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ABSTRACT 

 

New Approaches to Sustainable Organic Synthesis: From Aqueous Micellar Catalysis to 

Solvent-Free Techniques 

 

by 

 

Xiaohan Li 

 

I. A sustainable method for reductive aminations using shelf-stable bisulfite addition 

compounds of aldehydes under aqueous micellar catalysis is presented. Using α-

picolineborane as a readily available stoichiometric hydride source, we successfully 

synthesized highly valued compounds, inclusive of those pertinent to the pharmaceutical 

domain. Moreover, this method allows for straightforward recycling of the aqueous reaction 

medium, emphasizing its environmental benefits. 

 

II. Under micellar catalysis conditions, an eco-friendly nitro group reduction has been 

developed using readily accessible Pd/C as a catalyst with a minimal Pd loading of 0.4 mol 

%. This methodology efficiently facilitates the transformation of a diverse range of nitro 

compounds into their corresponding amines, yielding notable results. The robustness of this 

process is further showcased through the one-pot synthesis of specific pharmaceutical 

intermediates. Notably, both the catalyst and the surfactant have demonstrated consistent 

recyclability without any decrease in effectiveness. 

 



 

 x 

III. The introduction of nonionic surfactant to aqueous reaction systems with varied IREDs 

significantly enhances both the reaction rate and the yield of the target amines, with 

improvements reaching more than 40% in comparison to buffer only. Moreover, these 

findings underscore the potential of combining chemocatalysis and biocatalysis into a 1-pot 

sequence under aqueous micellar environments. Multiple 1-pot procedures integrating the use 

of IREDs with diverse chemo-catalytic methods were shown.  

 

IV. Ketones, both aromatic and heteroaromatic, possessing an α-methine proton, have 

been demonstrated to undergo deprotonation and subsequent mono-allylation rapidly and 

exclusively in the absence of any solvent. This process consistently delivers the targeted 

products with excellent isolated yields. The versatility and applicability of this novel method 

are further highlighted through its successful application to the synthesis of notable 

compounds such as MK-7, MK-9, and coenzyme Q9 (CoQ9). 
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I. Bisulfite addition compounds as substrates for reductive 

aminations in water 

 

Reproduced with permission from: 

Li, X.; Iyer, K.S.; Thakore, R. R.; Bailey, J. D.; Leahy, D. K.; Lipshutz, B. H. “Bisulfite 

addition compounds as educts for reductive aminations in water.” Org. Lett. 2021, 23, 

7205-7208. 

Copyright © 2022 The Authors. Published by American Chemical Society. This 

publication is licensed under CC-BY-NC-ND 4.0. 
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1.1. Background and introduction 

Reductive amination stands as a fundamental and pivotal strategy in the direct synthesis 

of secondary and tertiary amines via C-N bond formation, serving as a robust and strategic 

pathway that has found profound application, particularly within the realms of pharmaceutical 

and medicinal chemistry.1 According to Roughley's analysis of pharmaceutical synthesis, a 

quarter of C-N bond-forming reactions involves reductive amination.2 

Since its discovery in early 20th century, the field of reductive amination has witnessed 

remarkable advancements; from initial approaches utilizing stoichiometric amounts of metal 

hydrides such as NaBH4, NaBH3CN, and NaBH(OAc)33, to later catalytic methods involving 

transition metals4-6, organocatalysts7, and enzymes.8-12 Concurrently, the emergence of 

enantioselective reductive amination protocols has provided a powerful toolset for accessing 

chiral amines, which are prevalent in bioactive molecules and chiral catalysts.5,6,13 Despite the 

numerous successes achieved in reductive amination chemistry, challenges persist, 

particularly pertaining to substrate scope, chemoselectivity, and regioselectivity, especially in 

the context of complex molecules. Moreover, developing methodologies that embrace the 

principles of green chemistry, which involve not only the use of nontoxic solvents but also 

the implementation of milder reaction conditions represents an ongoing and future direction 

in the field. 

Aldehyde bisulfite addition compounds are generated via nucleophilic addition of bisulfite 

ion to the carbonyl group of an aldehyde. Historically, these adducts were primarily employed 

for the purification and characterization of aldehydes. In recent times, bisulfite adducts have 

gained prominence as substitutes for free aldehydes in reductive amination reactions. In 2003, 

Pfizer developed the first laboratory-scale method for bisulfite adduct utilization in reductive 

amination reactions, necessitated by the failure of traditional methods to convert the adduct 
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into its free aldehyde form.14 The process was capable of being scaled up to 3 kilograms. 

However, it required harsh conditions, including the use of hazardous organic solvents (i.e. 

DMP and cyclohexane), as well as the requirement of azeotropic distillation to facilitate imine 

formation. Subsequent to this innovation, alternative methodologies have been developed, 

advocating for milder conditions and more streamlined operational procedures.15,16 These 

newer methods enable in situ imine formation and reduced reaction temperatures. 

Nevertheless, they still depend on the utilization of organic solvents, such as methanol.  

In 2021, Takeda reported a multistep synthesis of their 5-HT receptor agonist TAK-954, 

with each step prominently featuring water as the sole reaction medium.17 This 

environmentally friendly method remarkably decreased material input by 77%, utilized 94% 

less organic solvent, and even reduced water usage by 48%, while simultaneously increasing 

the overall yield from 35% to 56%. A significant highlight of this method was the utilization 

of a reductive amination in the last step (i.e., I-2 + I-3; Scheme I-1). In this reductive amination 

process, the aldehyde bisulfite addition compound I-4, in equilibrium with its aldehyde 

equivalent I-3, was efficiently converted to the corresponding tertiary amine in aqueous 

micellar media using α-picolineborane (1.5 equiv) as reducing agent. Interestingly, no external 

base was needed to convert the bisulfite addition compound I-4 to its aldehydic state; the 

aqueous medium itself was adequate. 

These existing reports indicate that when used in reductive amination reactions, bisulfite 

adduct offers several advantages： 

1. Physical Form: Aldehyde bisulfite addition compounds, owing to their crystalline 

nature, present several handling and processing benefits. Unlike some aldehydes, which can 

be volatile or oily, the crystalline form of these adducts allows for straightforward weighing, 

transferring, and incorporation into reactions.  
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Scheme I-1. Key reductive amination involving bisulfite addition compound I-4; reducing 

agent = α-picolineborane. 

2. Stability: Bisulfite adducts of aldehydes offer enhanced stability compared to free 

aldehydes, which can undergo autooxidation or other side reactions. This protection of the 

reactive carbonyl group in the adduct form minimizes risks associated with degradation, 

ensuring a longer shelf-life and reducing the need for specialized storage conditions often 

required for sensitive aldehydes.  

3. Enhanced Solubility: Aldehyde bisulfite adducts often exhibit enhanced solubility in 

aqueous media compared to their parent aldehydes. This can be especially advantageous in 

reductive amination reactions performed in aqueous systems.  

4. Tunable Equilibrium: The balance between the free aldehyde and its bisulfite adduct 

can be modulated by altering parameters such as pH. This offers chemists a means to adjust 

the rate and extent of imine formation in reductive amination, potentially optimizing chemo-

selectivity and overall yields. 

5. Purification Opportunities: The transformation of an aldehyde to its bisulfite adduct 

results in well-defined crystalline solids. This inherent property provides an opportunity to 

employ recrystallization as a purification technique. Such a purification step is invaluable, 
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especially for aldehydes that may be tainted with oxidized impurities or contaminants acquired 

during synthesis or storage. 

