is reported the development of a tunable axial-chiral Lewis base 

catalyst system and its demonstrated use with chlorosilanes in asymmetric carbon-

carbon bond formation. 
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Chapter 1  
Development of Biisoquinoline-N, N’-Dioxide 

Catalysts 
 

1.1 Background – Lewis base activation of chlorosilanes 

 

Lewis base activated chlorosilanes have found utility in a diverse range of reactions 

including reductions, chlorinations, and carbon-carbon bond formations (allylation 

and aldol) (Scheme 1).[1-5] 

 

 

Scheme 1. Selected example of chlorosilane mediated reactions. 

Chlorosilanes are attractive reagents in organic synthesis due to their accessibility 

(silicon is found as earth’s surface, no mining required; production is well 
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established in mass scale due to use in electronics industries; inexpensive), 

conversion to benign biproducts (NaCl and SiO2 upon work-up with aqueous base) 

and high reactivity when activated by Lewis bases. Tetracoordinated chlorosilanes 

are generally considered weak Lewis acids that can be activated by Lewis bases. 

Though seemingly counterintuitive, the addition of Lewis basic ligands actually 

increases the acidity of the central atom. The expansion of the coordination sphere 

of silicon forces the elongation of the silicon-ligand bonds to spatially 

accommodate the additional ligands, particularly due to the small size of the silicon 

as a central atom. Therefore, even though the electron density of the complex as a 

whole increases, the elongated bonds become more polarized (increase in ionic 

character) leaving the central atom electron deficient. This makes nucleophilic 

ligands (i.e. hydrides or chlorides) on the octahedral complex into efficient             

nucleophiles in open transition state type reactions.  

 

Scheme 2. Activation modes of chlorosilanes. 
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 In addition, this increases the propensity of the chloride ligands to ionize, 

producing cationic silicate complexes with strong Lewis acidity.[6] Coordination of 

carbonyl groups (or analogues) to the cationic species arranges the nucleophile and 

electrophile in an organized cyclic transition state for intramolecular reaction 

(Scheme 2). 

 

In 1987 Sakurai et. al. pioneered the field of the nucleophilic activation of allylic 

trichlorosilanes using CsF and dilithium catecholates as stoichiometric promoters in 

the allylation of aromatic aldehydes.[7-9] These initial observations of anionic 

promoters were followed by Kobayashi et. al. demonstrating that when 

dimethylformamide is used as a solvent, it also acts toward the nucleophilic 

activation of the allylsilane for the allylation of aldehydes, demonstrating that 

neutral Lewis bases could also be considered.[10-13] With this information, Denmark 

et. al. undertook a series of catalyst development and mechanistic experiments for 

the Lewis base catalyzed allyltrichlorosilane mediated allylation of aldehydes. 

 

Denmark’s group initiated their studies with screening a series of commericially 

available Lewis bases which included N,N’-dimethylformamide, 

hexamethylphosphoramide, tripyrrolidinophosphoric acid triamide, dimethyl 

sulfoxide, and pyridine N-oxide.[14-15] Through this initial screening process it was 

found that dimethylformamide and tripyrrolidinophosphoric acid triamide, 
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successfully promoted the reaction in stoichiometric quantities, while 

hexamethylphosphoramide was effective in sub-stoichiometric quantities, and 

dimethylsulfoxide and pyridine N-oxide were found incompatible with 

allyltrichlorosilane. They then synthesized a series of chiral 

hexamethylphosphoramide derivatives and used them to demonstrate the first 

example of asymmetric Lewis base catalyzed allylation. With these results, 

hexamethylphosphoramide was further used for mechanistic studies. They were 

able to demonstrate that the reactive species involved two 

hexamethylphosphoramide molecules when stoichiometric quantities of Lewis base 

were used, however at lower equivalencies of hexamethylphosphoramide a 

competing pathway involving only one hexamethylphosphoramide was functional, 

leading to decreased enantioselectivity (Scheme 3).[16] 

 

Scheme 3. Competing pathways of phosphoramide catalyzed allylation. 

To address this difficulty, the bidentate phosphoramide (C1, Scheme 4) was 

synthesized. When applied to the allylation of benzaldehyde changing from the 

monodentate to bidentate phosphoramide, the yield increased from 56 to 85 % and 

enantioselectivity increased from 56 to 87 % ee. [16] 
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Scheme 4. Chiral phosphoramides for asymmetric allylation. 

 

Although the idea of synthetic catalysis was modeled after enzymatic reactions in 

which enzymes have a very specific activity for a single reaction, many classes of 

chiral frameworks have been demonstrated as effective chiral induction in 

mechanistically diverse fields. Following this observation, Jacobsen coined the 

term “privileged” chiral catalysts to describe the phenomenon of chiral scaffolds 

effectively inducing asymmetry in a variety of mechanistically unrelated reactions. 

[17] 



6 
 

 
 

 

Scheme 5. Versatility of BINOL 

 

 

Scheme 6. BINOL vs. BIQNO analogy 

One such privileged structure is BINOL (1,1’-bi-2-naphthol), which has been 

shown an effective chiral backbone in a variety of catalyst classes and a range of 
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synthetic applications. Scheme 5 shows BINOL based catalysts for the following 

reactions as selected examples: Maruoka et al demonstrated the Lewis acid 

catalyzed hetero-Diels-Alder reaction;[18] Muncipinto et al used the hydrogen-

bonding catalyst in diastereoselective Petasis reactions;[19] Saito et. al. 

demonstrated the Brønsted acid catalyzed transfer hydrogenation of ketimines 

using the BINOL derived phosphoric acid;[20] Kitamura et. al. used the BINOL 

scaffold for their phase transfer catalyst;[21] and Terada et. al. used the Brønsted 

base guanidine catalyst for the amination of α-cyanothioacetates.[22] While these are 

only selected examples, they are a good demonstration that BINOL is an effective 

chiral scaffold across a diverse range of catalyst classes and unrelated reaction 

mechanisms. Following this logic, Nakajima et. al. proposed BIQNO (1,1’-

biisoquinoline-N,N’-dioxide) as a BINOL analogue (Scheme 6). Although pyridine 

N-oxide did not show catalytic activity in Denmark’s studies, it was considered that 

the bidentate version would demonstrate better activity as in the 

hexamethylphosphoramide case. They demonstrated the allylation of benzaldehyde 

with (S)-1,1’-biisoquinoline-N,N’-dioxide and (S)-3,3’-dimethyl-2,2’-biquinoline-

N,N’-dioxide (10 mol %) to give the product homoallylic alcohol in 82 % yield, 52 

% ee and 85 % yield, 88 % ee respectively.[26] The improved enantioselectivity 

procured from use of the biquinoline catalyst b (see Scheme 9) serves as good 

support for the utility of the 3,3’-functionalization for forming a chiral pocket 

around the reaction center. 
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Since the initial reports by Denmark et. al. many other Lewis base catalysts have 

been successfully utilized to promote chlorosilane mediated reactions including 

sulfoxide and amide derivatives, but none have rivaled the utility of the 

phosphoramide catalysts except the bipyridyl N-oxide type catalysts.[5] The 

structural properties of phosphoramides direct chiral modifications away from the 

binding site because of the shape of the molecule. This makes the synthesis of 

phosphoramides with effective chiral induction more difficult because the R groups 

have to be large to be within range of the reaction space. For this reason, the 

heteroaromatic N-oxide functionality held more promise for an easily accessible 

and effective ligand (Scheme 7). The major advantage of the BINOL backbone is 

the ability to tune the chiral pocket by installing modifications to the 3,3’- positions 

to shape the reaction space forming a narrow chiral pocket. Developing the ability 

to modify 1,1’-biisoquinoline-N,N’-dioxide in the same fashion is therefore 

expected to have similar utility and be of interest for many diverse synthetic 

methods (Scheme 8). 

 

Scheme 7. Chiral pocket of Phosphoramide and biisoquinoline-N,N’-dioxide 

derivatives. 
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Scheme 8. Examples of expected utility of biisoquinoline-N,N’-dioxide 

functionalization 

 

After Nakajima’s report the groups of Kotora, Malkov, and Hayashi independently 

synthesized examples of catalysts with the 1,1’-biisoquinoline-N,N’-dioxide 

functionality in mind (Scheme 9). Unfortunately, the accessibility of these 

examples is somewhat limited by difficult syntheses and/or resolution of the 

racemic compounds. 
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Scheme 9. Reported examples of successful C2 symmetric bidentate N-oxide catalysts 

for generation of hypervalent chlorosilane complexes. 

 

Hayashi et. al. developed the synthesis of the 3,3’- aromatic bipyridyl catalysts (C2 

and C3).[27-29] The major advantage to this synthesis is that the catalyst can be made 

in an enantiopure form from the enantiopure BINOL precursor. Disadvantageously, 

11 steps are required (the oxidation of the chlorinated bipyridyl system requires 3 

rounds of oxidation, purification, and recovery of starting material to achieve a 

synthetically useful yield) for the synthesis (Scheme 10). 



11 
 

 
 

 

Scheme 10. Synthesis of Hayashi’s bipyridyl catalysts. 
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Scheme 11. Malkov’s synthesis of 3,3’-phenyl-1,1’-biisoquinoline-N,N’-dioxide 

catalyst. 

 

Malkov et. al. initially attempted the direct coupling of phenyl bromide (see 

experimental section) by Fagnou’s method of C-H activation, which proved 

unsuccessful in their hands. Their next attempt to functionalize the 3,3’- positions 

of 1,1’-biisoquinoline-N,N’-dioxide is shown in Scheme 11. Here they were able to 

provide the desired product in racemic form from inexpensive starting materials in 

only four steps. The disadvantage of this method is that the 3,3’- substitution 

(shown in red) is installed in the first step of synthesis, which may change the 

efficacy of the subsequent steps, particularly resolution, if a different aromatic 

substitution is used. The racemic catalyst was also resolved by chiral preparatory 

HPLC which can only resolve small quantities of the catalyst at a time, making 

large scale catalyst preparation non-practical.[30] 
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Scheme 12. Kotora’s bipyridyl catalyst synthesis. 

 

Kotora et. al. synthesized a series of bipyridyl catalysts by the cyclotrimerization of 

tetraynes with substituted nitriles in only 2 steps to the racemic product (Scheme 

12). The methodology of this synthesis also installs the 3, 3’ functionalization at the 

beginning of the process. Because the resolution step is subsequent to the 

functionalization, it is likely that individual resolution protocols are necessary for 

each catalyst variant. Out of the nine bipyridyl catalysts synthesized, three were 

oxidized and resolved for use as catalysts. Two were resolved by chiral HPLC, 

while the third is diastereomeric and can be separated on an alumina column.[31] 

 

 Given that the ease of access to appropriate ligands greatly influences the progress 

of reaction development using them, an easily accessible and modifiable bis N-
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oxide scaffold would rapidly propel the field of hypervalent chlorosilane reagents 

forward. 

 

Scheme 13. Synthesis of (S)-1,1’-biisoquinoline-N,N’-dioxide 

 

The direct functionalization of optically active 1,1’-biisoquinoline-N,N’-dioxide 

would be advantageous from the perspective of the ease of access to the starting 

material (3 step gram scale synthesis of enantiopure (S) 1,1’-biisoquinoline-N,N’-

dioxide, Scheme 13) and the previously established resolution step being applicable 

to all derivatives, (i.e. resolution occurs early in the synthesis, and therefore is the 

same for all variants). Despite Kočovský’s demonstration that the functionalization 

of 1,1’-biisoquinoline-N,N’-dioxide is nontrivial, it was believed based on our 

group’s previous experience with azahelicene N-oxides, that this challenge was 

worth investigation.  
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1.2 Steric tuning of 1,1’-biisoquinoline-N,N’-dioxide 

 

1.2.1 C-H Activation 

 

The most direct route to this functionalization would be palladium coupling using 

C-H activation. Heteroaromatic N-oxides had previously demonstrated promise in 

this relatively new area of chemistry, and so this seemed a viable approach. Fagnou 

developed the direct arylation of pyridine N-oxides to circumvent the instability of 

metallated pyridines in traditional cross-coupling methods.[32-33] Malkov attempted 

the direct arylation of 1,1’-biisoquinoline-N,N’-dioxide Using Fagnou’s method but 

reported addition of phenyl bromide unsuccessful (Scheme 14 a).[30] Fagnou later 

reported that PtBu2Me-HBF4 was a more effective ligand in the direct arylation of 

quinoline N-oxides than PtBu3-HBF4 from the original conditions. [33] Following 

this advancement, we attempted the coupling of 4-bromotoluene with isoquinoline-

N-oxide and racemic 1,1’-biisoquinoline-N,N’-dioxide. The isoquinoline coupling 

returned only starting materials, while the 1,1’-biisoquinoline-N,N’-dioxide 

coupling yielded 5% of the desired product. It was decided based on the low yield 

that this method was not worth exploring further (Scheme 14). 
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Scheme 14. Attempted direct arylation of 1,1’-biisoquinoline-N,N’-dioxide. a) 

Kočovský’s original attempt at direct arylation of racemic 1,1’-biisoquinoline-N,N’-

dioxide; b) Initial probing of improved conditions; c) Direct arylation of 1,1’-

biisoquinoline-N,N’-dioxide 

 

1.2.2 Nucleophilic Addition 

 

Unlike pyridines, quinolines and isoquinolines make good electrophiles and have 

the propensity for dimerization (as seen in the starting material preparation). 

Isoquinolines are very regioselectively electrophilic at the 1 position due to the 

retention of aromaticity, a feature which is absent for the nucleophilic attack of the 
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3 position or the ortho position of pyridine which is much more difficult to 

dimerize (Scheme 15).  

Scheme 15. 

Addition of nucleophiles to isoquinolines and pyridines. The dearomatization of 

isoquinoline and pyridine disfavor the substitutions to the right of the scheme. 

 

To confirm the consistency of this pattern in 1,1’-biisoquinoline-N,N’-dioxide, the 

addition of phenyllithium to 1,1’-biisoquinoline-N,N’-dioxide was next examined. 

The formation of the substituted product would indicate the viability of 

nucleophilic substitution to 1,1’-biisoquinoline-N,N’-dioxide, while the absence of 

product would indicate the possibility of pooling the anionic species without 

polymerization. The addition of phenyllithium with subsequent oxidation by 2,3-

dichloro-5,6-dicyano-p-benzoquinone yielded mostly starting materials, indicating 

that 1,1’-biisoquinoline-N,N’-dioxide does not make a good electrophile for 

nucleophilic addition and pooling of the anion was a possible synthetic route 

(Scheme 16). 
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Scheme 16. Addition of phenyl lithium to 1,1’-biisoquinoline-N,N’-dioxide 

 

1.2.3 Deprotonation and halogenation of 1,1’-biisoquinoline-N,N’-

dioxide 

 

The deprotonation of pyridine derivatives was previously reported in the literature, 

however the metallated species is not thermally stable and in situ trapping is 

required for the use of this methodology.[34-35] Previous experience of the lithiation 

of an azahelicene compound in our group showed that a large excess of 

LDA(lithium diisopropylamine) was required for successful deprotonation, which 

was followed by iodination (Scheme 17).[36-38] Our initial attempt to replicate this 

reaction with (S) -1,1’-biisoquinoline-N,N’-dioxide yielded no conclusive results 

(TLC smearing indicating potential decomposition). Not knowing whether the 

difficulty was from the initial deprotonation step or the exothermic iodination step 

we began investigating different deprotonation methods to see if we could improve 

the yield of deprotonation or increase the stability of the metalated product. While 

the lithiated product is the easiest to form,[39] it is also the least stable, requiring 

cryogenic temperatures to prevent decomposition. The magnesiated[40-42] product is 
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expected to be stable around 0 °C, and zincated[43] up to 25 °C. Because LDA 

provided a higher deprotonation yield than the magnesium and zinc counterparts 

which still left the stability of the product in question, transmetalation[44] to Zn was 

also attempted from both lithiated and magnesiated biisoquinoline-N,N’-dioxide 

with the idea that the stronger base may be necessary for the deprotonation, but 

metal exchange could then help to stabilize the product. D2O was used to quench 

the reactions and NMR yields were used to measure the deprotonation yields 

(Table 1). After screening deprotonation methods failed to solve the 

decomposition/overreaction problem we were having with the original reaction 

conditions it was found that using an oversized flask was beneficial in improving 

cooling efficiency of the reaction and minimizing side reactions. 