Owing to the considerable benefits presented by bisulfite addition compounds, coupled 

with the mild conditions and the aqueous-centric methodology demonstrated in the synthesis 

of TAK-954, this approach exhibits promise for wider applications. In this context, we 

undertook a detailed exploration of this process under green chemistry conditions, aiming to 

establish a sustainable, standardized protocol and assess its viability for the synthesis of a 

diverse array of pharmaceutical entities. 

1.2. Result and Discussion 

1.2.1. Substrate scope 

Using the conditions previously optimized for TAK-954,14 a series of reductive amination 

reactions starting with various functionalized bisulfite addition compounds and primary 

amines was investigated in order to establish the scope of these reductive aminations. The 

conditions involved encompassed use of an aqueous medium containing 2 wt % TPGS-750-

M,18 augmented by 20% v/v MeOH as co-solvent,19 and α-picolineborane (1.5 equiv)20,21  as 

the hydride donor. As shown in Table I-1, most combinations afforded the desired products, 

isolated in typically ≥70% to quantitative yields. Several reducible groups are well-tolerated 

under standard conditions, including nitriles (I-10), nitro compounds (I-11), and esters (I-12, 

I-13), delivering the corresponding amine products in moderate yields. Notably, the method 

showcased adaptability with an expansive array of nitrogenous substrates like quinolines (I-

5, I-8, I-9), morpholines (I-15, I-23), tetrazoles (I-16), indoles (I-17, I-20), pyridines (I-19), 

indazoles (I-24), and thiazoles (I-25). This broad substrate scope, especially with nitrogenous 



 

 6 

moieties, underscores the potential utility of this methodology for synthesizing 

pharmaceutical-like targets.  

Control experiments were conducted to gain deeper insights into the reaction conditions. 

Initially, utilizing free aldehyde in lieu of its bisulfite adduct yielded product I-5 with a 

diminished yield (i.e., quantitative to 77%). Additionally, the reaction necessitated an 

extended duration to reach completion. This reduced efficiency can be attributed to 

competitive reduction processes of aldehyde leading to the formation of the corresponding 

alcohol. Such findings highlight the superior chemoselectivity offered by bisulfite adducts. 

Further investigation was carried out to test the necessity of a co-solvent in the synthesis, 

particularly with a complex product like I-15. Remarkably, the complete omission of MeOH 

from the reaction system had minimal impact on overall efficiency. The product was obtained 

in comparable yields within the same nine-hour duration, implying that the incorporation of 

the co-solvent might be dispensable in certain scenarios. 
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Table I-1. Representative products from reductive aminations in aqueous nanoreactorsa 

 
aReaction conditions unless otherwise noted:  0.20 mmol of amine, 0.30 mmol of bisulfite 

adduct, 0.30 mmol α-picolineborane, stirred in 2 wt % TPGS-750-M/H2O and 20 v % MeOH, 

60 ºC. Yields are for isolated purified products. bFree aldehyde instead of bisulfite adduct. 

cRun with 20 mol % HOAc present. dWithout 20 v % MeOH as co-solvent. 
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In evaluating the efficiency of our approach, it was important to compare it with existing 

methodologies, even though many of these recent strategies predominantly engage simpler 

amines. As listed in Table I-2. the initial three cases document a consistent trend associated 

with these recent strategies that lead to low-to-modest yields,22-24 regardless of the choice of 

metal catalyst or the reaction environment. In the last case, our preceding methodology could 

only realize a maximum yield of 75% for secondary amines.25 When compared to outcomes 

from our aqueous micellar approach with conventional methods, which frequently employ 

organic solvents, elevated thermal conditions, and occasionally specialized equipment to 

manage the inherent pressures, the merits of our strategy become evident. It not only offers 

more benign reaction conditions but also demonstrates heightened precision and superior 

efficiency. 

Table I-2. Comparison cases:  representative literature methods vs. this work.  
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O F
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1.2.2. Application: API synthesis and 1-pot sequence 

In an effort to showcase the practical utility of reductive amination conducted under 

aqueous conditions, a series of recognized pharmaceuticals and drug intermediates were 

synthesized. The resultant secondary and tertiary amines echo key structural motifs 

characteristic of established active pharmaceutical ingredients (APIs).  

	Figure I-1. Reductive aminations used to prepare known targets in the pharma spacea 

 

As shown in Figure I-1, several pharmaceuticals that have been prepared by leveraging 

the principles of reductive amination include: (a) Buclizine: an antihistamine and antiemetic 
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as a selective calcium entry blocker;28 (d) Cinacalcet: acts as a calcium-sensing receptor 

agonist;29 (e) Piribedil: employed in addressing Parkinson's disease;30 (f) Donepezil: 

prescribed for alleviating behavioral and cognitive manifestations observed in Alzheimer's 

Disease and other forms of dementia;31 intermediate I-29 which plays a pivotal role in the 

synthesis of both Bamipine: an antipruritic ointment,32 and Antazoline: an antihistamine;33 

Furthermore, compound I-30 has been established as a precursor integral to the synthesis of 

Fipexide, a nootropic pharmaceutical primarily prescribed for treating senile dementia.34 The 

success of these applications highlights that the aqueous-based reductive amination approach 

serves as a robust methodology for synthesizing key pharmaceutical entities. Furthermore, it 

accentuates the method's versatility and potential as an instrumental tool in contemporary drug 

synthesis and development.  

As aqueous chemistry technologies have evolved, the spectrum of reactions amenable to 

continuous, one-pot sequences has seen a marked expansion.35 Notably, our reductive 

amination protocols have demonstrated compatibility with various other reaction types when 

conducted under micellar conditions, thereby facilitating the construction of complex 

molecular structures. As illustrated in the example shown Scheme I-2, the synthetic pathway 

initiates with a Suzuki-Miyaura coupling,36 producing a biaryl compound containing a nitro 

group. Bypassing the need for isolation, this structure directly undergoes reduction via 

carbonyl iron powder (CIP)37 leading to the generation of an aniline derivative. This primary 

amine subsequently engages in a reductive amination with the bisulfite adduct derived from 

2-naphthaldehyde. The resulting secondary amine, in the following step, is subjected to 

acylation using an acid chloride, leading to formation of the final amide, compound I-31. 

Remarkably, this 4-step sequence is all done in a singular vessel utilizing the same aqueous 

medium, while the process achieves a commendable overall yield of 63%.  



 

 11 

The adoption of such telescoped methodologies provides several nortworthy advantages. 

Foremost among these is a significant reduction in waste generation, mainly attributed to the 

omission of intermediate product separation and purification processes. This strategy also 

improves time efficiency, enhancing rates from reactants to final products.38 Additionally, the 

nature of one-pot synthesis fits seamlessly with pot economy principles; the single-vial 

approach throughout the synthesis increases planetary resource conservation and process 

simplification.39 Collectively, these advantages highlight the alignment of this method with 

the goals of sustainable and efficient chemical synthesis, heralding it as a foundational 

approach for future work in the discipline. 