 

Scheme 17. Iodination of aromatic N-oxides. 
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Base Temp 
(°C) 

Time 
(hour) 

cDeuterated 
yield (%) 

Remaining 
starting 
material (%) 

LDA -78 to -40 16 88  

LDA -78 2 77  

LDA w/ ZnCl2⸱2LiCl -78 2 59 33 

(iPr)2NMgCl⸱LiCl w/ 

ZnCl2⸱2LiCl 

-78 to -40 16 50 45 

a) LiTMP w/ 

ZnCl2⸱2LiCl 

-78 1 26 73 

LiTMP w/ 

ZnCl2⸱2LiCl 

-78 2 59 23 

TMPMgCl⸱LiCl -78 to -40 16 66 4 

TMPMgCl⸱LiCl w/ 

ZnCl2⸱2LiCl 

-78 to -40 16 79  

(TMP)2Zn⸱MgCl⸱LiCl -78 to -40 16 68 16 
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b) iPrMgCl -78 1 13  

b) iPrMgCl⸱LiCl -78 to RT 16 Not 

determined 

 

Table 1. Deprotonation of biisoquinoline-N,N’-dioxide. a) 3.0 equivalents of base used; 

b) 3.4 equivalents of base used; c) NMR yield against 0.5mmol TCE as an internal 

standard. 

 

Strong evidence of the successful regioselective deprotonation of biisoquinoline-

N,N’-dioxide made the functionalization of the 3,3’- positions a promising research 

target. By retrosynthetic analysis, Palladium catalyzed cross-coupling was the most 

viable arylation method after the unsuccessful attempts described above. Cross-

couplings are very reliable methods for joining organohalides/triflates (X = I, Br, 

Cl, or OTf) with organometallic fragments to the extent that the 2010 Nobel prize 

in Chemistry was awarded for three cross-coupling reactions: The Heck reaction 

and Suzuki and Negishi cross-couplings. Under consideration for the arylation of 

biisoquinoline-N,N’-dioxide were the Hiyama[45] (M = SiR3), Kumada[46] (M = 

MgX), Negishi[47] (M = ZnX2), Stille[48] (M = SnR3), and Suzuki[49] (M = B(OH)2) 

cross couplings. 
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Scheme 18. Palladium catalyzed cross-coupling of Aryl biisoquinoline-N,N’-dioxide 

 

Due to the instability of ortho metallated pyridines and the greater number of 

available synthetic pathways it was considered prudent to install a halogen on 

biisoquinoline-N,N’-dioxide rather than one of the metallic coupling partners 

(Scheme 18). Several halogen electrophiles were tested under the optimized 

deprotonation conditions with racemic biisoquinoline-N,N’-dioxide. After CBr4 

gave no yield in our hands and bromine and iodine solutions resulted in poor yields, 

(CCl2F)2 was used to test proof of principle which resulted in a 57% yield of the 

desired product. Due to the fact that this reagent depletes ozone we attempted to 

substitute it with (CCl2Br)2 which was found satisfactory resulting in a 50% yield 

of desired product (Table 2).  
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Electrophile Isolated Yield 

CBr4 0% 

aBr2 in hexanes 29% 

I2 
b25% 

(CF2Br)2 57% 

(CCl2Br)2 50% 

Table 2. Screening of halogen electrophiles. a) 6.0 eq LDA, 2.2 eq ZnCl2, and 4.4 eq 

LiCl were used for deprotonation. b) NMR yield; isolated product decomposed upon 

standing 2 months in freezer. 

 

It was discovered that the addition of (S)-biisoquinoline-N,N’-dioxide to the 

solution of LDA produced a higher yield, however, this could not be reproduced 

with the racemic compound due to poor solubility requiring the addition of LDA to 

a suspension of racemic v. Therefore, additional screening was completed with the 

enantiopure (S)-1,1’-biisoquinoline-N,N’-dioxide. 

By common logic, the large excess of base should be unnecessary for the 

deprotonation step, however, based on the experience with azahelicene N-oxides 

the aggregation of multiple LDA molecules is expected to play a role in the N-

oxide directed deprotonation. Although this was the expectation to begin 
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developing this reaction, the equivalency of LDA was examined at this point in 

hopes simplifying purification (Table 3).  

  

Equivalents of LDA Isolated yield 

6.0 77% 

4.4 86% 

2.2 44% 

Table 3. Equivalents of LDA. 

 

The optimum equivalency of base was determined to be 4.4 when using the 

optically active substrate. Improvement of the yield beyond 86% was considered 

marginal for the progress of this catalyst development and the 

deprotonation/halogenation step was not optimized further. 

 

1.2.4 Suzuki Coupling of (S)-3,3’-dibromo-1,1’-biisoquinoline-N,N’-

dioxide 

 

Suzuki coupling was the first coupling method tested for arylation of (S)-3, 3’-

dibromo-1,1’-biisoquinoline-N,N’-dioxide. This method was chosen due to the 
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established versatility of Suzuki coupling and the range of easily accessible 

coupling partners. The method established by Maruoka et. al. was used without 

further optimization with a series of four aryl boronic acids but was ineffective for 

the coupling of electron deficient aromatics. [50] The procedure established by 

Chong et. al. proved more efficient in these cases (Scheme 19). [51] 
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Scheme 19. Suzuki coupling of (S)-3, 3’-Dibromo-1,1’-biisoquinoline-N,N’-dioxide. 
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1.3 Electronic tuning of biisoquinoline-N,N’-dioxide 

 

1.3.1 Methoxy substitution of biisoquinoline-N,N’-dioxide 

 

Hypervalent chlorosilanes are often more reactive with ligands of higher Lewis 

basicity. [26] It was hypothesized that adding an electron rich functional group in 

conjugation with the N-oxide on biisoquinoline-N,N’-dioxide could increase the 

donor ability and therefore, the reactivity of the catalyst (Figure 1).  

Figure 1. Conjugation of Methoxy group to N-oxide 

 

To test this hypothesis (S)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-6,6’-

dimethoxy-1,1’-biisoquinoline N,N’-dioxide was synthesized as shown in Scheme 

20 from previously reported 6, 6’-dimethoxy-1,1’biisoquinoline.[52] The improved 

reactivity shown in the following chapter, prompted the investigation of installing 

an alkylamine in this position. 
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Scheme 20. Synthesis of 6, 6’- substituted (S)-3,3’-Ar-1,1’-biisoquinoline-N,N’-

dioxide. 

 

 

 

1.3.2 Halogenation 

 

The direct halogenation of 3,3’-aryl-1,1’-biisoquinoline-N,N’-dioxide C4 provided 

only partial decomposition of the starting material (Scheme 21).[53] 
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Scheme 21. Direct bromination of 3,3’-Ar-1,1’-biisoquinoline-N,N’-dioxide 

 

1.3.3 Nitration 

 

Nitration[54] of 3,3’-aryl-1.1’-biisoquinoline-N,N’-dioxide C4 yielded the 

substitution with undesired regioselectivity. There are two possible products based 

upon the characterization data, however, based upon the mechanism (i.e. the 

electrophilic position based on the conjugation with the N-oxide) it is expected that 

the 8,8’- nitrated product is what was isolated (Scheme 22). 

 

Scheme 22. Nitration of 3,3’-Ar-1,1’-biisoquinoline-N,N’-dioxide. 
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1.3.4 Synthesis of 6,6’-Br-1,1’-biisoquinoline-N,N’-dioxide 

 

 

Scheme 23. Coupling of 6-bromoisoquinoline 

After the reported coupling[55] of 6-bromoisoquinoline failed in our hands the 

coupling procedure used for unfunctionalized biisoquinoline[56] was attempted with 

the 6-bromoisoquinoline but no coupling was observed with this method either, 

possibly due to poor substrate solubility (Scheme 23). The coupling method used 

for 6-MeO biisoquinoline [52] is precluded due to the higher reactivity of the 

bromide over the chloride. 
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Scheme 24. Coupling of 6-bromoisoquinoline-N-oxide 

The optimized deprotonation conditions for the 3,3’- functionalization were used 

followed by oxidation with DDQ to give the coupled product in 8% yield (Scheme 

24). 

 

1.3.5 Buchwald Hartwig coupling 

 

Scheme 25. Buchwald-Hartwig Coupling. 

The Buchwald Hartwig coupling of 6,6’-bromo-1,1’-biisoquinoline-N,N’-dioxide 

was successfully demonstrated using literature procedures[57], establishing the 

viability of this substitution (Scheme 25). 
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1.3.6 Deprotonation/Halogenation of 6,6’- Br and NR2 1,1’-

biisoquinoline-N,N’-dioxide derivatives 

 

Scheme 26. Deprotonation of 6,6’-bromo- and 6,6’-pyrrolidine-1,1’-biisoquinoline-
N,N’-dioxide. 

 

Attempted deprotonation of the 3,3’- positions of racemic 6,6’-bromo- and 6,6’-

pyrrolidine-1,1’-biisoquinoline-N,N’-dioxide was unsuccessful possibly due to poor 

solubility of the starting materials in THF (Scheme 26). 

 

 

1.4 Summary and Outlook 

 

The bromination of biisoquinoline-N,N’-dioxide at the 3,3’- positions was achieved 

making it an available position for further substitution. Several variants were 

synthesized via Suzuki cross coupling for the steric tuning of the chiral pocket. 

Because biisoquinoline-N,N’-dioxide is analogous to BINOL, a privileged chiral 

structure, this substitution is expected to have wide utility in chemical synthesis and 

catalysis. The ability to electronically tune this structure by substitution of the 6,6’-
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positions was demonstrated with a methoxy substitution and continued 

development of the amination of this position will be passed on to another student. 

The 3,3’- functionalization of biisoquinoline-N,N’-dioxide as well as the synthesis 

of the 6,6’-methoxy variants have been published.[58] 

 

 

 

 

1.5 Experimental Section 

 

 

1.5.1 General Information 

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

atmosphere of dry argon or nitrogen unless otherwise noted. All reactions were 

magnetically stirred and monitored by analytical thin-layer chromatography using 

SiliCycle® Inc. pre-coated silica gel plates with F254 indicator. Visualization was 

accomplished by UV light (254 nm), with a combination of potassium 

permanganate and/or vanillin solution as an indicator. Flash column 

chromatography was performed according to the method of Still [59] using silica gel 

60 (mesh 230-400) supplied by SiliCycle® Inc. Yields refer to chromatographically 

and spectroscopically pure compounds, unless otherwise stated. 
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Commercial grade reagents and solvents were purchased from Sigma-Aldrich, 

Alfa-Aesar, Acros, Fisher, TCI, and VWR, and were used as received except where 

indicated below. Toluene, CH3CN, and CH2Cl2 were distilled over calcium hydride 

under an atmosphere of dry argon or nitrogen prior to use. Et2O, THF, and DME 

were freshly distilled over sodium/benzophenone under an atmosphere of dry argon 

or nitrogen prior to use. DMF was distilled over calcium hydride under reduced 

pressure (30 mmHg) and stored over activated 4Å molecular sieves beads in a 

Schlenk flask and used from there. Diisopropylamine was distilled over calcium 

hydride and stored over activated 4Å molecular sieves beads in a Schlenk flask and 

used from there. 1,2 Dibromotetrachloroethane (Acros) was dissolved in freshly 

distilled CH2Cl2 and concentrated in vacuo three times then dissolved in freshly 

distilled toluene and concentrated in vacuo three times prior to use. 

 

All 1H NMR and 13C NMR spectra were obtained using a Bruker 400 Ultrashield or 

an Oxford AS400 Spectrometer (1H 400 MHz, 13C 100 MHz) at ambient 

temperature in CDCl3 purchased from Cambridge Isotope Laboratories, Inc. 

Chemical shifts in 1H NMR spectra are reported in parts per million (ppm) 

respective to tetramethylsilane (δ 0.00 ppm). 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), m (multiplet), and br 

(broad). Chemical shifts in 13C NMR spectra are reported in ppm respective to 
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CDCl3 (δ 77.0 ppm). All 13C NMR spectra were recorded with complete proton 

decoupling. Infrared (IR) spectra were recorded using a Nicolet IR200 FT-IR 

instrument. HRMS data were obtained at USF Mass Spec and Peptide Core Facility 

in the Department of Chemistry at the University of South Florida. Optical 

rotations were measured using a Jasco P2000 Polarimeter as 589 nm and were 

reported as [α]D
T (°C) (concentration in grams/100mL solvent). Chiral HPLC 

analysis was performed on a Varian Polaris HPLC system with a diode array 

detector using analytical columns (250 x 4.6 mm, L x I.D.) purchased from 

CHIRAL TECHNOLOGIES, INC. (CHIRALCEL® OD-H, CHIRALPAK® AD-H, 

CHIRALEL® OJ-H, AND CHIRALPAK® AS-H).  

 

1.5.2 Preparation of 1,1’-biisoquinoline-N,N’-dioxide from literature 

procedures[60] 

 

1,1’-Biisoquinoline-N,N’-dioxide: To a solution of 1,1’-biisoquinoline (4.7 g, 18.3 

mmol) in non-distilled CH2Cl2 (73 mL, used as received from VWR) was added 3-

chloroperbenzoic acid (8.9 g, 77% 51.3 mmol) portion-wise at 0 °C. The resulting 

mixture was stirred for 16 hours at rt, quenched with dimethyl sulfide (4.0 mL, 54.9 

mmol), and concentrated in vacuo. The crude product was triturated twice in 

EtOAc (3-chlorobenzoic acid dissolves well in EtOAc but the title compound is 
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hardly soluble in EtOAc), filtered, and dried in vacuo to afford the title compound 

(4.1 g, 78%), which was used without further purification for the next step. 

 

  

(S)-1,1’-Biisoquinoline N,N’-dioxide: We basically followed the optical resolution 

procedure reported by Nakajima et al.[26] To a 1-L beaker charged with racemic 

1,1’-biisoquinoline-N,N’-dioxide (7.6 g, 26.4 mmol) and (R)-1,1’-binaphthalene-

2,2’-diol (7.55 g, 26.4 mmol) was added 292 mL of non-distilled CH2Cl2 (used as 

received from VWR). The mixture was heated by a heatgun until it became a clear 

solution and allowed to stand for 2 days at rt to afford yellow crystals (7.11 g). The 

crystals were separated into optically pure (S)-1,1’-biisoquinoline-N,N’-dioxide 

(3.31 g, 87%) and (R)-1,1’-binaphthalene-2,2’-diol (3.3 g) by flash chromatography 

on silica gel (5% methanol in CH2Cl2).  

 

(R)-1,1’-Biisoquinoline-N,N’-dioxide: The mother liquor was concentrated in 

vacuo, and purified by flash chromatography on silica gel (5% methanol in CH2Cl2) 

to provide (R)-1,1’- binaphthalene-2,2’-diol (3.2 g) and (R)-1,1’-biisoquinoline 

N,N’-dioxide (4.3 g, 94% ee). Enantio-enriched (R)-1,1’-biisoquinoline-N,N’-
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dioxide was recrystallized from CH2Cl2 to afford racemic crystals of 1,1’-

biisoquinoline-N,N’-dioxide twice. The resulting mother liquor was concentrated in 

vacuo, and triturated in EtOAc to give optically pure (R)-1,1’-biisoquinoline-N,N’-

dioxide (2.32 g, 61%). All spectral data were identical to the literature values. [79] 

HPLC analysis: tR (S)- isomer, 49.6 min; (R)-isomer, 50.4 min (Chiralcel® OD-H 

column equipped with an OD-H guard column. hexane/EtOH = 66.7/33.3, 0.5 

mL/min, 254 nm). 

 

1.5.3 Representative procedure for the direct arylation of 

biisoquinoline-N,N’-dioxide 

 

4-Bromotoluene (513 mg, 3.00 mmol) was dissolved in toluene (5 mL, 0.6 M) and 

degassed by bubbling argon 15 min. A round-bottom flask fitted with a condenser 

was charged with Pd(OAc)2 (20 mg, 0.09 mmol), PMetBu2HBF4 (45 mg, 0.18 

mmol), K2CO3 (498 mg, 3.6 mmol), and (S)-1,1’-biisoquinoline-N,N’-dioxide (285 

mg, 0.99 mmol)  and vacuumed and back-filled with argon five times using 

standard Schlenk techniques (vacuum <2mmHg). Three mL of the 4-bromotoluene 

solution were added through the condenser. The reaction was refluxed for 24 hours. 

The reaction was then cooled to rt and filtered through celite. The desired product 

was isolated by flash column chromatography in 5% yield using 50% EtOAc in 

hexanes. See Suzuki coupling protocol for characterization. 
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1.5.4 General Procedure for nucleophilic addition to biisoquinoline-

N,N’-dioxide 

 

 

Phenyl bromide (44 μL, 0.42 mmol) was dissolved in THF (800 μL, 0.5 M) and 

cooled to -78°C. nBuLi (275 μL, 1.51 M) was added and stirred for 30 min. The 

phenyl lithium solution was then added to racemic biisoquinoline-N,N’-dioxide (50 

mg, 0.173 mmol) in THF (1.0 mL, 0.173 M) at-78°C and stirred at -40°C for 16 

hours. DDQ (2,3-Dichloro-5,6-dicyano-p-benzoquinone) (118 mg, 0.52 mmol) was 

added as a THF solution (1.04 mL, 0.5 M) at-78°C and stirred for 15 min. Water 

was added and the reaction was warmed to rt with stirring. No reaction was 

observed. 

 

1.5.5 Representative Procedure for the deprotonation of biisoquinoline-

N,N’-dioxide 
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Racemic biisoquinoline-N,N’-dioxide (25 mg, 0.09 mmol) was suspended in THF 

(3.5 mL, 0.025 M) and cooled to -78°C and the corresponding base was added 

[LDA ( 0.52 mmol as a 0.5 M solution in THF)]. The reaction was stirred at -78°C 

for 2 hours and quenched with D2O (250 μL, 13.82 mmol) in THF (1 mL). The 

reaction was warmed to rt, condensed in vacuo, dissolved in CH2Cl2 and washed 

with brine. The organic layer was dried over Na2SO4, filtered, and condensed in 

vacuo. NMR yields were determined using 1,1,2,2-tetrachloroethane (53 μL, 0.5 

mmol) as an internal standard. 

 

1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.4 Hz, 2H), 7.85 (s, 2H), 7.58 (dd, J = 

8.0, 8.0 Hz, 2H), 7.48 (dd, J = 8.0, 8.0 Hz, 2H), 7.13 (d, J = 8.4 Hz, 2H); 13C NMR 

(100 MHz, CDCl3) δ 137.53, 137.46, 130.1, 129.3, 128.6, 127.4, 125.2, 125.1, 

123.6; IR (thin film): 1323, 1220, 733 cm-1 ; HRMS (ESI): Exact mass calculated 

for C18H11D2N2O2
+ [M+H]+ , expected: 291.1103, found: 291.1099  
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1.5.6 Representative Procedure for the halogenation of biisoquinoline-

N,N’-dioxide 

 

 

Racemic biisoquinoline-N,N’-dioxide (25 mg, 0.09 mmol) was suspended in THF 

(3.5 mL, 0.025 M) and cooled to -78°C and the corresponding base was added 

[LDA (0.52 mmol as a 0.5 M solution in THF)].  The reaction was stirred at -78°C 

for four hours and 1,2-dibromotetrachloroethane (204 mg, 0.63 mmol) in THF (1 

mL, 0.6M) was added. The reaction was stirred at -78°C for an additional 16 hours, 

quenched with anhydrous methanol and warmed to rt, condensed in vacuo, 

dissolved in CH2Cl2 and washed with brine. The organic layer was dried over 

Na2SO4, filtered, and condensed in vacuo. The resulting crude material was purified 

by flash chromatography on silica gel (60% EtOAc in hexanes with 0.5% Et3N) to 

afford the title compound as a light brown solid (19 mg, 50%). 
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1.5.7 Representative Procedure for the deprotonation and halogenation 

of (S)-1,1’-biisoquinoline-N,N’-dioxide[81] 

 

 

(S)-3,3’-Dibromo-1,1’-biisoquinoline-N, N’-dioxide: To a solution of LDA in 

THF (0.38 M, 20.0 mL) in a 500 mL round-bottom flask at –78 °C was added a 

solution of (S)-1,1’-biisoquinoline-N,N’-dioxide (0.5 g, 1.73 mmol) in THF (85 

mL) dropwise by a cannula. The reaction mixture was stirred for four hours at –78 

°C, treated dropwise with a solution of 1,2-dibromotetrachloroethane (4.1 g, 12.5 

mmol) in THF (20 mL), and stirred for an additional 15 hours at the same 

temperature. The reaction was quenched with anhydrous methanol (2.5 mL) at –78 

°C, allowed to warm up to rt, and concentrated in vacuo. The residue was re-

dissolved in CH2Cl2 (50 mL) and washed with saturated aqueous NH4Cl solution 

(50 mL). The aqueous layer was back-extracted with CH2Cl2 (50 mL x 3). The 

combined organic layers were dried over Na2SO4, filtered, and concentrated in 

vacuo. The resulting crude material was purified by flash chromatography on silica 

gel (60% EtOAc in hexanes with 0.5% Et3N) to afford the title compound as a 

cream colored solid (0.66 g, 86%). 1H NMR (400 MHz, CDCl3) δ 8.33 (s, 2H), 

7.83 (d, J = 8.4 Hz, 2H), 7.58 (dd, J = 8.4, 8.4 Hz, 2H), 7.47 (dd, J = 7.2, 8.4 Hz, 
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2H), 7.07 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 137.6, 130.3, 129.4, 

128.3, 128.2, 128.0, 127.6, 125.6, 122.5; IR (thin film): 1316, 1210, 1134, 748 cm-1 

; HRMS (ESI): Exact mass calculated for C18H11Br2N2O2
+ [M+H]+ , expected: 

444.9182, found: 444.9186; HPLC analysis, tR (R)-isomer, 40.4 min; (S)-isomer, 

47.4 min (Chiralcel® OJ-H column equipped with a OJ-H guard column, 

hexane/EtOH = 80/20, 0.5 mL/min, 254 nm): [α]D 20 = -18.7 (c = 0.5, CH2Cl2). We 

observed that it is very important to keep the reaction temperature -78 °C. To 

minimize the temperature rise, a solution of substrate was slowly added to LDA 

dropwise through the sidewall of the reaction flask. This was readily accomplished 

by cannula using the pressure difference between a single and double balloon 

(Figure 2). The end of the cannula was attached to the wall of the receiving flask to 

cool the solution as it was added. It was also found beneficial to use an oversized 

flask to increase the cooling efficiency. 
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Figure 2. Addition of (S)-

biisoquinoline-N,N’-dioxide to lithium 

diisopropylamine solution. The end of 

the cannula was attached to the wall of 

the receiving flask to cool the solution as 

it was added. It was also found beneficial 

to use an oversized flask to increase the 

cooling efficiency. 
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1.5.8 Representative Procedure for the Suzuki Coupling 

 

Suzuki reaction of (S)-3,3’-dibromo-1,1’-biisoquinoline-N, N’-dioxide (2a). 

Representative procedure A: The Suzuki coupling protocol reported by Chong et 

al. was used without further optimization. [51]  

 

(S)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide: 

A round-bottom flask was charged with (S)-3,3’-dibromo-1,1’-biisoquinoline-N,N’-

dioxide (1.07 g, 2.4 mmol), Pd(PPh3)4 (277 mg, 0.24 mmol), 3,5- 

bis(trifluoromethyl)benzeneboronic acid (2.17 g, 8.42 mmol), and Na2CO3 (1.32 g, 

12.48 mmol) and then fitted with a reflux condenser. The assembly was vacuumed 

and back-filled with argon five times using standard Schlenk techniques (vacuum < 

2mmHg). Deionized water was degassed three times by the freeze-pump-thaw 

cycle with argon (6.24 mL) and 1, 2-dimethoxyethane (16 mL) were added under 

argon atmosphere. The reaction mixture was refluxed for 16 hours, cooled to rt, and 

concentrated in vacuo. The resulting residue was dissolved in CH2Cl2, washed with 

aqueous NH4Cl solution, water, and brine, dried over Na2SO4, filtered, and 



44 
 

 
 

concentrated in vacuo. The resulting crude material was purified by flash 

chromatography on silica gel (20% EtOAc in hexanes) to afford the title compound 

as a pale yellow solid (1.17 g, 68%). 1H NMR (400 MHz, CDCl3) δ 8.42 (s, 4H), 

8.13 (s, 2H), 7.99 (d, J = 8.4 Hz, 2H), 7.96 (s, 2H), 7.66 (dd, J = 7.2, 7.6 Hz, 2H), 

7.56 (dd, J = 8.4, 7.2 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, 

CDCl3) δ 144.3, 138.7, 134.3, 131.6 (q, 2JC-F = 33.4 Hz), 130.9, 130.5, 129.4, 

129.2, 128.8, 127.8, 126.4, 123.3, 123.3 (sep, 3JC-F = 3.3 Hz), 123.2 (q, 1JC-F = 

271.3 Hz); IR (thin film): 1332, 1230, 1188, 1129, 746 cm-1 ; HRMS (ESI): Exact 

mass calculated for C34H17F12N2O2
+ [M+H]+ , expected: 713.1093, found: 

713.1099; HPLC analysis, tR (S)- isomer, 10.5 min; (R)-isomer, 13.5 min 

(Chiralcel® OD-H column equipped with an OD-H guard column, hexane/ 2-

propanol = 90/10, 0.5 mL/min, 254 nm); [α]D 
20 = -15.49 (c = 1.0, CH2Cl2).  

Representative procedure B: The Suzuki coupling protocol reported by Maruoka 

et al. was used without further optimization.[50]  

 

(R)-3,3’-Bis(4-methylphenyl)-1,1’-biisoquinoline-N,N’-dioxide: A round-bottom 

flask was charged with (R)-3,3’-dibromo-1,1’-biisoquinoline-N, N’- dioxide (200 

mg, 0.45 mmol), 4-methylbenzeneboronic acid (152 mg, 1.12 mmol), PPh3 (35 mg, 

0.13), Pd(OAc)2 (10 mg, 0.05 mmol) and K2CO3 (186 mg, 1.34 mmol), then 
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vacuumed and back-filled with argon five times using standard Schlenk techniques 

(vacuum < 2mmHg). To this was added DMF (2.2 mL) and H2O (121 µL), both of 

which were degassed three times by the freeze-pump-thaw cycle with argon. The 

resulting reaction mixture was stirred at 90 °C under argon atmosphere for 16 

hours, cooled to rt, and poured into saturated aqueous NH4Cl solution (5 mL). A 

brown precipitate was separated from aqueous layer that was back-extracted with 

Et2O (5 mL x 2). The precipitate was dissolved in CH2Cl2 (2 mL), combined with 

ether layers, dried over Na2SO4, and concentrated in vacuo. The crude material was 

purified by flash chromatography on silica gel (40% EtOAc in hexanes) to afford 

the title compound as a yellow solid (209 mg, 99%). 1H NMR (400 MHz, CDCl3) δ 

7.99 (s, 2H), 7.87 (d, J = 8.0 Hz, 2H), 7.83 (d, J = 7.6 Hz, 4H), 7.53 (dd, J = 7.6, 

7.6 Hz, 2H), 7.43 (dd, J = 8.0, 7.2 Hz, 2H), 7.26 (d, J = 7.6 Hz, 4H), 7.18 (d, J =8.4 

Hz, 2H), 2.40 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 147.5, 139.5, 138.8, 130.0, 

129.7, 129.5, 129.0, 128.7, 128.6, 128.4, 127.2, 125.1, 123.4, 21.4; IR (thin film) 

1314, 1240, 748 cm-1 ; HRMS (ESI): Exact mass calculated for C32H25N2O2 + 

[M+H]+ , expected: 469.1911, found: 469.1934; HPLC analysis, tR (R)-isomer, 17.1 

min; (S)-isomer, 40.6 min (Chiralcel® OD-H column equipped with an OD-H guard 

column, hexane/EtOH = 66.7/33.3, 0.5 mL/min, 254 nm): [α]D
20 = +71.27 (c = 1.0, 

CH2Cl2).  
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(S)-3,3’-Bis(3,4,5-trifluorophenyl)-1,1’-biisoquinoline-N,N’-dioxide: The 

representative procedure A was followed with (S)-3,3’-dibromo-1,1’- 

biisoquinoline-N,N’-dioxide (200 mg, 0.45 mmol) and the corresponding boronic 

acid. The resulting crude material was purified by flash chromatography on silica 

gel (5% EtOAc in CH2Cl2) to afford the title compound as a yellow solid (217 mg, 

88%). 1H NMR (400 MHz, CDCl3) δ 8.03 (s, 2H), 7.95 (d, J = 8.0 Hz, 2H), 7.68-

7.61 (m, 6H), 7.53 (dd, J = 8.0, 7.2 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H); 13C NMR 

(100 MHz, CDCl3) δ 150.8 (ddd, JC-F = 248.0, 9.9, 4.0 Hz) 144.2, 140.4 (dt, JC-F = 

253.9, 15.1 Hz) 138.8, 130.6, 129.2, 128.9, 128.7, 128.1 (dt, JC-F = 9.0, 4.0 Hz), 

127.6, 125.8, 123.3, 114.8 (dd, JC-F = 23.0, 7.0 Hz); IR (thin film) 1327, 1235, 

1203, 1146, 1047, 739 cm-1; HRMS (ESI): Exact mass calculated for 

C30H15F6N2O2
+ [M+H]+ , expected: 549.1038. found: 549.1038; [α]D

20 = - 39.7 (c = 

0.1, CH2Cl2).  
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(S)-3,3’-Bis(3,4,5-trichlorophenyl)-1,1’-biisoquinoline-N,N’-dioxide: The 

representative procedure B was followed with (S)-3,3’-dibromo-1,1’- 

biisoquinoline-N,N’-dioxide (90 mg, 0.20 mmol) and the corresponding boronic 

acid. The resulting crude material was purified by flash column chromatography on 

silica gel (25% EtOAc in hexanes) to afford the title compound as a yellow solid 

(26 mg, 20%). 1H NMR (400 MHz, CDCl3) δ 8.06 (s, 2H), 8.02 (s, 4H), 7.95 (d, J 

= 8.4 Hz, 2H), 7.63 (dd, J = 7.6, 7.6 Hz, 2H), 7.53 (dd, J = 8.0, 7.6 Hz), 7.18 (d, J = 

7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 144.0, 138.7, 134.0, 132.6, 132.1, 

130.7, 130.1, 129.2, 129.0, 128.7, 127.7, 125.9, 123.3; IR (thin film) 1319, 1243, 

1201, 1139, 751 cm-1 ; HRMS (ESI): Exact mass calculated for C30H15Cl6N2O2
+ 

[M+H]+, expected: 644.9265, found: 644.9257; [α]D
20 = - 65.02 , (c = 0.5, CH2Cl2).  
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(S)-3,3’-Bis(3,5-dimethylphenyl)-1,1’-biisoquinoline-N,N’-dioxide: The 

representative procedure B was followed with (S)-3,3’-dibromo-1,1’- 

biisoquinoline-N,N’-dioxide (223 mg, 0.50 mmol) and the corresponding boronic 

acid. The resulting crude material was purified by flash chromatography on silica 

gel (40% EtOAc in hexanes) to afford the title compound as a yellow solid (138 

mg, 56%). 1H NMR (400 MHz, CDCl3) δ 7.98 (s, 2H), 7.87 (d, J = 8.0 Hz, 2H), 

7.56-7.51 (m, 6H) 7.44 (dd, J = 8.0, 6.8 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H), 7.07 (s, 

2H), 2.37 (s, 12H); 13C NMR (100 MHz, CDCl3) δ 147.8, 138.8, 137.5, 132.4, 

131.0, 129.5, 129.0, 128.7, 128.4, 127.8, 127.2, 125.2, 123.5, 21.3; IR (thin film): 

1352, 1317, 1225, 1208, 748 cm-1; HRMS (ESI): Exact mass calculated for 

C34H29N2O2
+ [M+H]+, expected: 497.2224, found: 497.2233; [α]D

20 = -53.52 (c = 

0.5, CH2Cl2). 