 

Scheme I-2. 4-Step, 1-pot sequence run in water without isolation of intermediates 
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1.2.3. Recycling and E Factor calculations 

Aqueous chemistry usually presents opportunities for recycling the reaction media,40 and 

the potential for reusing the aqueous medium in these reductive amination reactions was also 

explored. Following the initial conversion which resulted in a 96% yield of the secondary 

amine I-15, as detailed in Scheme I-2, the product was efficiently isolated by simple 

decantation.  Thereafter, the same aqueous reaction mixture could be reused for an additional 

four cycles. Impressively, the yields across these subsequent runs remained consistent, 

oscillating between 93% and 97%. Such results point to the environmental benefits of this 

approach:  substantial reduction in waste generation by recycling the medium while 

maintaining reaction efficiency. 

The E Factor was utilized to evaluate the environmental impact of this methodology,41 

focusing primarily on the solvent contributions (methanol and water). The resulting E Factor 

of 1.07 is indicative of the environmentally respectful nature of this approach. It's worth noting 

that over time the water used might become “polluted” with surfactants, salts, etc., leading to 

downstream wastewater concerns. However, a recent disclosure by Novartis delineates one 

effective strategy for mitigating this specific challenge.42   

 

Scheme I-3. Recycling study and E Factor evaluation 
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1.3. Summary 

In summary, the method of reductive amination using shelf-stable bisulfite addition 

compounds has been validated as a versatile technology, well-suited for micellar conditions 

in recyclable water. Our methodology showcases a broad substrate range, and its efficacy is 

highlighted by successful syntheses of multiple pharmaceutical targets, underscoring its 

pivotal role in modern pharmaceutical synthesis. Comparative analyses illustrate the 

competitiveness of our approach versus traditional methods, emphasizing the greener and 

more efficient reaction conditions involved. Furthermore, the feasibility of integrating 

reductive amination into a multi-step aqueous sequence without the need for isolating 

intermediates was convincingly demonstrated. The potential for recycling the aqueous 

reaction medium while maintaining consistent yields over multiple runs further bolsters the 

environmental merits of this technology. With an encouraging E Factor signaling our process's 

eco-responsibility, this research sets a benchmark for sustainable, efficient, and versatile 

chemical synthesis in the domain of pharmaceuticals. 
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1.5. Experimental section 

1.5.1. General information 

Reagents and chemicals were purchased from Sigma-Aldrich, Combi-Blocks, Alfa Aeser, 

or Acros Organics and used without further purification. α-Picolineborane was purchased 

from Sigma-Aldrich. Deuterated solvents were purchased from Cambridge Isotopes 

Laboratories. TPGS-750-M is either prepared or supplied by PHT International (also available 

from Sigma-Aldrich catalog #733857). The desired 2 wt % of surfactant solution in HPLC 

water was prepared by dissolving 2 g of surfactant to 98 g of HPLC water (which was degassed 

with argon prior to use) and stored under argon.  

Thin-layer chromatography (TLC) was performed using Silica Gel 60 F254 plates (Merck, 

0.25 mm thick). Flash chromatography is either performed in an automated Biotage system 

using Silica Gel 60 (Silicycle, 40-63 nm).  

1H and 13C NMR spectra were recorded on either a Bruker Avance III HD 400 MHz (400 

MHz for 1H, 100 MHz for 13C), a Bruker Avance NEO 500 MHz (500 MHz for 1H, 125 MHz 

for 13C) or on a Varian Unity Inova 500 MHz (500 MHz for 1H, 125 MHz for 13C); D2O, 

CDCl3 and CD3OD were used as solvent. Residual peaks for H2O in D2O (1H = 4.76 ppm), 

CHCl3 in CDCl3 (1H = 7.26 ppm, 13C = 77.20 ppm), CD3OD in CH3OH (1H = 3.31 ppm, 13C 

= 49.00 ppm) have been assigned. The chemical shifts are reported in part per million (ppm), 

the coupling constants J values are given in hertz (Hz). The peak patterns are indicated as 

follows: bs, broad singlet; s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, multiplet.  

HRMS were recorded on a Waters Micromass LCT TOF ES+ Premier mass spectrometer 

using ESI ionization.  
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1.5.2. General procedure for the preparation of a bisulfite adduct 

To a stirred solution of the aldehyde (5 mmol) in ethanol (0.5 M, 10 mL) at rt was added 

dropwise a solution of sodium metabisulfite (Na2S2O5, 0.7 equiv, 3.5 mmol, 665.4 mg) in 

water (5 M with respect to aldehyde; 1 mL). The resulting suspension was stirred at 60 ºC in 

oil bath overnight. Stirring was then stopped and the reaction vial was transferred to a 

refrigerator at -20 ºC for 1 h. The product was then filtered with a Büchner funnel, with the 

minimum amount of methanol being used to help transfer the product. The filter cake was 

washed with hexane and dried in vacuo to afford the bisulfite adducts as white powders.  

1.5.3. General procedure for reductive amination 

(a) General procedure for reductive amination using a bisulfite adduct. 

α-Picolineborane (1.5 equiv, 0.3 mmol, 32.1 mg) was added to a 1-dram vial along with a 

Teflon-coated magnetic stir bar. Bisulfite adducts (1.5 equiv, 0.3 mmol) and any solid amine 

(1 equiv, 0.2 mmol, 1.0 equiv) were then added to this vial. The vial was capped with a rubber 

septum and then evacuated and backfilled with argon for three times. Next, 20 v% MeOH 

(0.08 mL) and 2 wt % TPGS-750-M solution in water (0.32 mL) was added via syringes 

though the septum. If the starting material amine is a liquid, then it was added via micro-

syringe before the addition of solvent. The vial was then heated at 60 °C and stirred vigorously 

in an aluminum block placed over IKA hot plate overnight. After the reaction, the septum was 

removed. Minimal EtOAc (~1 mL) was added, and the mixture was stirred gently for 1 min. 

Stirring was stopped and the organic layer was then allowed to separate, after which it was 

removed via pipette. The same extraction procedure was repeated, after which silica was 

added to the combined organic extracts without further drying. Volatiles were evaporated 

under reduced pressure and semi-pure product was purified by flash chromatography over 

silica gel using EtOAc and hexanes as eluent. 
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(b) General procedure reductive amination with the addition of acetic acid 

To a 1-dram vial charged with a Teflon-coated magnetic stir bar, bisulfite adducts (1.5 

equiv, 0.3 mmol), and any solid amine (1 equiv, 0.2 mmol, 1.0 equiv) were added. The vial 

was capped with a rubber septum and then evacuated and backfilled with argon for three times. 

Next, 2 wt % TPGS-750-M / water solution (0.32 mL) and acetic acid (20 mol %, 0.04 mmol, 

2.3 µL) was added via syringes though the septum. If the starting material amine is a liquid, 

then it was added via micro-syringe before the addition of solvent. The vial was then heated 

at 60 °C and stirred vigorously for 2-3 h until the imine is observed to be formed by TLC. A 

sample of a α-picolineborane/MeOH stock solution* (20 v %, 0.08 mL) was added via syringe 

though the septum in one portion. Then, the reaction was heated in an aluminum block placed 

over IKA hot plate overnight. After the reaction, the septum was removed. Minimal EtOAc 

(~1 mL) was added, and the mixture was stirred gently for 1 min. Stirring was stopped and 

the organic layer was then allowed to separate, after which it was removed via pipette. The 

same extraction procedure was repeated, silica was added to the combined organic extracts 

without further drying. Volatiles were evaporated under reduced pressure and semi-pure 

product was purified by flash chromatography over silica gel using EtOAc and hexanes or 

methanol and DCM as eluent. 