 

(S)-3,3’-Bis(3,5-dimethoxyphenyl)-1,1’-biisoquinoline-N,N’-dioxide:  The 

representative procedure B was followed with (S)-3,3’-dibromo-1,1’- 

biisoquinoline-N,N’-dioxide (90 mg, 0.20 mmol) and the corresponding boronic 

acid. The resulting crude material was purified by flash chromatography on silica 

gel (60% EtOAc in hexanes) to afford the title compound as a yellow solid (62 mg, 
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55%). 1H NMR (400 MHz, CDCl3) δ 8.01 (s, 2H), 7.88 (d, J = 8.0 Hz, 2H), 7.55 

(dd, J = 7.2, 8.0 Hz, 2H) 7.45 (dd, J = 8.0, 7.2 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H), 

7.06 (d, J = 2.0 Hz, 4H), 6.56 (t, J = 2.0 Hz, 2H), 3.83 (s, 12H); 13C NMR (100 

MHz, CDCl3) δ 160.4, 147.3, 138.8, 134.4, 129.9, 128.9, 128.7, 128.6, 127.3, 

125.7, 123.4, 108.2, 102.2, 55.6; IR (thin film) 1596, 1354, 1205, 1159, 1065, 751, 

cm-1 ; HRMS (ESI): Exact mass calculated for C34H29N2O6
+ [M+H]+, expected: 

561.2026, found: 561.2037; [α]D
20 = -76.94 (c = 0.5, CH2Cl2). 

 

 

 

1.5.9 Procedures for 6, 6’ Methoxy substituted Catalysts 

 

 

6,6’-Dimethoxy-1,1’-biisoquinoline-N,N’-dioxide:  To a solution of 6,6’-

dimethoxy-1,1’-biisoquinoline[52]  (3.4 g, 10.7 mmol) in nondistilled CH2Cl2 (42 

mL, used as received from VWR) was added 3-chloroperbenzoic acid (7.8 g, 31.8 

mmol) portion by portion at 0 °C. The resulting mixture was stirred for 16 hours at 

rt, quenched with dimethyl sulfide (2.6 mL, 35.4 mmol), and concentrated in 

vacuo. The crude product was triturated in EtOAc, filtered, and dried in vacuo 
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before purification by flash column chromatography on silica gel (8% methanol in 

CH2Cl2) to afford the title compound as a white solid (3.3 g, 88%). 1H NMR (400 

MHz, CDCl3) δ 8.28 (dd, J = 7.2, 3.2 Hz, 2H), 7.71 (dd, J = 7.2, 1.6 Hz, 2H), 7.17 

(d, J = 2.0 Hz, 2H), 7.12 (dd, J = 9.2, 2.4 Hz, 2H), 7.03 (d, J = 9.2 Hz, 2H), 3.94 (s, 

6H); 13C NMR (100 MHz, CDCl3) δ 159.8, 137.6, 137.4, 130.6, 125.4, 124.5, 

124.0, 122.7, 105.9, 55.7; IR (thin film): 1333, 1261, 1216, 1124, 743 cm-1 ; HRMS 

(ESI): Exact mass calculated for C20H17N2O4
+ [M+H]+, expected: 349.1188, found: 

349.1182. 

 

 

  

 (S)-6,6’-Dimethoxy-1,1’-biisoquinoline-N,N’-dioxide: We basically followed the 

optical resolution procedure reported by Nakajima et al[26] To a 100 mL round-

bottom flask charged with racemic 6,6’-dimethoxy-1,1’- biisoquinoline-N,N’-

dioxide (1.12 g, 3.22 mmol) and (R)-1,1’-binaphthalene-2,2’-diol (922 mg, 3.22 

mmol) was added 26 mL of non-distilled CH2Cl2 and 8 mL of hexanes (used as 

received from VWR). The mixture was heated by a heat-gun until it became a clear 

solution and allowed to stand for 2 days at rt to afford yellow crystals (82 mg) that 

were purified by flash chromatography on silica gel (10% methanol in CH2Cl2) to 
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give optically pure (S)-6,6’-dimethoxy-1,1’-biisoquinoline-N,N’-dioxide (47 mg, 

10%). No attempt was made to optimize the optical resolution condition. HPLC 

analysis, tR (S)- isomer, 50.3 min; (R)-isomer, 76.5 min (Chiralcel® OD-H column 

equipped with an OD-H guard column. hexane/EtOH = 66.7/33.3, 0.5 mL/min, 254 

nm): [α]D
20 = -30.2 (c = 0.05, CH2Cl2). The absolute configuration of the title 

compound was assigned by analogy with (S)-1,1-biisoquinoline-N,N’-dioxide[79] as 

follows: (S)-1,1’-biisoquinoline-N,N’-dioxide is levorotatory and elutes faster than 

the corresponding (R)-enantiomer on HPLC (CHIRALCEL® OD-H, hexane/EtOH 

= 66.7/33.3, 0.5 mL/min, tR (S)-isomer, 42.7 min; tR (R)-isomer, 52.3 min). The 

title compound is levorotatory and elutes faster under the same HPLC condition (tR 

(-)-isomer, 65.6 min; tR (+)-isomer, 104.6 min). Furthermore, the corresponding 

catalyst, (-)-3,3-bis[3,5-bis(trifluoromethyl)phenyl]-6,6’-dimethoxy1,1’-

biisoquinoline-N,N’-dioxide (vide infra) and (S)-3,3’-bis[3,5- 

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide provided the same 

enantiomer of homoallylic alcohols as the major enantiomer. 

 

 (S)-3,3’-Dibromo-6,6’-dimethoxy-1,1’-biisoquinoline-N,N’-dioxide: To a 

solution of LDA in THF (0.3 M, 7.8 mL) in a 250 mL round-bottom flask at – 78 

°C was added a solution of (S)-6,6’-dimethoxy-1,1’-biisoquinoline-N,N’-dioxide 

(136 mg, 0.39 mmol) in THF (53 mL) dropwise by a cannula. The reaction mixture 
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was stirred for four hours at –78 °C, treated dropwise with a solution of 1,2- 

dibromotetrachloroethane (2.21 g, 6.79 mmol) in THF (11 mL), and stirred for an 

additional 15 hours at the same temperature. The reaction was quenched with 

anhydrous methanol (1 mL) at –78 °C, allowed to warm up to rt, and concentrated 

in vacuo. The residue was re-dissolved in CH2Cl2 (10 mL) and washed with 

saturated aqueous NH4Cl solution (10 mL). The aqueous layer was back-extracted 

with CH2Cl2 (10 mL x 3). The combined organic layers were dried over Na2SO4, 

filtered, and concentrated in vacuo. The resulting crude material was purified by 

flash chromatography on silica gel (EtOAc with 0.5% Et3N) to afford the title 

compound as a light brown solid (171 mg, 87%). 1H NMR (400 MHz, CDCl3) δ 

8.19 (s, 2H), 7.12-7.08 (m, 4H), 6.97 (d, J = 4.8 Hz, 2H), 3.93 (s, 6H); 13C NMR 

(100 MHz, CDCl3) δ 160.1, 138.3, 131.5, 130.8, 127.7, 125.2, 124.0, 123.2, 104.5, 

55.7; IR (thin film): 1327, 1265, 1203, 1134, 1121, 1018, 736 cm-1 ; HRMS (ESI): 

Exact mass calculated for C20H15Br2N2O4
+ [M+H]+ , expected: 504.9399, found: 

504.9397; [α]D
20 = -39.7 (c = 0.1, CH2Cl2) 

 

(S)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-6,6’-dimethoxy-1,1’-

biisoquinoline-N, N’-dioxide: The representative procedure A from section 2.4.8 
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was followed with (S)-3,3’-dibromo-6,6’-dimethoxy-1,1’-biisoquinoline-N,N’-

dioxide (168 mg, 0.33 mmol) and the corresponding boronic acid. The resulting 

crude material was purified by flash column chromatography on silica gel (2% 

EtOAc in CH2Cl2) to afford the title compound as a yellow solid (142 mg, 56%). 

1H NMR (400 MHz, CDCl3) δ 8.44 (s, 4H) 8.00 (s, 2H), 7.95 (s, 2H), 7.25 (d, J = 

2.4 Hz, 2H), 7.19 (dd, J = 9.2, 2.0 Hz, 2H), 7.13 (d, J = 9.2 Hz, 2H), 3.96 (s, 6H); 

13C NMR (100 MHz, CDCl3) δ 160.3, 144.4, 138.6, 134.5, 131.5 (q, 2 JC-F = 33.0 

Hz), 130.7, 130.5, 125.2, 125.0, 123.7, 124.5, 123.2 (q, 1 JC-F = 271.0 Hz), 123.1 

(sep, 3 JC-F = 4.0 Hz), 105.9, 55.8; IR (thin film): 1279, 1258, 1210, 1183, 1138, 

743 cm-1 ; HRMS (ESI): Exact mass calculated for C36H21F12N2O4
+ [M+H]+ , 

expected: 773.1310, found: 773.1307; HPLC analysis, tR (S)-isomer, 10.5 min; (R)-

isomer, 14.3 min (Chiralcel® OD-H column equipped with an OD-H guard column. 

hexane/ 2-propanol = 90/10, 0.5 mL/min, 254 nm); [α]D
20 = -5.2 (c = 0.05, 

CH2Cl2). 

 

1.5.10 6, 6’ Halogenation Procedure[53] 

 

(S)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (14 

mg, 0.02 mmol), HBr (48%, 200 μL, 0.24 mmol), and H2O2 (35%, 85 μL, 0.20 

mmol) were dissolved in MeCN (1.0 ml, 0.02 M) and stirred at reflux for four 

hours. The reaction was cooled to rt, diluted with EtOAc and washed with saturated 
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aqueous NH4Cl solution. The organic layer was dried over Na2SO4, filtered, and 

concentrated in vacuo. No product formation was observed. 

 

1.5.11 Nitration Procedure[54] 

 

Fuming nitric acid (360 μL) and sulfuric acid (4.25 mL) were mixed at 0 °C. (S)-

3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (7 mg, 

0.01 mmol), was added slowly and the reaction was gradually warmed to 40°C and 

stirred for one hour. The solution was cooled to rt, poured into ice, and extracted 

with CH2Cl2 (5 mL, 3x). The combined organic layers were washed with saturated 

aqueous NaHCO3 solution, dried over Na2SO4, filtered, and concentrated in vacuo. 

The resulting crude material was purified by flash column chromatography on 

silica gel (20% EtOAc in hexanes) to afford the title compound as a yellow solid (6 

mg, 75%). Due to the undesired regioselectivity established by 1H NMR this route 

was not pursued and the exact regioselectivity was not established. 1H NMR (400 

MHz, CDCl3) δ 9.04 (s, 2H) 8.46 (d, J = 8.0 Hz, 2H), 8.37 (s, 4H), 8.04 (s, 2H) 

7.72 (dd, J = 8.4, 8.0 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, 

CDCl3) δ 147.4, 146.0, 138.0, 133.2, 132.1 (q, JC-F = 33.6 Hz), 130.4, 130.3, 130.1, 

128.9, 126.8, 124.2 (m), 123.0 (q, JC-F = 271.3 Hz), 122.5, 121.0; IR (thin film): 
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2917, 2848, 1533, 1354, 1278, 702 cm-1 ; HRMS (ESI): Exact mass calculated for 

C34H15F12N4O6
+ [M+H]+ , expected: 803.0794, found: 803.0796; [α]D

20 = -17.6 (c = 

0.001, CH2Cl2). 

 

1.5.12 Coupling of 6-bromoisoquinoline-N-oxide 

 

6-Bromoisoquinoline N-oxide: To a solution of 6-bromoisoquinoline (3.0 g, 14.42 

mmol) in CH2Cl2 (45 mL, used as received from VWR) was added 3-

chloroperbenzoic acid (4.85 g, 21.6 mmol) portion by portion at 0 °C. The resulting 

mixture was stirred for 16 hours at rt, quenched with dimethyl sulfide (1.65 mL, 

21.6 mmol), and concentrated in vacuo. The crude product was triturated in EtOAc, 

filtered, and dried in vacuo before purification by flash column chromatography on 

basic alumina (2% methanol in CH2Cl2) to afford the title compound as a light 

orange solid (2.64 g, 82%). 1H NMR (400 MHz, CDCl3) δ 8.73 (s, 1H), 8.15 (dd, J 

= 7.2, 1.6 Hz, 1H), 7.98 (s, 1H), 7.71 (dd, J = 8.8, 1.6 Hz, 1H), 7.61-7.59 (m, 2H); 

13C NMR (100 MHz, CDCl3) δ 137.8, 136.1, 133.1, 129.5, 128.9, 128.0, 126.3, 

123.3, 123.2; IR (thin film): 3053, 3019, 1324, 1253, 1127, 815 cm-1 ; HRMS 

(ESI): Exact mass calculated for C20H17N2O4
+ [M+H]+ , expected: 349.1188, found: 

349.1182. 
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6,6’-Bromo-1,1’-biisoquinoline-N,N’-dioxide: 6-Bromoisoquinoline-N-oxide 

(100 mg, 0.44 mmol) was suspended in THF (9 mL, 0.05 M) and cooled to -78°C. 