* The α-picolineborane/MeOH stock solution was prepared by dissolving 80.2 mg of α-

picolineborane into 0.2 mL MeOH.  

(c) General procedure reductive amination without co-solvent 

α-Picolineborane (1.5 equiv, 0.3 mmol, 32.1 mg) was added to a 1-dram vial along with a 

Teflon-coated magnetic stir bar. Bisulfite adducts (1.5 equiv, 0.3 mmol) and any solid amine 

(1.0 equiv, 0.2 mmol) were then added to this vial. The vial was capped with a rubber septum 

and then evacuated and backfilled with argon for three times. Next, 2 wt % TPGS-750-M 
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solution in water (0.4 mL, 0.5 M) was added via syringes though the septum. If the starting 

material amine is a liquid, then it was added via micro-syringe before the addition of solvent. 

The vial was then heated at 60 °C and stirred vigorously in an aluminum block placed over 

IKA hot plate overnight. After the reaction, the septum was removed. Minimal EtOAc (~1 

mL) was added, and the mixture was stirred gently for 1 min. Stirring was stopped and the 

organic layer was then allowed to separate, after which it was removed via pipette. The same 

extraction procedure was repeated, after which silica was added to the combined organic 

extracts without further drying. Volatiles were evaporated under reduced pressure and semi-

pure product was purified by flash chromatography over silica gel using EtOAc and hexanes 

as eluent. 

(d) General procedure reductive amination using free aldehyde 

α-Picolineborane (1.5 equiv, 0.3 mmol, 32.1 mg) was added to a 1-dram vial along with a 

Teflon-coated magnetic stir bar. Free aldehyde (1.5 equiv, 0.3 mmol) and any solid amine (1.0 

equiv, 0.2 mmol) were then added to this vial. The vial was capped with a rubber septum and 

then evacuated and backfilled with argon for three times. Next, 20 v% MeOH (0.08 mL) and 

2 wt % TPGS-750-M solution in water (0.32 mL) was added via syringes though the septum. 

If the starting material amine is a liquid, then it was added via micro-syringe before the 

addition of solvent. The vial was then heated at 60 °C and stirred vigorously in an aluminum 

block placed over IKA hot plate overnight. After the reaction, the septum was removed. 

Minimal EtOAc (~1 mL) was added, and the mixture was stirred gently for 1 min. Stirring 

was stopped and the organic layer was then allowed to separate, after which it was removed 

via pipette. The same extraction procedure was repeated, after which silica was added to the 

combined organic extracts without further drying. Volatiles were evaporated under reduced 
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pressure and semi-pure product was purified by flash chromatography over silica gel using 

EtOAc and hexanes as eluent. 

1.5.4. 1-pot sequence 

 

1st step:  Suzuki−Miyaura coupling: 

Pd(dtbpf)Cl2 (1 mol %, 0.005 mmol, 3.3 mg) was weighed and then added to a 2-dram vial 

in the glovebox. The vial was then capped and removed from the glovebox. 4-Bromo-1-

methoxy-2-nitrobenzene (1 equiv, 0.5 mmol, 116 mg) and (4-((t-butoxycarbonyl)-

(propyl)amino)phenyl)boronic acid (1.5 equiv, 0.75 mmol, 207 mg) was then added 

sequentially to the vial. The vial was capped with a rubber septum and then evacuated and 

backfilled with argon for three times. Next, Et3N (3 equiv, 1.5 mmol, 0.21 mL), then 2 wt % 

TPGS-750-M aqueous solution (1 mL) was added via syringe though the septum. The vial 

was stirred vigorously at 45 ºC in an aluminum block placed over IKA hot plate for 12 h. 

2nd step:  Nitro group reduction: 

After cooling to rt, the septum was removed and NH4Cl (3 equiv, 1.5 mmol, 80.2 mg) and 

carbonyl iron powder (5 equiv, 2.5 mmol, 140 mg), and THF (10 v %, 0.1 mL) were added. 

The vial was capped again and stirred vigorously at 45 ºC in an aluminum block placed over 

IKA hot plate for 12 h.  
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3rd step:  Reductive amination: 

After cooling to rt, the cap was removed and sodium hydroxy(naphthalen-2-

yl)methanesulfonate (1.5 equiv, 0.75 mmol, 195.18 mg) was added. The vial was then sealed 

with a new rubber septum and the headspace was purged using argon and a vent needle for 5 

min. A sample of α-picolineborane/MeOH stock solution* (0.2 mL) was added via syringe 

though the septum in one portion. The mixture was stirred vigorously at 60 ºC in an aluminum 

block placed over IKA hot plate for 12 h. 

* The α-picolineborane/MeOH stock solution was prepared by dissolving 120.3 mg of α-

picolineborane into 0.3 mL MeOH.  

4th step:  acylation: 

Subsequently, Et3N (3.0 equiv, 1.5 mmol, 0.21 mL), 4-(t-butyl)benzoyl chloride (1.5 

equiv, 0.75 mmol 97.4 µL) and DMAP (5 mol %, 0.025 mmol, 3.1 mg) were added. The 

mixture was stirred under 45 ºC in an aluminum block placed over IKA hot plate for 6 h. Then 

a second potion of 4-(t-butyl)benzoyl chloride (1.5 equiv, 0. 75 mmol 97.4 µL) was added and 

the reaction mixture was allowed to stirred under 45 ºC in an aluminum block placed over 

IKA hot plate for another 6 h.  

Upon completion, the mixture was diluted with EtOAc and then combined directly with 

silica gel. The volatiles were evaporated under reduced pressure and semi-pure product was 

purified by flash chromatography over silica gel using 20% EtOAc in hexanes to afford 31 as 

a light-yellow oil (206.9 mg, 63% overall yield). 
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1.5.5. Recycle and E Factor study 

 

Recycle procedure: 

Initial reaction: 

α-Picolineborane (1.5 equiv, 0.3 mmol, 32.1 mg) was added to a 1-dram vial along with a 

Teflon-coated magnetic stir bar. Sodium hydroxy(3-phenoxyphenyl)methane-sulfonate (1.5 

equiv, 0.3 mmol, 97.7 mg) and 3-fluoro-4-morpholinoaniline (1 equiv, 0.2 mmol, 39.2 mg) 

were then  added to this vial. The vial was capped with a rubber septum and then evacuated 

and backfilled with argon for three times. Next, 20 v% MeOH (0.08 mL) and 2 wt% TPGS-

750-M aqueous solution (0.32 mL) was added via syringe though the septum. The vial was 

then heated at 60 °C and stirred vigorously in an aluminum block placed over IKA hot plate 

overnight. After the reaction, the product formed a brown oil layer on top of the aqueous 

TPGS-750-M solution. The TPGS-750-M solution was removed via syringe through the 

septum and then used for the 2nd recycle. The leftover mixture was purified directly by flash 

chromatography over silica gel using 15% EtOAc in hexanes as eluent to give 3-fluoro-4-

morpholino-N-(3-phenoxybenzyl)aniline as a nearly colorless oil in 96% yield (72.6 mg).  