LDA ( 1.06 mmol as a 0.1 M solution in THF) was added via cannula. The reaction 

was stirred at -78°C for 1 hour and quenched with DDQ (100 mg, 0.44 mmol) in 

THF (4.4 mL, 0.1 M) followed by anhydrous methanol (0.5 mL). The reaction was 

warmed to rt, condensed in vacuo, dissolved in 10% MeOH/CH2Cl2 and washed 

with aqueous NaOH (1 M, 8 mL). The organic layer was dried over Na2SO4, 

filtered, and condensed in vacuo. Four batches of the resulting crude material were 

combined and purified by flash column chromatography on silica gel (2% MeOH 

in CH2Cl2) followed by trituration with MeOH to afford the title compound as a 

cream colored solid (30 mg, 8%). 1H NMR (400 MHz, CDCl3) δ 8.33 (d, J = 7.2 

Hz, 2H), 8.07 (d, J = 2.0 Hz, 2H ), 7.77 (d, J = 7.2 Hz, 2H), 7.56 (dd, J = 8.8, 2.0 

Hz, 2H) 6.97 (d, J = 8.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 138.7, 137.1, 

133.7, 129.7, 129.4, 127.9, 124.9, 124.3, 123.1; IR (thin film): 2921, 2853, 1327, 

1232, 1135, 808 cm-1 ; HRMS (ESI): Exact mass calculated for C18H10N2O2Na+ 

[M+Na]+ , expected: 466. 9001, found: 466.9003 
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1.5.13 Representative Procedure of Buchwald-Hartwig Coupling[57] 

 

6,6’-Pyrrolidine-1,1’-biisoquinoline-N,N’-dioxide: 6,6’-Bromo-1,1’-

biisoquinoline-N,N’-dioxide (8 mg, 0.018 mmol), Pd2(dba)3 (1.6 mg, 0.0018 

mmol), (S) BINAP (3.6 mg, 0.0054 mmol), and Cs2CO3 (16 mg, 0.05 mmol) were 

combined in a flame-dried seal tube which was then vacuumed and back-filled with 

argon five times using standard Schlenk techniques (vacuum < 2 mmHg).  THF 

was degassed three times by the freeze-pump-thaw cycle with argon and 700 μL 

were added to the reaction followed by 20 μL of pyrrolidine. The seal tube was fit 

with a threaded cap and the reaction was stirred at 100 °C for 16 hours. It was 

cooled to rt, diluted with 10% MeOH/CH2Cl2 and filtered through celite. The 

solution was condensed in vacuo. The resulting crude was purified by flash column 

chromatography on silica gel (10% MeOH in CH2Cl2) to afford the title compound 

as an orange solid (6 mg, 79%). 1H NMR (400 MHz, CDCl3) δ 8.15 (d, J = 7.2 Hz, 

2H), 7.53 (d, J = 7.2 Hz, 2H ), 6.99 (d, J = 9.2 Hz, 2H), 6.86 (dd, J = 9.2, 1.2 Hz, 

2H), 6.68 (s – unresolved doublet, 2H), 3.37 (br, 8H), 2,05 (br, 8H); 13C NMR (100 

MHz, CDCl3) δ 147.4, 137.7, 137.1, 131.3, 125.3, 122.6, 121.1, 118.7, 103.8, 47.7, 

25.4; IR (thin film): 2965, 2853, 1378, 1209, 1142, 720 cm-1 ; HRMS (ESI): Exact 

mass calculated for C26H27N4O2
+ [M+H]+, expected: 427.2129, found: 427.2129. 
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1.5.14 Deprotonation/Halogenation of 6,6’- Br and NR2  

-biisoquinoline-N,N’-dioxide derivatives 

 

Racemic 6,6’-bromo-1,1’-biisoquinoline-N,N’-dioxide (20 mg, 0.04 mmol) was 

suspended in THF (4.0 mL, 0.001 M) and cooled to -78°C and LDA ( 0.24 mmol as 

a 0.3 M solution in THF). The reaction was stirred at -78°C for four hours and 

quenched with D2O (212 μL) in THF (1 mL). The reaction was warmed to rt, 

condensed in vacuo, dissolved in 10% MeOH/CH2Cl2 and washed with saturated 

aqueous NH4Cl solution. The organic layer was dried over Na2SO4, filtered, and 

concentrated in vacuo. No product formation was observed with either substrate of 

the deuteration or bromination, possibly due to the poor solubilities of the starting 

materials in THF. Due to the combined difficulties of the low yielding monomer 

coupling, difficult resolution, and lack of evidence of 3,3’- deprotonation of either 

product, this pathway was decided impractical for further development. 
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Chapter 2 – Sakurai-Hosomi-Denmark Allylation 
 

 

2.1 Background 

 

The hypervalent silicon complexes generated from chlorosilanes are an important, 

but underdeveloped tool in the discovery of enantioselective methods.[58, 61] One of 

the difficulties in using them is the propensity to form multiple transition states 

through different ligand arrangements.[61] Using a C2-symmetric chiral Lewis base, 

the octahedral silicate complex has six potential diastereomeric arrangements after 

displacement of a chloride anion with the electrophile. 

 

Scheme 27. Possible configurations of trichlorosilyl silicate complexes with a C2-

symmetric bidentate Lewis base. 

While the trans chlorines arrangement is expected to be the dominant species, the 

contributions from the remaining species are an expected detriment to the 

stereoselectivity of the reactions (Scheme 27).[58, 61] 
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Gutman’s analysis describes the phenomenon of the polarization of bonds on the 

hypervalent species.[61] As the coordination number of a central metal/atom in an 

organometallic complex increases the bond lengths will increase to spatially 

accommodate the additional atoms. This effect is particularly noticeably on silicon 

because it is a relatively small central atom. The elongation of the bonds enhances 

the natural polarization, pulling the electron density closer to the ligands and 

acidifying the central atom. We believed it would be possible to use this 

phenomenon to induce potential hydrogen-bonding interactions of the chlorine 

atoms to the right Lewis base ligand. 

 

Schreiner et. al. previously demonstrated that the 3,5-bis(trifluoromethyl)phenyl 

group exhibits hydrogen-bond donor ability of the ortho-CH’s.[58] If having this 

group at the 3,3’-positions of (S)-1,1’-biisoquinoline-N,N’-dioxide could provide 

enough hydrogen-bonding interaction to influence the ligand configuration of a 

trichlorosilane species then the undesired pathways would be minimized, and the 

stereoselectivity of such reactions would be much more consistent. This would, in 

essence, act as a tetradentate ligand and make the Silicon itself chiral.[58] One of the 

most developed reactions using Lewis base activated chlorosilanes is the allylation 

of aldehydes to form homoallylic alcohols, making this a good reaction to use to 

investigate our hydrogen-bonding hypothesis. 
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Scheme 28. Examples of homoallylic alcohols used in drug synthesis. 

 

Homoallylic alcohols are important synthetic intermediates in the manufacture of 

fine chemicals (Scheme 28).[63, 64] The allylation of aldehydes is one of the most 

reliable and well developed methods of asymmetric carbon-carbon bond formation. 

The product homoallylic alcohols not only provide a chiral carbon center, but two 

potential sites for further modification, i.e. the alkene and alcohol functionalities. 



62 
 

 
 

Advantages of allyltrichlorosilane over the other allylation reagents shown include 

the combination of non-toxic reagent with a sub-stoichiometric chirality source as 

well as the action of a highly organized cyclic transition state. Allylation of 

aldehydes with allyltrichlorosilane Lewis base complexes is a well-developed 

system with many examples in the literature, which has made it a good test reaction 

for new Lewis base catalysts. [65-66] Most of the reported examples, however, still 

suffer from the need of high catalyst loadings, with only a few examples of 

catalysts that are effective at loadings of 0.1%, which was first achieved by 

Hayashi et. al. using his bipyridyl catalyst system shown below. [27-29] The bipyridyl 

catalysts from Malkov and Kotora’s groups also show a high catalytic activity and 

each require only 1 mol % catalyst loading (Scheme 29). Due to the possibility of 

six different diastereomeric complexes of the C2-symmetric bidentate catalyst with 

allyltrichlorosilane it is suspected that the large variations in ee seen between the 

range of substrates is due to competing transition state structures of the hypervalent 

silicate. The distribution of the hexacoordinate species can be affected by structural 

variation of even the aldehyde substrate. 
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Scheme 29. Allylation of aldehydes by axial chiral bis N-oxides. 

With no specific solution in the literature to preferentially form one ligand 

configuration it was determined that this was a system worth addressing. We 
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hypothesized that hypervalent chlorosilanes could be influenced by hydrogen-

bonding interactions and which would lead to a more efficient catalyst system. 

Schreiner et. al. had previously demonstrated the potential of the ortho C-H of the 

3,5’-CF3-phenyl group to be a hydrogen bond donor.[67] We believed we could use 

this characteristic to influence the ligand configuration towards the cis chlorine 

configuration of the silicon complex and minimize the number of reaction 

pathways (Scheme 30). The expansion of the coordination sphere of silicon was 

expected to demonstrate the effect of increased polarization of the Si – Cl bonds (as 

well as all of the Si – ligand bonds) according to Gutman’s analysis. This was 

expected to make the chlorine ligands much more capable of accepting hydrogen-

bonding than the analogous carbon - chlorine bonds. 

 

Scheme 30. Catalytic concept for selective ligand configuration. 

 

2.2 Viability of Hydrogen-Bonding Approach 
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Since the ability of the peripheral Cl atoms of hypervalent chlorosilanes to accept 

hydrogen bonding had not been documented, computation was used to provide 

more support for this hypothesis before testing began. An energy minimization of a 

neutral complex of (S)-3,3’-bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-

biisoquinoline-N,N’-dioxide with SiCl4 was performed in the gas phase with the 

B97-D exchange-correlation functional and 6-31G basis set (Figure 3). This 

calculation showed the ortho-CH of the 3,5-bis(trifluoromethyl)phenyl group at a 

distance of 2.4 Å from the trans chlorines, which is considered to be within weak to 

moderate hydrogen-bonding range. [58] 

 

Figure 3. Energy minimization of (S)-3,3’-bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-
biisoquinoline-N,N’-dioxide SiCl4 complex. 
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2.3 Allylation of Aldehydes 

 

After a brief screening of aromatic aldehydes with varying electronic groups 

comparable to the previously mentioned catalysts, 4-methoxybenzaldehyde was 

chosen as a model substrate to begin testing because of the wide range of 

performances seen in the literature with this substrate and the fact that the highest 

er (enantiomeric ratio) was achieved with the initial test (Table 4). 
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Entry R Yield er Yield er Yield er 

1 H 99 % 90.5: 9.5 32 % 53.5: 46.5 95 % 92: 8 

2 MeO 99 % 51: 49 61 % 76: 24 96 % 97: 3 

3 Cl 99 % 75.5: 24.5 24 % 84: 16 83 % 78: 22 

 

 

Entry R NMR yield er 

1 H 40% 94:6 

2 MeO 72% 97:3 

3 Cl 87% 92:8 

Table 4. Effect of aldehyde electronics 
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The reaction could be further cooled to -40°C but mixing the reagents at this 

temperature caused fluctuations in enantioselectivities. Several other solvents were 

tested so that the solution could be cooled further for the addition of reagents 

(acetonitrile m.p. = -45°C), however, the polarity of the acetonitrile was necessary 

to achieve the demonstrated yields, presumably for the ionization step and even 

propionitrile provided a decreased reaction rate. Therefore, the use of a cosolvent 

was examined to retain the polarity and lower the m.p. of the reaction (Table 5). 
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Entry Cosolvent m.p. (°C) NMR yield er 

a1 EtCN -93 95% 98:2 

2 CH2Cl2 -97 87% 97:3 

3 THF -108 90% 98:2 

4 Et2O -116 80% 98:2 

5 Toluene -93 86% 96:4 

Table 5. Cosolvent Screening 

As the effect of the cosolvents was similar, THF was chosen for use as it 

demonstrated the best performance out of the solvent stills that were set up in our 

lab. 

With optimized conditions in hand the range of 3,3’- substituted catalysts reported 

in chapter 2 was tested for the allylation of 4-methoxybenzaldehyde with 

allyltrichlorosilane. The results are summarized in Table 6. 
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Entry R = Yield er 

1 

 

87% 98:2 

2 

 

83% 98:2 

3 

 

81% 95.5:4.5 

4 

 

86% 97.5:2.5 

5 

 

96 a6:94 

6 

 

83 91:9 

7 Br 0  

Table 6. Catalyst Screening for the allylation of 4-methoxybenzaldehyde. 

a) The (R) enantiomer of this catalyst was used leading to the opposite enantiomer of 
product. 
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Given that entries 1, 2, and 4 in Table 6 were almost the same these three catalysts 

were then tested with structurally distinct cinnamaldehyde showing that (S)-3,3’-

bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide retained 

superior stereo-control in this case (Table 7). This is supported by an additional 

energy minimization of the 3, 5-methyl-phenyl substituted catalyst with SiCl4 

where the SiCl4 demonstrates distortion to avoid the steric interaction of the 

catalyst and chlorines (Figure 4).[80] 
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Entry R = Yield er 

1 

 

71% 95:5 

2 

 

68% 88.5:11.5 

3 

 

62% 84.5:15.5 

Table 7. Catalyst Screening for the Allylation of Cinnamaldehyde 
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Figure 4. Comparison of energy minimizations of the SiCl4 complexes of (S)-3,3’-
bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide and (S)-3,3’-

bis[3,5-bismethylphenyl]-1,1’-biisoquinoline-N,N’-dioxide. 

 

Having decided the optimal conditions and catalyst a series of 21 aromatic and α,β-

unsaturated aldehydes were successfully tested with this new system (Table 8). The 

allylation of aliphatic aldehydes was unsuccessful, presumably due to the formation 

of chlorohydrins.[68]  
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Promoter 

   

Entry Aldehyde Yield er  Yield Er Yield er 

1 

 

  64% 94:6   

2 

 

  90% 98:2 71% 97:3 

3 

 

  80% 97:3   

4 

 

  85% 92:8   

5 

 

  76% 98:2   

6 

 

  81% 97:3   
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7 

 

  75% 93:7   

8 

 

68% 89:11 62% 93:7   

9 

 

  47% 89:11 70 91:9 

10 

 

  58% 87.5:12.5 69% 91:9 

11 

 

  56% 90:10 76% 90:10 

12 

 

  48% 90:10 62% 90:10 

13 

 

90% 94:6 79% 97:3   

14 

 

  77% 98:2   

15 

 

  85% 98:2   

16 

 

  a40% 

ab72% 

98:2 

99:1 

  

17 

 

  52% 78:22   
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18 

 

7% 

NMR 

yield 

84:16 11% 

NMR 

yield 

c81% 

98:2   

19 

 

  84% 96:4   

20 

 

  79% 98:2   

21 

 

  a18% 

abd96% 

98:2 

99:1 

  

 

Table 8. Allylation of aldehydes by LB-chlorosilane complexes. a) 0.5M concentration; 
b) 71 hours; c) 0.5% catalyst loading; d) 0.1% catalyst loading 

 

2.4 Summary and Outlook 

 

The allylation of aldehydes by allyltrichlorosilane was demonstrated with a new 

Lewis base catalyst system. The steric and electronic tuning of the catalyst system 

were demonstrated independently of each other. Analogous to BINOL, the ability 

to tune the chiral pocket of 1,1’-biisoquinoline-N,N’-dioxide is expected to have 

many applications across several chemical research fields. This catalyst system is 

being further developed to address more challenges in enantioselective chlorosilane 

chemistry. This work was published in Organic Letters.[58] 
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2.5 Experimental Section 

 

2.5.1 General Information 

 

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

atmosphere of dry argon or nitrogen unless otherwise noted. Except as otherwise 

indicated, all reactions were magnetically stirred and monitored by analytical thin-

layer chromatography using SiliCycle® Inc. pre-coated silica gel plates with F254 

indicator. Visualization was accomplished by UV light (256 nm), with a 

combination of potassium permanganate and/or vanillin solution as an indicator. 

Flash column chromatography was performed according to the method of Still[59] 

using silica gel 60 (mesh 230-400) supplied by SiliCycle® Inc. Yields refer to 

chromatographically and spectroscopically pure compounds, unless otherwise 

stated. Commercial grade reagents and solvents were purchased from Sigma-

Aldrich, Alfa-Aesar, Acros, Fisher, TCI, and VWR, and were used as received 

without further purification except as indicated below. CH3CN, CH2Cl2, and 

toluene were freshly distilled over CaH2 under an atmosphere of dry argon or 

nitrogen prior to use. Et2O and THF were freshly distilled over 

sodium/benzophenone under an atmosphere of dry nitrogen prior to use. N,N-

Diisopropylethylamine was distilled over CaH2 under an atmosphere of dry argon, 

stored over KOH in a Schlenk flask, and used from there. Allyltrichlorosilane 
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(Acros) was freshly distilled over CaH2 under an atmosphere of dry argon prior to 

use. Liquid aldehydes were freshly distilled over CaH2 under reduced pressure 

before use. Solid aldehydes were freshly purified by flash column chromatography 

prior to use as indicated above using solvents degassed by purging nitrogen for 15 

min. They were then dissolved in freshly distilled toluene and concentrated in 

vacuo three times prior to use. All 1H NMR and 13C NMR spectra were obtained 

using a Bruker 400 Ultrashield or an Oxford AS400 Spectrometer (1H 400 MHz, 

13C 100 MHz) at ambient temperature in CDCl3 purchased from Cambridge Isotope 

Laboratories, Inc. Chemical shifts in 1H NMR spectra are reported in parts per 

million (ppm) respective to tetramethylsilane (δ 0.00 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), m (multiplet) and br (broad). Chemical shifts in 13C NMR 

spectra are reported in ppm respective to CDCl3 (δ 77.0 ppm). All 13C NMR spectra 

were recorded with complete proton decoupling. Infrared (IR) spectra were 

recorded using a Nicolet IR200 FT-IR instrument. HRMS data were obtained at 

USF Mass Spec and Peptide Core Facility in the Department of Chemistry at the 

University of South Florida. Optical rotations were measured using a Jasco P2000 

Polarimeter as 589 nm and were reported as [α]D
T (°C) (concentration in grams/100 

mL solvent). Chiral HPLC analysis was performed on Varian Polaris HPLC system 

with a diode array detector using analytical chiral columns (250 x 4.6 mm, L x I.D.) 
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purchased from CHIRAL TECHNOLOGIES, INC. (CHIRALCEL® OD-H, 

CHIRALPAK® AD-H, CHIRALCEL® OJH, and CHIRALPAK® AS-H). 

 

2.5.2 Representative Procedure for the Allylation of Aldehydes[80] 

 

 

 (R)-1-(4-Methoxyphenyl)-3-buten-1-ol: A solution of 4-methoxybenzaldehyde 

(121 µL, 1.0 mmol) and N,N-diisopropylethylamine (784 µL, 4.5 mmol ) in 0.9 mL 

of THF: MeCN (1:3) mixture was cooled to -50 °C, to which was added 

allyltrichlorosilane (217 µL, 1.5 mmol). The resulting mixture was stirred at -50 °C 

for another 15 min. before adding 0.1 mL of a stock solution of (S)-3,3’-bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (7.2 mg, 0.01 mmol, 

in 2.0 mL of the THF:MeCN mixture). The reaction mixture was stirred at -40 °C 

for 16 hours, quenched with 3 N aqueous NaOH solution (1.25 mL), stirred at rt for 

10 minutes, and extracted 3 times with diethyl ether. The combined organic layers 

were washed with brine, dried over Na2SO4, filtered and condensed in vacuo. The 

resulting crude mixture was purified by flash column chromatography on silica gel 

(10% EtOAc in hexanes) to afford the title compound as a clear oil (161 mg, 90%). 

All spectral data were identical to the literature values.[69] er = 98:2; [α]D
20 = +31.16 

(c = 1.0, CH2Cl2); The absolute stereochemistry was assigned by HPLC analysis:[70]  
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tR (R) 20.6 min; (S) 24.2 min, (Daicel Chiralcel® OD-H with an OD-H guard 

column, hexane/2-propanol = 19/1, 0.5mL/min, 210 nm).  

  

(R)-1-(3-Methoxyphenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (122 µL, 1.0 mmol) gave the title 

compound as a clear oil (142 mg, 80 %). All spectral data were identical to the 

literature values. [69]  er = 97:3; [α]D
20 = +25.06 (c = 1.0, CH2Cl2); The absolute 

stereochemistry was assigned by HPLC analysis: [71]   tR (S) 30.5 min; (R) 33.3 min, 

(Daicel Chiralcel® OJ-H with an OJ-H guard column, hexane/2-propanol = 98:2, 

0.8mL/min).  

  

(R)-1-(2-Methoxyphenyl)-3-buten-1-ol : (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (124 µL, 1.0 mmol) gave the title 

compound as a clear oil (151 mg, 85 %). All spectral data were identical to the 

literature values. [69]   er = 92:8; [α]D
20 = +28.43 (c = 1.0, CH2Cl2); The absolute 

stereochemistry was assigned by HPLC analysis: [72]  tR (S) 13.2 min; (R) 14.2 min, 

(Daicel Chiralcel® OD-H with an OD-H guard column, hexane/2-propanol = 90:10, 

0.5mL/min).  
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(R)-1-(4-Methylphenyl)-3-buten-1-ol : (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (118 µL, 1.0 mmol) gave the title 

compound as a clear oil (123 mg, 76 %). All spectral data were identical to the 

literature values. [69]  er = 98:2; [α]D
20 = +29.66 (c = 0.5, CH2Cl2); The absolute 

stereochemistry was assigned by optical rotation: [72]  HPLC analysis: tR (R) 21.5 

min; (S) 22.5 min, (Daicel Chiralcel® OD-H with an OD-H guard column, 

hexane/2- propanol = 98:2, 0.6mL/min).  

 

(R)-1-(3-Methylphenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (117 µL, 1.0 mmol) gave the title 

compound as a clear oil (131 mg, 81 %). All spectral data were identical to the 

literature values. [72] er = 97:3; [α]D
20 = +32.22 (c = 0.5, CH2Cl2); The absolute 

stereochemistry was assigned by HPLC analysis: [72] tR (R) 22.1 min; (S) 24.3 min, 

(Daicel Chiralcel® OD-H with an OD-H guard column, hexane/2-propanol = 90:10, 

0.25 mL/min). 
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(R)-1-(2-Methylphenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (116 µL, 1.0 mmol) gave the title 

compound as a clear oil (121 mg, 75 %). All spectral data were identical to the 

literature values. [69] er = 93:7; [α]D
20 = +39.93 (c = 0.5, CH2Cl2); The absolute 

stereochemistry was assigned by HPLC analysis: [71] tR (R) 14.6 min; (S) 16.7 min, 

(Daicel Chiralpak® AD-H with an AD-H guard column, hexane/2-propanol = 

90:10, 0.5 mL/min).  

  

(R)-1-(4-Chlorophenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (141 mg, 1.0 mmol) gave the title 

compound as a clear oil (114 mg, 62 %). All spectral data were identical to the 

literature values. [72] er = 93:7; [α]D
20 = +28.04 (c = 1.0, CH2Cl2); [α] 20 D = +27.44 

(c = 1.17, CHCl3); The absolute stereochemistry was assigned by optical rotation: 

[71] HPLC analysis: tR (S) 23.1 min; (R) 25.9min, (Daicel Chiralcel® OJ-H with an 

OJ-H guard column, hexane/2-propanol = 98:2 , 0.7 mL/min).  

 



83 
 

 
 

(R)-1-(3-Chlorophenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-6,6’-dimethoxy-1,1’-biisoquinoline-N,N’-dioxide (0.41 

mg, 0.0005 mmol) and the corresponding aldehyde (113 µL, 1.0 mmol) gave the 

title compound as a clear oil (127 mg, 70 %). All spectral data were identical to the 

literature values. [72] er = 91:9; [α]D
20 = +22.94 (c = 1.0, CH2Cl2); The absolute 

stereochemistry was assigned by HPLC analysis: [73] tR (R) 16.3 min; (S) 17.7min, 

(Daicel Chiralpak® AD-H with an AD-H guard column, hexane/2-propanol = 98:2, 

0.9 mL/min).  

 

(R)-1-(2-Chlorophenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-6,6’-dimethoxy-1,1’-biisoquinoline-N,N’-dioxide (0.41 

mg, 0.0005 mmol) and the corresponding aldehyde (113 µL, 1.0 mmol) gave the 

title compound as a clear oil (125 mg, 69 %). All spectral data were identical to the 

literature values. [72] er = 91:9; [α]D
20 = +48.54 (c = 1.0, CH2Cl2); Stereochemistry 

was assigned by HPLC analysis: [73] tR (R) 29.5 min; (S) 33.4 min, (Daicel 

Chiralpak® AD-H with an AD-H guard column, hexane/2-propanol = 99.5:0.5 , 1.0 

mL/min).  

 

(R)-1-(2-Fluoro-phenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-6,6’-dimethoxy-1,1’-biisoquinoline-N,N’-dioxide (0.41 
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mg, 0.0005 mmol) and the corresponding aldehyde (105 µL, 1.0 mmol) gave the 

title compound as a clear oil (127 mg, 76 %). All spectral data were identical to the 

literature values. [74] er = 90:10; [α]D
20 = +31.24 (c = 0.5, CH2Cl2); The absolute 

stereochemistry was assigned by HPLC analysis: [73] tR (R) 31.5 min; (S) 34.1 min, 

(Daicel Chiralpak® AD-H with an AD-H guard column, hexane/2-propanol = 99.5: 

0.5, 1.0 mL/min). 

 

(R)-1-(3-Bromophenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-6,6’-dimethoxy-1,1’-biisoquinoline-N,N’-dioxide (0.41 

mg, 0.0005 mmol) and the corresponding aldehyde (117 µL, 1.0 mmol) gave the 

title compound as a clear oil (141 mg, 62 %). All spectral data were identical to the 

literature values. [75] er = 90:10; [α]D
20 = +20.49 (c = 0.245, CH2Cl2); The absolute 

stereochemistry was assigned by HPLC analysis: [76] tR (R) 25.3 min; (S) 27.6 min, 

(Daicel Chiralpak® AD-H with an AD-H guard column, hexane/2-propanol = 99:1, 

1.0 mL/min).  

  

(R)-1-(Phenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-

biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 mmol) and the corresponding 

aldehyde (102 µL, 1.0 mmol) gave the title compound as a clear oil (95 mg, 64 %). 

All spectral data were identical to the literature values. [69] er = 94:6; [α]D
20 = 
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+34.28 (c = 1.0, CH2Cl2); The absolute stereochemistry was assigned by HPLC 

analysis: [70] tR (R) 17.6 min; (S) 19.5 min, (Daicel Chiralcel® OD-H with an OD-H 

guard column, hexane/2-propanol = 95/5, 0.5 mL/min).  

 

(R)-1-Naphthalen-1-yl-3-buten-1-ol: (S)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-

1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 mmol) and the corresponding 

aldehyde (136 µL, 1.0 mmol) gave the title compound as a clear oil (157 mg, 79 

%). All spectral data were identical to the literature values. [69] er = 97:3; [α]D
20 = 

+53.38 (c = 1.0, CH2Cl2); The absolute stereochemistry was assigned by HPLC 

analysis: [71] tR (S) 16.6 min; (R) 28.2 min, (Daicel Chiralcel® OD-H with an OD-H 

guard column, hexane/2-propanol = 90:10, 0.5 mL/min.  

 

(R)-1-(2, 4-Dimethoxyphenyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (166 mg, 1.0 mmol) gave the title 

compound as a clear oil (177 mg, 85 %). 1H NMR (400 MHz, CDCl3) δ 7.24 (d, J = 

8.0 Hz, 1H), 6.48 (d, J = 10 Hz, 1H), 6.47 (s, 1H), 5.90-5.79 (m, 1H), 5.14 (d, J = 

16.0 Hz, 1H), 5.11 (d, J = 12.0, 1H), 4.93-4.87 (m, 1H), 3.83 (s, 3H), 3.81 (s, 3H), 

2.61-2.48 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 160.1, 157.5, 135.4, 127.5, 
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124.4, 117.4, 104.0, 98.6, 69.4, 55.4, 55.3, 41.9; IR (thin film): 3424, 3074, 2937, 

2836, 1613, 1505, 1464, 1290, 1208, 1158 cm-1 ; HRMS (ESI): Exact mass 

calculated for C12H16O3Na+ [M+Na]+ , expected: 231.0997, found: 231.0991; The 

absolute stereochemistry was assigned by analogy. er = 98:2; [α]D
20 = +42.79 (c = 

0.43, CH2Cl2); HPLC analysis: tR (S) 12.1 min; (R) 15.0 min, (Daicel Chiralcel® 

OD-H with an OD-H guard column, hexane/2-propanol = 80:20 mL/min).  

 

 

(R)-1-Benzo[1,3]dioxol-5-yl-3-buten-1-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (150 mg, 1.0 mmol) gave the title 

compound as a clear oil (147 mg, 77 %). All spectral data were identical to the 

literature values. [77] er = 98:2; [α]D
20 = +23.96 (c = 0.5, CH2Cl2); The absolute 

stereochemistry was assigned by HPLC analysis: [71] tR (R) 16.7 min; (S) 19.2 min, 

(Daicel Chiralcel® OD-H with an OD-H guard column, hexane/2-propanol = 90:10, 

0.5 mL/min).  

 

(R)-1-(2-thiophen)-3-buten-1-ol: (S)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-

1,1’-biisoquinoline-N,N’-dioxide (3.6 mg, 0.005 mmol) and the corresponding 
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aldehyde (93 µL, 1.0 mmol) gave the title compound as a clear oil (125 mg, 81 %). 

All spectral data were identical to the literature values. [69] er = 98:2; [α]D
20 = 

+19.60 (c = 0.5, CH2Cl2); The absolute stereochemistry was assigned by HPLC 

analysis: [71] tR (S) 17.8 min; (R) 20.1 min, (Daicel Chiralcel® OJ-H with an OJ-H 

guard column, hexane/2-propanol = 93:7, 0.5 mL/min).  

 

 

(R)-1-(2-furyl)-3-buten-1-ol: (S)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-

biisoquinoline-N,N’-dioxide (3.6 mg, 0.005 mmol) and the corresponding aldehyde 

(83 µL, 1.0 mmol) gave the title compound as a yellow oil (71 mg, 52 %). All 

spectral data were identical to the literature values. [69] er = 78:22[α]D
20 = +14.8 (c = 

0.1, CH2Cl2); The absolute stereochemistry was assigned by the optical rotation: [76] 

tR (S) 29.5 min; (R) 33.0 min, (Daicel Chiralcel® OJ-H with an OJ-H guard column, 

hexane/2-propanol = 98:2, 0.5 mL/min).  

  

(R)-1-[3-(1-Hydroxy-but-3-enyl)-indole-1-yl]-ethanone: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (187 mg, 1.0 mmol) in 0.5 mL THF and 1.5 

mL MeCN for 71 hours produced the title compound as a clear oil (165 mg, 72 %). 
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1H NMR (400 MHz, CDCl3) δ 8.45 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 7.6, 1H), 7.40 

(s, 1H), 7.38 (dd, J = 8.4, 8.0 Hz, 1H), 7.30 (dd, J = 7.2, 7.6 Hz, 1H), 5.90-5.84 (m, 

1H), 5.24 (d, J = 14.0 Hz, 1H), 5.21 (d, J = 9.6 Hz, 1H), 5.08-5.04 (m, 1H), 2.81-

2.75 (m, 1H), 2.68-2.61 (m, 1H), 2.63 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

168.6, 136.3, 134.1, 128.4, 125.5, 125.2, 123.6, 121.8, 119.5, 119.0, 116.9, 67.0, 

42.0, 24.0; IR (thin film): 3420, 3074, 2931, 1702, 1641, 1605, 1452, 1220, 1127, 

1019, 935 cm-1 ; HRMS (ESI): Exact mass calculated for C14H16NO2
+ [M+H]+, 

expected: 230.1181, found: 230.1175; The absolute stereochemistry was assigned 

by analogy. er = 99:1; [α]D
20 = +74.60 (c = 0.165, CH2Cl2); HPLC analysis: tR (S)-

isomer, 15.3 min; (R)-isomer, 18.5 min (Chiralcel® OD-H column equipped with an 

OD-H guard column, hexane/2- propanol = 80:20, 0.5 mL/min).  

 

(R)-1-Phenylhexa-1,5-dien-3-ol: (S)-3,3’-Bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-

biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 mmol) and the corresponding 

aldehyde (126 µL, 1.0 mmol) gave the title compound as a yellow oil (146 mg, 84 

%). All spectral data were identical to the literature values. [69] er = 96:4; [α]D
20 = 

+10.29 (c = 1.0, CH2Cl2); [α]D
20 = - 9.71 (c = 1.12, Et2O); The absolute 

stereochemistry was assigned by the optical rotation.[77] HPLC analysis: tR (R) 9.2 

min; (S) 10.1 min, (Daicel ChiralPak® AS-H with AS-H guard column, hexane/2-

propanol = 95/5, 0.8 mL/min).  
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(1E, 3R) 2-Methyl-1-phenyl-1,5-Hexadien-3-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.36 mg, 0.0005 

mmol) and the corresponding aldehyde (140 µL, 1.0 mmol) gave the title 

compound as a clear oil (148 mg, 79 %). All spectral data were identical to the 

literature values. [69] er = 98:2; [α]D
20 = +1.25 (c = 0.79, CHCl3); [α]D

20 = - 0.44 (c = 

1.0, CH2Cl2); The absolute stereochemistry was assigned by the optical rotation.[71] 

HPLC analysis: tR (R) 14.0 min; (S) 16.3 min, (Daicel Chiralcel® OD-H with an 

OD-H guard column, hexane/2-propanol = 97/3, 0.8 mL/min).  

 

(1E, 3R) 2-Bromo-1-phenyl-1,5-Hexadien-3-ol: (S)-3,3’-Bis[3,5-

bis(trifluoromethyl)phenyl]-1,1’-biisoquinoline-N,N’-dioxide (0.72 mg, 0.001 

mmol) and the corresponding aldehyde (211 mg, 1.0 mmol) in 0.5 mL THF and 1.5 

mL acetonitrile for 71 h to give the title compound (242 mg, 96 %) as a clear oil. 