The 1st recycle: 

α-Picolineborane (1.5 equiv, 0.3 mmol, 32.1 mg) was added to a new 1-dram vial along 

with a Teflon-coated magnetic stir bar. Sodium hydroxy(3-phenoxyphenyl)methane-sulfonate 

(1.5 equiv, 0.5 mmol, 97.7 mg) and 3-fluoro-4-morpholinoaniline (1 equiv, 0.2 mmol, 39.2 

mg) were then added to this vial. The vial was capped with a rubber septum and then evacuated 

O

N
H

F

N
O

OH2N F

N
O

+

SO3Na

OH

α-picolineborane (1.5 equiv)

2 wt % TPGS-750-M
20 v % MeOH, 60 ºC, 12 h

Initial:
1st Recycle:
2nd Recycle:
3rd Recycle:
4th Recycle:

E factor= 1.071.5 equiv0.2 mmol

I-15

96%
94%
93%
96%
97%
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and backfilled with argon for three times. Next, the TPGS-750-M aqueous solution from the 

initial reaction was added via syringe though the septum. Additional MeOH was not added. 

The vial was then heated at 60 °C and stirred vigorously in an aluminum block placed over 

IKA hot plate overnight. After the reaction, the product again formed a brown oil layer on top 

of the aqueous TPGS-750-M solution. The TPGS-750-M solution was then removed via 

syringe through the septum and used for the 3rd recycle. The leftover mixture was purified 

directly by flash chromatography over silica gel using 15% EtOAc in hexanes as eluent to 

give 3-fluoro-4-morpholino-N-(3-phenoxybenzyl)aniline as a nearly colorless oil in 94% 

yield (71.1 mg).  

The 2nd recycle and 3rd recycle: 

The same procedure from the 1st recycle was repeated for the 2nd recycle (70.3 mg, 93% 

yield), and the 3rd recycle (72.6 mg, 96% yield). 

The 4th recycle: 

α-Picolineborane (1.5 equiv, 0.3 mmol, 32.1 mg) was added to a fresh 1-dram vial along 

with a Teflon-coated magnetic stir bar. Sodium hydroxy(3-phenoxy-phenyl)methanesulfonate 

(1.5 equiv, 0.3 mmol, 97.7 mg) and 3-fluoro-4-morpholino-aniline (1 equiv, 0.2 mmol, 39.2 

mg) were then added to this vial. The vial was capped with a rubber septum and then evacuated 

and backfilled with argon for three times. Next, an aqueous TPGS-750-M solution from the 

initial reaction was added via syringe though the septum. The vial was then heated at 60 °C 

and stirred vigorously in an aluminum block placed over IKA hot plate overnight. After the 

reaction, the septum was removed. Minimal EtOAc (~1 mL) was added, and the mixture was 

stirred gently for 1 min. Stirring was stopped and the organic layer was then allowed to 

separate, after which it was removed via pipette. The same extraction procedure was repeated, 

silica was added to the combined organic extracts without further drying. The volatiles were 
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evaporated under reduced pressure and the mixture was purified directly by flash 

chromatography over silica gel using 15% EtOAc in hexanes as eluent give 3-fluoro-4-

morpholino-N-(3-phenoxy-benzyl)aniline as a nearly colorless oil in 97% yield (72.6 mg).  

E Factor calculation: 

Mass of product:  378 mg/mmol*0.2 mmol*(96%+94%+93%+96%+97%) = 359.9 mg 

Mass if waste (consider both water and MeOH as waste):  

MeOH:  0.08 mL*0.792 g/mL = 63.4 mg 

water:  0.32 mL*1 g/mL = 320 mg 

E Factor = mass of waste/mass of product = (63.4 mg MeOH + 320 mg water)/359.9 mg 

product = 1.07 

1.5.6. Analytical data 

Analytical data for bisulfite adducts  

 

Table I-3 Bisulfite adducts 
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Sodium hydroxy(phenyl)methanesulfonate (S1): 

White crystalline solid. 2.04 g, 97% yield (run on 10 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.50 (dq, J = 6.5, 1.9 Hz, 2H), 7.44 – 7.35 (m, 3H), 5.46 (d, 

J = 1.7 Hz, 1H). 

13C NMR (126 MHz, D2O) δ 135.4, 129.2, 128.4, 127.6, 85.6. 

 

 

Sodium hydroxy(m-tolyl)methanesulfonate (S2): 

White crystalline solid. 439.1 mg, 98% yield (run on 2 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.36 – 7.16 (m, 4H), 5.42 (s, 1H), 2.30 (s, 3H). 

13C NMR (126 MHz, D2O) δ 138.5, 135.4, 129.8, 128.3, 128.2, 124.6, 85.6, 20.5. 

 

  

Sodium (4-(t-butyl)phenyl)(hydroxy)methanesulfonate (S3): 

White crystalline solid. 1.26 g, 95% yield (run on 5 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.49 – 7.41 (m, 4H), 5.42 (d, J = 1.8 Hz, 1H), 1.24 (s, 9H). 

13C NMR (126 MHz, D2O) δ 152.8, 132.5, 127.5, 125.3, 85.4, 34.0, 30.5. 

 

 

Sodium (3,4-dimethoxyphenyl)(hydroxy)methanesulfonate (S4): 

White solid. 1.34 mg, 99% yield (run on 5 mmol scale). 

SO3Na

OH

S2

OH

SO3Na

S3

O
O

OH

SO3Na

S4
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1H NMR (500 MHz, D2O) δ 7.14 (d, J = 2.1 Hz, 1H), 7.05 (dd, J = 8.3, 2.1 Hz, 1H), 6.95 

(d, J = 8.4 Hz, 1H), 5.38 (s, 1H), 3.80 (s, 3H), 3.78 (s, 3H). 

13C NMR (126 MHz, D2O) δ 148.6, 147.7, 128.4, 121.0, 111.3, 110.8, 85.3, 55.6, 55.6. 

 

  

Sodium hydroxy(2,3,4-trimethoxyphenyl)methanesulfonate (S5): 

White solid. 1.47 g, 98% yield (run on 5 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.33 (dd, J = 8.9, 1.1 Hz, 1H), 6.87 (dd, J = 8.9, 1.2 Hz, 1H), 

5.73 (d, J = 1.2 Hz, 1H), 3.84 (d, J = 1.2 Hz, 3H), 3.81 (d, J = 1.2 Hz, 3H), 3.79 (d, J = 1.2 

Hz, 3H). 

13C NMR (126 MHz, D2O) δ 153.6, 151.1, 140.8, 123.2, 122.0, 108.6, 78.9, 61.7, 60.9, 

56.0. 

 

 

Sodium (2-fluoro-4-methoxyphenyl)(hydroxy)methanesulfonate (S6):  

White solid. 735.3 mg, 95% yield (run on 3 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.50 (td, J = 8.7, 3.1 Hz, 1H), 6.80 (dt, J = 8.8, 3.0 Hz, 1H), 

6.72 (dt, J = 12.2, 2.9 Hz, 1H), 5.70 (d, J = 3.1 Hz, 1H), 3.76 (d, J = 3.2 Hz, 3H). 

13C NMR (126 MHz, D2O) δ 161.7, 160.9, 160.8, 159.7, 129.1, 129.0, 115.2, 115.0, 110.5, 

110.5, 101.4, 101.2, 78.6, 78.6, 55.7. 
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Sodium hydroxy(3-phenoxyphenyl)methanesulfonate (S7): 

White crystalline solid. 1.46 g, 97% yield (run on 5 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.40 – 7.32 (m, 3H), 7.27 (dt, J = 7.8, 1.5 Hz, 1H), 7.15 (dd, 

J = 2.7, 1.5 Hz, 2H), 7.01 (dddd, J = 9.2, 8.1, 2.4, 1.2 Hz, 3H), 5.40 (s, 1H) 

13C NMR (126 MHz, D2O) δ 156.6, 156.5, 137.5, 130.1, 129.9, 123.9, 122.8, 119.3, 119.0, 

117.9, 85.1. 

 

 

Sodium (4-(dimethylamino)phenyl)(hydroxy)methanesulfonate (S8): 

Pale yellow solid. 1.1 g, 88% yield (run on 5 mmol scale). 

1H NMR (400 MHz, D2O) δ 7.42 (d, J = 8.3 Hz, 2H), 7.02 (d, J = 8.4 Hz, 2H), 5.37 (s, 

1H), 2.86 (s, 6H). 

13C NMR (101 MHz, D2O) δ 128.8, 115.9, 85.2, 42.0. 

 

 

Sodium (4-chlorophenyl)(hydroxy)methanesulfonate (S9): 

White solid. 478.4 mg, 98% yield (run on 2 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.49 – 7.43 (m, 2H), 7.41 – 7.36 (m, 2H), 5.45 (s, 1H). 

13C NMR (126 MHz, D2O) δ 134.3, 134.1, 129.1, 128.4, 84.9. 

 

PhO
OH

SO3Na

S7

SO3Na

OH

N

S8

SO3Na

OH

Cl
S9



 

 29 

 

Sodium (2-chlorophenyl)(hydroxy)methanesulfonate (S10): 

White solid. 473.4 mg, 97% yield (run on 2 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.68 – 7.65 (m, 1H), 7.43 – 7.40 (m, 1H), 7.36 – 7.32 (m, 

2H), 5.98 (d, J = 1.9 Hz, 1H). 

13C NMR (126 MHz, D2O) δ 133.3, 133.3, 130.5, 129.4, 128.6, 127.2, 81.3. 

 

 

Sodium hydroxy(2,4,5-trifluorophenyl)methanesulfonate (S11): 

White solid. 776.2 mg, 98% yield (run on 3 mmol scale). 

1H NMR (400 MHz, D2O) δ 9.99 (ddd, J = 10.6, 8.9, 6.4 Hz, 1H), 9.67 – 9.56 (m, 1H), 

8.24 (s, 1H). 

13C NMR (126 MHz, D2O) δ 156.3, 156.3, 156.2, 156.2, 154.3, 154.3, 154.2, 151.3, 151.2, 

151.1, 149.3, 149.2, 147.8, 147.7, 145.8, 145.8, 145.7, 145.7, 119.9, 119.9, 119.9, 119.8, 

119.8, 119.7, 116.3, 116.3, 116.2, 116.1, 105.8, 105.6, 105.5, 105.4, 78.0. 

 

  

Sodium (4-cyanophenyl)(hydroxy)methanesulfonate (S12): 

White solid. 676.8 mg, 96% yield (run on 3 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.72 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.2 Hz, 2H), 5.55 (s, 

1H).  
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13C NMR (126 MHz, D2O) δ 141.1, 132.3, 128.2, 119.5, 111.4, 84.9. 

 

  

Sodium hydroxy(4-(methoxycarbonyl)phenyl)methanesulfonate (S13): 

White solid. 1.3 g, 96% yield (run on 5 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.95 (d, J = 8.2 Hz, 2H), 7.59 (d, J = 8.3 Hz, 2H), 5.53 (s, 

1H), 3.85 (s, 3H). 

13C NMR (126 MHz, D2O) δ 169.1, 140.9, 129.9, 129.3, 127.8, 85.1, 52.7. 

 

  

Sodium hydroxy(4-nitrophenyl)methanesulfonate (S14): 

White solid. 711.5 mg, 93% yield (run on 3 mmol scale). 

1H NMR (500 MHz, D2O) δ 8.23 – 8.15 (m, 2H), 7.70 (dd, J = 9.0, 2.4 Hz, 2H), 5.60 (d, 

J = 3.2 Hz, 1H). 

13C NMR (126 MHz, D2O) δ 147.8, 143.0, 128.6, 123.4, 84.7. 

 

 

Sodium benzo[d][1,3]dioxol-5-yl(hydroxy)methanesulfonate (S15): 

White solid. 1.17 g, 92% yield (run on 5 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.01 (d, J = 2.0 Hz, 1H), 6.97 (dt, J = 8.0, 2.2 Hz, 1H), 6.84 

(dd, J = 8.1, 2.2 Hz, 1H), 5.92 (d, J = 2.2 Hz, 2H), 5.36 (d, J = 2.2 Hz, 1H). 
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13C NMR (126 MHz, D2O) δ 147.7, 147.0, 129.3, 121.9, 108.2, 107.8, 101.3, 85.3. 

 

 

Sodium hydroxy(naphthalen-2-yl)methanesulfonate (S16): 

White solid. 1.27 g, 98% yield (run on 5 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.98 (d, J = 1.7 Hz, 1H), 7.94 – 7.85 (m, 3H), 7.66 – 7.60 

(m, 1H), 7.57 – 7.48 (m, 2H), 5.62 (d, J = 2.5 Hz, 1H). 

13C NMR (126 MHz, D2O) δ 133.2, 133.1, 132.6, 128.2, 127.9, 127.7, 127.2, 126.8, 126.6, 

125.0, 85.7. 

 

 

Sodium (E)-1-hydroxy-3-phenylprop-2-ene-1-sulfonate (S17): 

White solid. 1.1 g, 90% yield (run on 5 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.50 – 7.44 (m, 2H), 7.39 – 7.27 (m, 3H), 6.82 (d, J = 16.0 

Hz, 1H), 6.32 (dd, J = 16.0, 7.0 Hz, 1H), 5.04 (dd, J = 7.0, 1.3 Hz, 1H). 

13C NMR (126 MHz, D2O) δ 135.8, 135.1, 128.9, 128.6, 126.8, 122.7, 84.8. 

 

  

Sodium (6-bromopyridin-2-yl)(hydroxy)methanesulfonate (S18): 

Pale yellow solid. 1.39 g, 96% yield (run on 5 mmol scale). 
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1H NMR (500 MHz, D2O) δ 7.70 (dtt, J = 8.1, 6.0, 2.9 Hz, 1H), 7.61 – 7.53 (m, 2H), 5.49 

– 5.40 (m, 1H). 

13C NMR (126 MHz, D2O) δ 155.8, 140.3, 140.2, 128.7, 121.9, 85.1. 

 

  

Sodium (5-bromothiophen-2-yl)(hydroxy)methanesulfonate (S19):  

Pale yellow solid. 1.38 g, 94% yield (run on 5 mmol scale). 

1H NMR (500 MHz, D2O) δ 7.02 (dd, J = 3.8, 0.9 Hz, 1H), 6.99 (dt, J = 3.8, 0.9 Hz, 1H), 

5.63 (t, J = 0.8 Hz, 1H). 

13C NMR (126 MHz, D2O) δ 139.6, 129.8, 128.5, 113.1, 81.7. 

 

 

Sodium hydroxy(5-(hydroxymethyl)furan-2-yl)methanesulfonate (S20): 

Yellow solid. 1.1 g, 96% yield (run on 5 mmol scale). 