All spectral data were identical to the literature values reported for the 

corresponding racemic compound.[78] The absolute stereochemistry was assigned 

by analogy. er = 99:1; [α]D
20 = -47.38 (c = 0.24, CH2Cl2); [α]D

20 = +5.89 (c = 0.79, 

CHCl3); HPLC analysis: tR (R) 15.6 min; (S) 16.7 min, (Daicel Chiralcel® OD-H 

with an OD-H guard column, hexane/2-propanol = 92/8, 0.5 mL/min). 
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Chapter 3 
Lewis Base Catalyzed Aldol/Mannich reactions of 

Trichlorosilyl-Enolates 
 

3.1 Background 

 

3.1.1 History and significance 

 

Scheme 31. Examples of bioactive tertiary alcohols. 
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Scheme 32. Examples of bioactive α-tertiary amines. 

Tertiary alcohols and α-tertiary amines are prolific in bioactive molecules (selected 

examples in Scheme 31 + 32.[79-80] Current methodology to produce these 

functionalities in a laboratory setting include the oxidation of enantiopure tertiary 

boronic esters, the dihydroxylation of tri/tetra substituted alkenes, or the opening of 

epoxides, all of which require stereo-defined starting materials; kinetic resolution 

of racemic products, which has a maximum yield of 50 %; and the addition of 

nucleophiles to ketones and ketimines, which creates chirality from the prochiral 

carbonyl (or imine) carbon.[81] This methodology includes the aldol and Mannich 

type processes examined in this project. The aldol reaction (the addition of an 

enolate/enol donor to an aldehyde/ketone acceptor) and the Mannich reaction (the 

addition of an enol/enolate donor to an aldimine/ketimine donor) are considered to 

be two of the most important reactions in organic synthesis. This is because these 

reactions have the potential to simultaneously form two adjacent chiral centers 

from cheap, achiral starting materials.  
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The first benchtop example of the aldol reaction has been credited to Wurtz in 1872 

with the condensation of acetaldehyde[82], but this reaction has since been shown to 

exist in biological systems throughout nature. The Mannich reaction was first 

demonstrated by Mannich and Krösche in 1912.[83] The aldol and Mannich reaction 

are analogous to each other but demonstrate slightly different challenges due to the 

structural differences in the electrophiles.  

 

 

Scheme 33. Structural and electronic relationships of carbonyls and imines. 

Aldehydes are the most reactive towards nucleophiles because the C=O double 

bond is more polarized than the C=N bond and the ketone carbonyl has better 

electron donation from two adjacent carbons, than the aldehyde does from one. The 
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stereo-differentiation is also easier in aldehydes and aldimines than ketones and 

ketimines due to the greater dissimilarity between R and H than R and R’. The 

reverse logic explains why ketimines are the least electrophilic and stereo-

differentiation is more difficult in ketimines and ketones (Scheme 33).[84] 

 

3.1.2 Aldol Reactions 

 

The catalytic enantioselective aldol addition to aldehydes has been well established 

in the literature, however, the addition to ketones has experienced much slower 

progress. One of the difficulties in aldol reactions is that the of enol ethers to 

ketones, as seen in the Mukaiyama aldol reaction, is a reversible reaction that 

favors the reverse pathway. In order to benefit from an enantioselective process, the 

stereo-determining step needs to be irreversible.  

 

The first enantioselective aldol addition to a ketone acceptor was reported by Evans 

et. al. in 1997.[85,86] In this report silyl ketene acetals were demonstrated as effective 

nucleophiles to enantio- and diastereo-selectively add to activated pyruvate esters. 

Bisoxazolines were used as chiral ligands for copper complexes to form chiral 

Lewis acid catalysts. The pyruvate esters chelated to the copper catalyst to exhibit 

greater reactivity and stereo-control. (Scheme 34a). 
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Scheme 34. First catalytic enantioselective aldol reactions. 

 

Scheme 35. Denmark’s enantioselective aldol addition to ketones. 
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Shortly after the report by Evans, Denmark reported the first catalytic, 

enantioselective aldol addition to un-activated ketones.[87] The trichlorosilyl ketene 

acetal a allowed for the chelation of the aldol product onto the silicon, to direct the 

forward reaction and disfavor the reverse pathway (Scheme 34b). The discovery 

that the addition of a Lewis basic phosphoramide pushed the reaction forward 

allowed the of installation of chirality on the silicon as well as the use of sub-zero 

temperatures to discourage undesired reaction pathways. Current pathways of the 

aldol addition to unactivated ketones include, Mukaiyama-type, Reformatsky 

reactions, and reductive aldol. 

 

Scheme 36. Selected examples of enantioselective Mukaiyama-type aldol reactions. 
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The Mukaiyama aldol reaction is the Lewis acid catalyzed reaction of a silyl enol 

ether with a carbonyl. While traditionally these aldol reactions are metal 

mediated[88-90] the past decade has seen a few examples of organocatalytic 

Mukaiyama type aldol reactions. One of the major difficulties of the 

organocatalysis of this type of aldol reaction is that silylium cations are formed 

within the reaction which makes catalyst poisoning difficult to prevent and 

generally necessitates high catalyst loadings. Generally, as seen in Nakajima et. 

al.’s trichlorosilyl triflate mediated cross aldol, the cationic species is counteracted 

by a large excess of base (Scheme 36a).[91] List’s group however, demonstrated an 

alternative solution to this conundrum by incorporating the silylium ion into the 

catalyst design which allowed for a (S,S)-IDPi catalyst loading of only 0.05 % 

(Scheme 36b).[92] 
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Scheme 37. Catalytic enantioselective Reformatsky reactions. 

 

The Reformatsky reaction is the nucleophilic addition of organozinc reagents 

generated from α-haloesters to carbonyls. While the state of the art in the addition 

to ketones remains the reactions demonstrated by Feringa et. al. of a BINOL 

catalyzed reaction (Scheme 37a) and Cozzi’s demonstration of prophenol catalyzed 

(Scheme 37b) Reformatsky addition to ketones, this reaction type has the 

advantage of ease of handling using reagents that are not moisture sensitive and 

non-cryogenic temperatures.[93-94] 
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Scheme 38. Erythro- selective aldol addition to ketones. 

 

The reductive aldol reaction has the advantage of in situ generation of the enolate. 

In 2019, Zhang et. al. demonstrated the copper catalyzed erythro – selective 

reductive aldol addition of 5,6-dihydro-2H-pyran-2-one to ketones. In this reaction 

a boron enolate is formed in situ and directed to the ketone addition by a 

TANIAPHOS ligated copper catalyst.[95] While many examples of acetate derived 

enolate addition to ketones have been reported the catalytic enantioselective 

addition of propanoate derived enolates to unactivated ketimines are limited to only 

a couple of reports of erythro-selective aldol addition (Scheme 38).[96, 97] The 

existence of threo-selective processes is currently absent from the literature. 
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Scheme 39. Enone derived trichlorosilyl enolates 

In 2010 Nakajima reported the use of trichlorosilyl enolates derived from α, β – 

unsaturated carbonyls in diastereo- and enantio-selective aldol reactions (Scheme 

39).[98] It was shown that the reduction of the chalcone used, took place via a highly 

organized, cyclic transition state, yielding only the (Z)-enolate (except for acetate 

derivatives enolates are diastereomeric). In demonstrations with the aldol addition 

of these enolates to aldehydes, high syn selectivity is observed, which supports the 

argument of the cyclic transition state. This was consistent with the intramolecular 

reductive aldol of a ketoenone. While the enantioselective reductive aldol reaction 

of metal enolates to ketones has experienced significant progress in the past decade, 

the use of trichlorosilyl enolates has not experienced this growth and is worth 

further investigation. 
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3.2 Acrylamide Derived Enolates 

 

With the expectation that the aldol addition to ketones should proceed in a similar 

fashion to that shown by Nakajima we hypothesized that the reductive aldol 

addition of an acrylamide derived enolate to ketones would result in a highly threo-

selective process. The original chalcone used by Nakajima’s group was not 

expected to be reactive enough for the addition to ketone electrophiles so we began 

by considering an electronically activated enolate by the same logic of pyruvate 

ester derived enolates, subbing the silyl enol ether for a silyl ketene acetal. We 

further extended this logic to the use of amides.[87, 98-105] 

Following the reduction pathway supported by Nakajima’s experiments, the 

reduction of the enone occurs from a disfavored conformation of its trichlorosilane 

complex. By this logic, a larger group on the unreactive side of the ketone would 

help to push the equilibrium towards the necessary conformation and therefore 

expedite the enolate formation. 

 

Acetate and propionate derived enolates are expected to be of equal utility, and the 

corresponding acetate derived trichlorosilyl ketene acetal is difficult to synthesize 
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and handle, therefore, we decided to examine the use of N,N-dimethyl acrylamide 

derived trichlorosilyl enolates as a complimentary method 

.  

Scheme 40. Conjugation of Nitrogen lone pair of N, N-dimethylacrylamide. 

It was believed that the lone pair of the nitrogen being in conjugation with the pi 

system of acrylamide should give it a pseudo – sp2 conformation making the 

molecule flat (Scheme 40). This would cause greater steric repulsions toward the 

propene segment and pushing it toward the carbonyl as well as making the 

opposing lone pair of the oxygen more sterically accessible for the trichlorosilane. 

(S)-biisoquinoline-N,N’-dioxide was used as a Lewis base catalyst to probe the 

feasibility of this approach. Because the enolate was not expected to be isolable, the 

reduction of N,N-dimethyl acrylamide was taken as evidence that the enolate had 

formed (Scheme 41).  

 

Scheme 41. Reduction of N,N-dimethyl acrylamide. 

With the viability of the enolate formation established, a series of other Lewis base 

catalysts were tested to improve the reactivity. 
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Entry Promoter NMR yield 

1 

 

20% 

2 aPh3P=O 70% 

3 (R, R) - DIOPO 68% 

4 

 

90% 

5 

N+

O-

N
NN

Bn

 

12% 

6 

 

25% 

Table 9. Reduction of N,N-dimethyl acrylamide catalyst screening a) 20% catalyst 
loading, 3 hours 
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3.3 Aldol Reactions of trichlorosilyl enolates 

 

Amongst the catalysts tested (R)-3,3’-Bis(4-methylphenyl)-1,1’-biisoquinoline-

N,N’-dioxide (entry 4, Table 9) proved the most efficient for the reduction step. 

Additional tests revealed that no starting acrylamide remained after 6 hours, while 

the time could be cut to 3 hours with 20% catalyst loading. The addition of ketone 

at this point lead to the desired aldol reaction in only trace quantities by NMR 

analysis. Thinking that the ideal catalyst for the aldol step and reduction step may 

not be the same, a series of Lewis bases were tested for the aldol reaction, despite 

possibly lowering the efficiency of enolate generation. The results are summarized 

below (Table 10). 

 

 

 

Entry Promoter NMR yields 

1 Ph3P=O 26% syn, 36% anti 

2 (R, R) - DIOPO 17% syn, 31% anti 

3 (R, R) – MeBPEO 3% syn, 3% anti 
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4 (R) – BINAPS 3% syn, 2% anti 

5 

 

No reaction 

6 

 

13% syn, 17% anti 

7 

 

7% syn, 9% anti 

8 

 

52% syn, 51% anti 

9 10% (R) BINAP trace 

10 5% Xantphos Trace 

11 10% (R) BINAPO 2% syn, 14% anti 

12 10% (R, R) - DIOPO 3% syn, 21% anti 

13 10% (R) SEGPHOSO trace 

14 10% Xantphoso 3% syn, 25% anti 

Table 10. Aldol reaction catalyst screening a) 20% catalyst loading, 3 hours 

 

Though entry 8 in Table 11 exhibited quantitative NMR yield, virtually no 

stereoselectivity was observed. To examine the possibility of a catalyst that might 

efficiently promote the aldol reaction but be incapable of promoting the acrylamide 

reduction, we began adding a cocatalyst with the ketone after the enolate was 
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expected to be fully formed (Table 11). 

 

Entry Cocatalyst NMR yields 

1 Ph3P=O 23% syn, 35% anti 

2 DMAPO 23% syn, 35% anti 

3 (R, R) – MeBPEO 5% syn, 6% anti 

4 (R, R) – DIOPO 20% syn, 35% anti 

5 (R) BINAPS 22% syn, 31% anti 

6 

 

19% syn, 25% anti 

7 

 

29% syn, 30% anti 

8 

 

18% syn, 27% anti 

9 

 

17% syn, 23% anti 
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10 

 

29% syn, 36% anti 

11 

 

32% syn, 39% anti 

Table 11. Screening of cocatalysts for reductive aldol reaction. 

 

 

The diastereo-selectivities did not improve by this method and it was considered 

likely that the aldol product was being formed through background reaction and a 

stronger base was needed for the catalytic pathway to compete. 

 

3.4 Mannich Type Reactions 

Due to the equal utility of aldol and Mannich type transformations we began to 

examine the possibility of using our new enolate in the Mannich type addition to 

ketimines while we further developed the catalyst. Ketimines are generally 

considered difficult substrates due to some of their inherent chemical properties and 

the introduction of ketimine Mannich-type reactions to the literature began with 

ketimines in which some of these properties were absent.[84] 
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Scheme 42. First catalytic enantioselective Mannich addition to ketimines 

 

The first catalytic enantioselective ketimine Mannich reaction was demonstrated by 

Jørgensen and coworkers in 2003 (Scheme 42).[106] This group used an endocyclic 

aryl ketiminoester to demonstrate their method. The lack of acidic protons at the β 

positions prevented the tautomerization to an enamine, while the cyclic structure 

precluded a mixture of diastereomers and the electron withdrawing groups on the 

nitrogen and α carbon provided additional electrophilicity. Many useful methods 

have been reported since, using isatin derived ketimines[107-118] and cyclic protected 

ketimines[119-127], both of which are electronically activated, single diastereomer, 

and non-tautomerizable.  Non-tautomerizable ketiminoesters (no acidic proton 

(generally an aryl, perfluoro, or alkynyl substituent), electronically activated by 

ester) have also been demonstrated as viable Mannich acceptors. [128-130] The most 

demonstrated approach to catalytic enantioselective Mannich reactions to ketimines 

has been the addition to synthetically useful ketimine substrates that lack some of 

the traditional difficulties of ketimine electrophiles. 

 

In 2007 Shibasaki and coworkers demonstrated the first catalytic enantioselective 

Mannich reaction of un-activated ketimines.[131] They used a chiral copper complex 
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and preformed silyl ketene acetal for the Mannich addition to alkyl, aryl substituted 

phosphinoyl ketimine (Scheme 43).  

 

Scheme 43. First Catalytic Enantioselective Mannich Reaction of un-activated 
Ketimines 

 

In 2008 they expanded this method to the reductive Mannich addition of α, β 

unsaturated esters to phosphinoyl ketimines (Scheme 44).[132] 

 

Scheme 44. Reductive Mannich addition of α, β unsaturated Esters to Phosphinoyl 
Ketimines 

Additional contribution from Shibasaki, Dixon, and Nakamura have expanded the 

scope of addition of metal enolates to phosphinoyl ketimines.[131, 133-135] 

The addition of silicon-based nucleophiles to un-activated ketimines has remained 

scarce in the literature.[136-139] The addition of trichlorosilyl enolates has not been 

realized in the literature, therefore the conditions established in the above aldol 

testing were the best starting point. For ease of handling, benzoylhydrazones were 

used for initial testing as they are relatively bench stable. The addition of 1.0 
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equivalent of hydrazone c to the standard reduction procedure yielded only a trace 

amount of the Mannich product. Attempts were made with the addition 20% DMF, 

Ph3P=O, hexamethylphosphoramide, and 50% (S)-1,1’-biisoquinoline-N,N’-

dioxide, as cocatalysts, but no improvement was observed. Surprisingly, it was 

found that reducing the amount of hydrazone to be the limiting reagent improved 

the reactivity to provide the anti Mannich product in 88% NMR yield and syn 

product in 8% NMR yield (Scheme 45).  