1H NMR (500 MHz, D2O) δ 6.51 (d, J = 3.2 Hz, 1H), 6.37 (q, J = 3.8, 3.0 Hz, 1H), 5.52 

– 5.43 (m, 1H), 4.53 – 4.51 (m, 2H). 

13C NMR (126 MHz, D2O) δ 154.4, 148.6, 111.0, 109.3, 79.6, 55.8. 

 

 

Sodium 1-hydroxy-3-(3-(trifluoromethyl)phenyl)propane-1-sulfonate (S21): 

White solid. 281.5 mg, 92% yield (run on 1 mmol scale).  
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1H NMR (500 MHz, D2O) δ 7.56 (d, J = 1.8 Hz, 1H), 7.52 – 7.40 (m, 3H), 4.23 (ddd, J = 

10.2, 3.0, 1.6 Hz, 1H), 2.91 (ddd, J = 14.0, 9.1, 5.0 Hz, 1H), 2.76 (dt, J = 13.9, 8.4 Hz, 1H), 

2.24 – 2.13 (m, 1H), 1.95 (ddddd, J = 13.9, 10.1, 8.8, 5.1, 1.2 Hz, 1H). 

13C NMR (126 MHz, D2O) δ 142.1, 132.4, 130.1, 129.9, 129.1, 125.4, 125.3, 125.2, 125.2, 

125.2, 123.2, 123.0, 123.0, 122.9, 82.9, 32.3, 30.6. 

Analytical data for products of reductive amination: 

Compounds I-71, I-81, I-101, I-112, I-123, I-134, I-145, I-181, I-221, I-231, I-266, I-277, I-

288, I-299, I-3010, Buclizine11, Meclizine12, Flunarizine13, Cinacalcet14, Piribedil15, and 

Donepezil16 were identified by comparisons with literature NMR data, the 1H NMR spectra 

for these known compounds were also attached at the end of the NMR spectra section. All 

other new compounds were characterized by 1H and 13C NMR, and HRMS.  

 

N-(2,3,4-Trimethoxybenzyl)quinolin-8-amine (I-5)  

yellow oil, flash chromatography using 25% EtOAc/ hexanes (Rf = 0.31). 64.8 mg, 

quantitative yield. 

1H NMR (400 MHz, CDCl3) δ 8.71 (dd, J = 4.2, 1.7 Hz, 1H), 8.07 (d, J = 8.3 Hz, 1H), 

7.40 – 7.34 (m, 2H), 7.10 – 7.03 (m, 2H), 6.72 (d, J = 7.6 Hz, 1H), 6.62 (d, J = 8.5 Hz, 1H), 

4.51 (s, 2H), 3.95 (s, 3H), 3.90 (s, 3H), 3.84 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 153.1, 152.0, 146.8, 144.6, 142.3, 136.1, 128.7, 127.9, 

124.9, 123.2, 121.3, 113.9, 107.2, 105.1, 61.2, 60.8, 56.0, 42.3. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C19H20N2O3Na: 347.1372; found 347.1364.  
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3,4-Dimethyl-N-(2,3,4-trimethoxybenzyl)aniline (I-6)  

colorless oil, flash chromatography using 10% EtOAc/hexanes (Rf = 0.31). 53.6 mg, 89% 

yield. 

1H NMR (400 MHz, CDCl3) δ 7.02 (d, J = 8.5 Hz, 1H), 6.94 (d, J = 8.0 Hz, 1H), 6.61 (d, 

J = 8.5 Hz, 1H), 6.56 (d, J = 2.5 Hz, 1H), 6.49 (dd, J = 8.1, 2.6 Hz, 1H), 4.25 (s, 2H), 3.90 (s, 

3H), 3.87 (s, 3H), 3.84 (s, 3H), 2.19 (s, 3H), 2.15 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 153.1, 151.9, 146.4, 142.2, 137.3, 130.2, 125.5, 125.4, 

123.5, 115.0, 110.6, 107.2, 61.1, 60.8, 56.0, 43.7, 20.1, 18.7. 

HRMS (ESI-TOF) m/z: [2M+Na]+ calcd for C36H46N2O6Na: 625.3254; found 625.3226.  

 

 

N-(3-Phenoxybenzyl)quinolin-8-amine (I-9)  

yellow oil, flash chromatography using 10% EtOAc/hexanes (Rf = 0.31). 51.5 mg, 79% 

yield. 

1H NMR (400 MHz, CDCl3) δ 8.72 (dd, J = 4.2, 1.7 Hz, 1H), 8.09 (d, J = 8.3 Hz, 1H), 

7.39 (dd, J = 8.2, 4.2 Hz, 1H), 7.37 – 7.23 (m, 5H), 7.19 (ddd, J = 7.6, 1.7, 0.9 Hz, 1H), 7.12 

– 7.03 (m, 3H), 7.02 – 6.93 (m, 2H), 6.90 (ddd, J = 8.1, 2.6, 1.0 Hz, 1H), 6.63 (dd, J = 7.6, 

1.2 Hz, 1H), 4.55 (d, J = 2.9 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 157.58, 157.13, 146.88, 144.38, 141.49, 136.15, 129.93, 

129.72, 128.67, 127.76, 123.22, 122.13, 121.43, 119.52, 118.90, 117.84, 117.45, 114.32, 

105.34, 47.48. 
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13C NMR (101 MHz, CDCl3) δ 157.6, 157.1, 146.9, 144.4, 141.5, 136.2, 129.9, 129.7, 

128.7, 127.8, 123.2, 122.1, 121.4, 118.9, 117.8, 117.4, 114.3, 105.3, 47.5. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C22H18N2ONa: 349.1317; found 349.1314.  

 

 

3-Fluoro-4-morpholino-N-(3-phenoxybenzyl)aniline (I-15) 

Colorless oil, flash chromatography using 15% EtOAc/hexanes (Rf = 0.35). 72.6 mg, 96% 

yield. 

1H NMR (400 MHz, CDCl3) δ 7.35 – 7.25 (m, 3H), 7.13 – 7.07 (m, 2H), 7.03 – 6.98 (m, 

3H), 6.91 (dd, J = 8.1, 2.5 Hz, 1H), 6.82 (t, J = 9.2 Hz, 1H), 6.36 (d, J = 14.6 Hz, 2H), 4.25 

(s, 2H), 3.85 (t, J = 4.6 Hz, 4H), 2.96 (s, 4H). 

13C NMR (101 MHz, CDCl3) δ 158.3, 157.7, 157.0, 155.8, 130.0, 129.8, 123.4, 122.1, 

119.1, 119.0, 117.7, 117.6, 101.7, 101.5. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C23H24FN2O2: 379.1822; found 379.1825.  

 

 

N-(Benzo[d][1,3]dioxol-5-ylmethyl)-3-(1H-tetrazol-5-yl)aniline (I-16) 

White solid, flash chromatography using 5% MeOH/DCM (Rf = 0.25). 57.2 mg, 97% 

yield. 
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1H NMR (400 MHz, MeOD-d4) δ 7.29 – 7.21 (m, 2H), 7.20 – 7.13 (m, 1H), 6.85 (d, J = 

7.6 Hz, 2H), 6.80 (dd, J = 8.0, 2.4 Hz, 1H), 6.77 – 6.68 (m, 1H), 5.88 (d, J = 1.4 Hz, 2H), 4.27 

(s, 2H). 