 
Scheme 45. Reductive Mannich addition of trichlorosilyl enolate to benzoylhydrazone 

c. 

 

 It was also found that the addition order and timing greatly affected the reaction 

efficiency. When trichlorosilane and amide were added to the hydrazone and 

catalyst the NMR yield of the anti product was reduced to 46%. In addition, adding 

the hydrazone after the enolate is formed reduced the NMR yield of the anti 

product to only 32%, possibly due to a higher sensitivity of the enolate to a small 

amount of water introduced into the reaction from the needle. Although the yield of 

the Mannich product was very encouraging, the anti product was essentially 

racemic for all conditions tested and was presumed to be background reaction. 
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From here a few of the more successful Lewis base catalysts for the above aldol 

reaction were tested (Table 12), however, the best enantiomeric ratio of the anti 

Mannich product was only 54:46. 

 

Entry Promoter NMR yields 

1 50% (S)BIQNO 25% anti 

2 (R, R) DIOPO 8% syn, 24% anti 

3 

 

10% syn, 60% anti 

4 

 

8% syn, 62% anti 

Table 12. Reductive Mannich addition catalyst screening 
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3.5 Ketimine Reductions 

 

Before trying to improve the reaction of the benzoylhydrazones any further, it was 

considered that a different N- substitution of the ketimine substrates may be more 

appropriate for the current research. As no evaluation of the effect of N-protecting 

groups in chlorosilane chemistry had been done, this information needed to be 

gathered. In order to probe the effect of the protecting group, an established 

reaction has to be used. The Mannich type reactions of trichlorosilyl enolates have 

not been established, while allylation has only one catalytic example with low 

turnover.[38] Therefore, the reduction of various acetophenone derived ketimines 

with HSiCl3 was examined, as this reaction has the most literature precedent (Table 

14).[136-139] The range of ketimines below was evaluated for the enantioselective 

reduction by HSiCl3. The nitrogen protecting group has a significant effect on the 

electrophilicity of the C=N bond.[140] While we had baseline data to confirm that 

the acrylamide derived enolate was nucleophilic enough to add to the benzoyl 

hydrazone of phenethyl ketone and considered the addition to phosphinoyl 

protected ketimines viable due to the demonstrated aldol additions (i.e. phosphinoyl 

ketimines are more electrophilic than ketones) the actual data points did not yet 

exist. In addition, examining the oxime (less electrophilic than ketones) 

functionality was worthwhile as a possible route to minimizing background 

reactions, however, the acetophenone derived oximes did undergo reduction. 
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Because one of the possible routes of background reaction is the chelation of the 

benzoyl hydrazone that was tested and the phosphinoyl group also has this 

potential, the thiophosphinoyl ketimine was also examined in hopes of similar 

results as sulfur has a much weaker interaction with silicon than oxygen does. 

Ketimine salts were excluded from screening as they are not compatible with the 

trichlorosilyl enolate, and carbamate protected ketimines were excluded due to their 

preferential tautomerization toward enamines.[141-142]  

 

Entry PG NMR yields 

1 OH 0% 

2 OMe 9% 

3 OSiMe2
tBu trace 

4 Ph2P=O 96% 

5 Ph2P=S 28% 

6 NHBz 48% 

Table 13. Protecting group screening of the HSiCl4 reduction of ketimines 
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3.6 Summary and Outlook 

The aldol and Mannich type addition of acrylamide derived trichlorosilyl enolates 

showed promising reactivity with substituted biisoquinoline-N,N’-dioxide Lewis 

bases. While the aforementioned catalysts can effectively promote the reduction of 

the acrylamide moiety, it is likely that a stronger Lewis base is needed for the 

catalytic Mannich and aldol type additions to outcompete the background reaction. 

The further development of this reaction is being passed on to another student. 

 

3.7 Experimental Section 

 

3.7.1 General Information 

 

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

atmosphere of dry argon or nitrogen unless otherwise noted. Except as otherwise 

indicated, all reactions were magnetically stirred and monitored by analytical thin-

layer chromatography using SiliCycle® Inc. pre-coated silica gel plates with F254 

indicator. Visualization was accomplished by UV light (256 nm), with a 

combination of potassium permanganate and/or phosphomolybdic acid solution as 

an indicator. Flash column chromatography was performed according to the 

method of Still[58] using silica gel 60 (mesh 230-400) supplied by SiliCycle® Inc. 
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Yields refer to chromatographically and spectroscopically pure compounds, unless 

otherwise stated. Commercial grade reagents and solvents were purchased from 

Sigma-Aldrich, Alfa-Aesar, Acros, Fisher, TCI, and VWR, and were used as 

received without further purification except as indicated below. CH3CN, CH2Cl2, 

and toluene were freshly distilled over CaH2 under an atmosphere of dry argon or 

nitrogen prior to use. Et2O and THF were freshly distilled over 

sodium/benzophenone under an atmosphere of dry nitrogen prior to use. HSiCl3 

was freshly distilled over CaH2. N, N-dimethylacrylamide was fractionally distilled 

over CaH2 under reduced pressure and stored in a Schlenk flask over activated 

molecular sieves for up to one week. Acetophenone was fractionally distilled over 

CaH2 under reduced pressure prior to use. Ketimines were synthesized according to 

literature procedures. All 1H NMR and 13C NMR spectra were obtained using a 

Bruker 400 Ultrashield or an Oxford AS400 Spectrometer (1H 400 MHz, 13C 100 

MHz) at ambient temperature in CDCl3 purchased from Cambridge Isotope 

Laboratories, Inc. Chemical shifts in 1H NMR spectra are reported in parts per 

million (ppm) respective to tetramethylsilane (δ 0.00 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), m (multiplet) and br (broad). Chemical shifts in 13C NMR 

spectra are reported in ppm respective to CDCl3 (δ 77.0 ppm). All 13C NMR spectra 

were recorded with complete proton decoupling. Infrared (IR) spectra were 

recorded using a Nicolet IR200 FT-IR instrument. HRMS data were obtained at 
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USF Mass Spec and Peptide Core Facility in the Department of Chemistry at the 

University of South Florida and from the Chouinard group in the Department of 

Biomedical and Chemical Engineering and Sciences at Florida Institute of 

Technology.  

 

3.7.2 Representative Procedure for the Reduction of N, N-

dimethylacrylamide 

 

(S)-3,3’-Bis(4-methylphenyl)-1,1’-biisoquinoline-N,N’-dioxide (12 mg, 0.025 

mmol) was stirred with activated 4 Å molecular sieves powder (250mg) in CH2Cl2 

(0.75 mL) for 1 hour at rt. The solution was cooled to -78°C and HSiCl3 (51 μL) 

was added as a stock solution in CH2Cl2 (125 μL). The reaction was stirred for 15 

min at -78 °C. N, N-dimethylacrylamide (26 μL) was added as a stock solution in 

CH2Cl2 (125 μL). The reaction was warmed to -40 °C and stirred for 5 hours at that 

temp. The reaction was then poured into saturated aqueous NaHCO3 solution 

cooled to 0 °C. The mixture was filtered into a separatory funnel via a short pad of 

celite, extracted with CH2Cl2, dried over Na2SO4, and concentrated in vacuo. NMR 

yields were measured relative to 1,1,2,2-tetrachloroethane (0.5 mmol) as an internal 

standard. 
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3.7.3 Representative Procedure for the Aldol addition of N, N-

dimethylacrylamide to Acetophenone 

 

(S)-3,3’-Bis(4-methylphenyl)-1,1’-biisoquinoline-N,N’-dioxide (23 mg, 0.05 mmol) 

was stirred with activated 4 Å molecular sieves powder (250 mg) in CH2Cl2 (0.75 

mL) for 1 hour at rt. The solution was cooled to -78 °C and HSiCl3 (51 μL) was 

added as a stock solution in CH2Cl2 (125 μL). The reaction was stirred for 15 min at 

-78 °C. N, N-dimethylacrylamide (26 μL) was added as a stock solution in CH2Cl2 

(125 μL). The reaction was warmed to -40 °C and stirred for 3 hours at that temp. 

The solution was cooled to -78 °C and acetophenone (44 μL) was added as a stock 

solution in CH2Cl2 (125 μL). The reaction was warmed to -40 °C and stirred for 16 

hours at that temp. The reaction was then poured into saturated aqueous NaHCO3 

solution cooled to 0 °C. The mixture was filtered into a separatory funnel via a 

short pad of celite, extracted with CH2Cl2, dried over Na2SO4, and concentrated in 

vacuo. NMR yields were measured relative to 1,1,2,2-tetrachloroethane (0.5 mmol) 

as an internal standard.[143] 
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3.7.4 Representative Procedure for the Synthesis of Benzoylhydrazone 

c 

 

4-Phenylbutanone (3.3 mL, 22 mmol) and benzoyl hydrazide (3.0g, 22 mmol) were 

dissolved in anhydrous methanol and stirred at reflux for 1 hour. The resulting 

crude was triturated with Et2O to give the pure hydrazone as white solid (6.32 g, 

84% yield). The resulting hydrazone was dissolved in distilled toluene and 

concentrated in vacuo 3 times prior to use. 

 

3.7.5 Representative Procedure for the Mannich addition of N, N-

dimethylacrylamide to Hydrazone c 

 

(S)-3,3’-Bis(4-methylphenyl)-1,1’-biisoquinoline-N,N’-dioxide (12 mg, 0.025 

mmol) was stirred with activated 4 Å molecular sieves powder (250 mg) in CH2Cl2 

(0.75 mL) for 1 hour at rt. The solution was cooled to -78 °C and HSiCl3 (51 μL) 

was added as a stock solution in CH2Cl2 (125 μL). The reaction was stirred for 15 

min at -78 °C. N, N-dimethylacrylamide (26 μL) was added as a stock solution in 

CH2Cl2 (125 μL). The solution was stirred for 15 min and hydrazone c (33 mg, 

0.125 mmol) was added as a stock solution in CH2Cl2 (500 μL). The reaction was 
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warmed to -40 °C and stirred for 16 hours at that temp. The reaction was then 

poured into saturated aqueous NaHCO3 solution cooled to 0 °C. The mixture was 

filtered into a separatory funnel via a short pad of celite, extracted with CH2Cl2, 

dried over Na2SO4, and concentrated in vacuo. NMR yields were measured relative 

to 1,1,2,2-tetrachloroethane (0.5 mmol) as an internal standard. The Mannich 

products were isolated by preparative TLC for characterization. 

The yields of anti- and syn-1 were determined by 1H NMR using 

1,1,2,2-tetrachloroethane (53 µL, 0.5 mmol) as an internal standard in CDCl3 (anti-

1, 88%; syn-1, 8%), then purified by 

preparative TLC.  

 + enantiomer 

anti-1: 1H NMR (400 MHz, CDCl3 ) δ 10.82 (br s, 1H), 7.9-7.88 (m, 2H), 7.47-7.41 

(m, 3H), 7.20-7.17 (m,2H), 7.14-7.10 (m,1H), 7.05 (d, J = 6.8 Hz, 2H), 5.36 (br s, 

1H), 3.10 (s, 3H), 2.99 (s, 3H), 2.95 (q, J = 6.8 Hz, 1H), 2.71 (dt, J = 4.4, 12.8 Hz, 

1H), 2.57 (dt, J = 5.2, 12.4, Hz, 1H), 1.92 (dt, J = 4.4, 12.8 Hz, 1H), 1.61-1.53 (m, 

1H), 1.31 (d, J = 6.4 Hz, 3H),1.30 (s, 3H); 13C NMR (100 MHz, CDCl3 ) δ 176.9, 

162.8, 142.3, 133.4, 130.9, 128.5, 128.5, 128.4, 126.8, 125.7, 59.7, 44.8,38.5, 38.2, 

36.3, 29.9, 23.4, 13.5; HRMS (ESI): Exact mass calculated for C22H29N3NaO2
+ 

[M+Na]+ expected: 390.2152, found: 390.2186; HPLC analysis, e.r. = 51:49, tR 
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(major) 26.7 min, tR (minor) 35.6 min (Daicel Chiralcel® AS-H with an AS-H 

guard column, hexane/2-propanol = 80:20, 0.5 mL/min); CCDC Deposition 

Number 2077332. 

 

 + enantiomer 

syn-1: 1H NMR (400 MHz, CDCl3 ) δ 9.93 (br s, 1H), 7.86 (d, J = 6.8 Hz, 2H), 

7.49-7.41 (m, 3H), 7.32-7.18 (m, 5H), 3.12 (s, 3H), 3.04 (s, 3H), 2.96 (q, J = 6.8 

Hz, 1H), 2.82 (dt, J = 5.2, 12.8 Hz, 1H), 2.70 (dt, J = 5.6, 12.0, Hz, 1H), 1.96-1.78 

(m, 1H), 1.28 (d, J = 6.8 Hz, 3H),1.22 (s, 3H); 13C NMR (100 MHz, CDCl3 ) δ 

176.9, 164.1, 141.7, 133.1, 131.1, 128.6, 128.5, 128.4, 126.8, 126.1, 60.0, 42.8, 

40.4, 38.4, 36.2, 30.4, 20.4, 13.1; IR (thin film): 3280, 2936, 1625, 959 cm-1 ; 

HRMS (ESI): Exact mass calculated for C22H30N3O2
+ [M+H]+ expected: 368.2333, 

found: 368.2329. 

 

 

 

3.7.6 Crystallographic Analysis of Anti - 1 
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The data crystal of anti-1 was glued onto the end of a thin glass fiber. X-ray 

intensity data were measured with a Bruker SMART APEX2 CCD-based 

diffractometer using Mo K radiation ( = 0.71073 Å).[144] The raw data frames were 

integrated with the SAINT+ program by using a narrow-frame integration 

algorithm.[144] 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 full-matrix least-squares on F[145], by using the SHELXTL software 

package.[145] 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 1. 

Colourless single crystals of anti-1 suitable for x-ray diffraction analyses 

obtained by evaporation of CH2Cl2 and toluene solvent mixture crystallized in the 

monoclinic crystal system. The systematic absences in the intensity data were 

consistent with the unique space group P21/n.   
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Table S1.  Crystallographic Data for anti-1. 
 Anti-1  

Empirical formula C22H29N3O2  

Formula weight 367.48  

Crystal system Monoclinic  

Lattice parameters   

a (Å) 9.3051(4)  

b (Å) 13.3183(5)  

c (Å) 16.6479(7)  

 (°) 90  

 (°) 93.4583(7)  

 (°) 90  

V (Å3) 2059.39(15)  

Space group P21/n (# 14)  

Z value 4  

calc (g / cm3) 1.185  

 (Mo K) (mm-1) 0.077  

Temperature (K) 273  

2max (°) 56.00  

No. Obs. ( I > 2(I)) 4118  

No. Parameters 252  

Goodness of fit 1.017  

Max. shift in cycle 0.000  

Residuals*:R1; wR2 0.0477; 0.1299  

Absorption Correction, 
Max/min 

Multi-scan 
0.7466/0.7063 

 

Largest peak in Final Diff. Map (e- / Å3) 0.218  

 
*R = hkl(Fobs-Fcalc)/hklFobs; Rw = [hklw(Fobs-
Fcalc)2/hklwFobs

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

 

 

Figure 1.  An ORTEP of the molecular structure of anti-1 showing 50 % thermal 
ellipsoid probability. 
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3.7.7 Representative Procedure for the Reduction of Ketimines 

 

The catalyst (15 mg, 0.025 mmol) was in CH2Cl2 (1.0 mL) in a flame-dried test 

tube with stirrer. Oxime (37 mg, 0.25 mmol) was added via syringe and the 

reaction was cooled to -40 °C. HSiCl3 was added as a 1.5 M solution in CH2Cl2 

(250 μL) and the reaction was stirred at -40 °C overnight. The reaction was then 

poured into saturated aqueous NaHCO3 solution cooled to 0 °C. The mixture was 

filtered into a separatory funnel via a short pad of celite, extracted with CH2Cl2, 

dried over Na2SO4, and concentrated in vacuo. NMR yields were measured relative 

to 1,1,2,2-tetrachloroethane (0.5 mmol) as an internal standard. 
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