13C NMR (101 MHz, MeOD-d4) δ 156.2, 149.5, 147.9, 146.6, 133.4, 129.7, 124.1, 120.2, 

115.7, 114.7, 110.3, 107.7, 107.4, 100.8, 70.1. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C15H13N5O2Na: 318.0967; found 318.0952.  

 

  

4-Methyl-3-(1-methyl-1H-indol-5-yl)-N-(naphthalen-2-ylmethyl)aniline (I-17): 

Light yellow solid, flash chromatography using 20% EtOAc/hexanes (Rf = 0.28). 60.2 mg, 

80% yield. 

1H NMR (500 MHz, CDCl3) δ 7.89 – 7.81 (m, 4H), 7.60 (d, J = 1.8 Hz, 1H), 7.56 – 7.46 

(m, 3H), 7.37 (dd, J = 8.5, 2.1 Hz, 1H), 7.25 (dd, J = 8.4, 1.9 Hz, 1H), 7.16 – 7.07 (m, 2H), 

6.75 (d, J = 2.5 Hz, 1H), 6.65 (dt, J = 8.3, 2.4 Hz, 1H), 6.54 (t, J = 2.7 Hz, 1H), 4.54 (d, J = 

2.1 Hz, 2H), 3.85 (d, J = 2.0 Hz, 3H), 2.24 (d, J = 2.0 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 146.1, 143.9, 137.2, 135.7, 133.7, 133.5, 131.0, 129.2, 

128.3, 128.3, 127.8, 127.7, 126.1, 126.1, 126.0, 125.7, 125.0, 123.3, 121.2, 115.5, 111.6, 

108.6, 101.1, 48.9, 32.9, 19.7. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C27H25N2: 377.2018; found 377.2010.  

 

 

(R)-N-((6-Bromopyridin-2-yl)methyl)-1-(naphthalen-1-yl)ethan-1-amine (I-19)  
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Off white solid, flash chromatography using 25% EtOAc/hexanes (Rf = 0.30). 51.5 mg, 

75% yield. 

1H NMR (400 MHz, CDCl3) δ 8.19 – 8.14 (m, 1H), 7.90 – 7.86 (m, 1H), 7.75 (t, J = 7.8 

Hz, 2H), 7.53 – 7.42 (m, 4H), 7.34 (d, J = 7.8 Hz, 1H), 7.17 (d, J = 7.5 Hz, 1H), 4.70 (q, J = 

6.6 Hz, 1H), 3.83 (d, J = 5.2 Hz, 2H), 1.56 (d, J = 6.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 161.6, 141.8, 140.4, 138.7, 134.0, 131.3, 129.0, 127.4, 

126.3, 125.8, 125.8, 125.4, 123.1, 123.0, 121.3, 53.3, 52.6, 23.6. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C18H18BrN2: 343.0635; found 343.0639.  

 

 

 

1-Methyl-N-(3-phenoxybenzyl)-1H-indol-5-amine (I-20) 

Brown solid, flash chromatography using 25% EtOAc/hexanes (Rf = 0.30). 55.8 mg, 85% 

yield. 

1H NMR (400 MHz, CDCl3) δ 7.31 (dt, J = 9.1, 7.5 Hz, 3H), 7.20 – 7.07 (m, 4H), 7.04 – 

6.98 (m, 2H), 6.96 (d, J = 3.1 Hz, 1H), 6.91 (ddd, J = 8.1, 2.6, 1.0 Hz, 1H), 6.84 (d, J = 2.2 

Hz, 1H), 6.68 (dd, J = 8.7, 2.3 Hz, 1H), 6.31 (dd, J = 3.0, 0.8 Hz, 1H), 4.36 (s, 2H), 3.73 (s, 

3H). 

13C NMR (126 MHz, CDCl3) δ 157.5, 157.2, 142.3, 141.7, 131.5, 129.9, 129.7, 129.3, 

128.9, 123.2, 122.4, 118.9, 118.1, 117.4, 111.7, 109.9, 102.8, 99.8, 49.6, 32.9. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C22H20N2ONa: 351.1473; found 351.1468.  
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(5-(((4-Bromo-3-fluorophenyl)amino)methyl)furan-2-yl)methanol (I-21)  

Yellow oil, flash chromatography using 33% EtOAc/hexanes (Rf = 0.31). 50.4 mg, 56% 

yield. 

1H NMR (400 MHz, CDCl3) δ 7.29 – 7.26 (m, 1H, overlap with CHCl3), 6.44 (dd, J = 

10.9, 2.7 Hz, 1H), 6.36 – 6.33 (m, 1H), 6.24 – 6.18 (m, 2H), 4.58 (s, 2H), 4.27 (d, J = 0.7 Hz, 

2H). 

13C NMR (101 MHz, CDCl3) δ 160.99, 158.56, 153.70, 151.75, 148.51, 148.42, 133.39, 

133.37, 110.36, 110.33, 108.74, 108.23, 101.03, 100.77, 95.58, 95.36, 77.36, 77.05, 76.73, 

57.48, 41.29. 

13C NMR (101 MHz, CDCl3) δ 161.0, 153.7, 151.7, 148.5, 148.4, 133.4, 133.4, 110.4, 

110.3, 108.7, 108.2, 101.0, 100.8, 95.6, 95.4, 57.5, 41.3. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C12H11BrFNO2Na: 622.9794; found 622.9769.  

 

 

4-Bromo-N-(4-(dimethylamino)benzyl)-1-methyl-1H-indazol-3-amine (I-24)  

Pale yellow solid, flash chromatography using 30% EtOAc/hexanes (Rf = 0.31). 38.1 mg, 

53% yield. 

1H NMR (400 MHz, CDCl3) δ 7.68 – 7.55 (m, 1H), 7.37 (dd, J = 8.9, 1.8 Hz, 1H), 7.34 – 

7.25 (m, 2H), 7.06 (d, J = 8.9 Hz, 1H), 6.76 (d, J = 8.4 Hz, 2H), 4.46 (s, 2H), 3.85 (s, 3H), 

2.94 (d, J = 8.5 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 150.2, 148.5, 140.3, 129.8, 129.2, 127.2, 122.1, 115.8, 

112.8, 110.5, 109.9, 48.2, 40.8, 35.1. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C17H19BrN4Na: 381.0691; found 381.0697.  
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5-(4-Bromophenyl)-4-methyl-N-(2,4,5-trifluorobenzyl)thiazol-2-amine (I-25) 

Off White solid, flash chromatography using 30% EtOAc/hexanes (Rf = 0.31). 41.3 mg, 

50% yield. 

1H NMR (400 MHz, CDCl3) δ 7.51 – 7.45 (m, 2H), 7.45 – 7.39 (m, 2H), 7.29 – 7.20 (m, 

1H), 6.93 (td, J = 9.7, 6.4 Hz, 1H), 4.40 (s, 2H), 2.35 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 165.3, 156.7, 156.6, 154.8, 154.3, 157.7, 150.5, 150.4, 

150.3, 148.5, 148.4, 148.3, 147.9, 147.7, 145.9, 145.8, 145.9, 134.2, 131.4, 129.9, 121.8, 

121.7, 121.7, 121.7, 121.3, 117.4, 117.4, 117.3, 117.2, 116.9, 105.8, 105.6, 105.6, 105.4, 42.5, 

42.4, 12.4. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C17H13BrF3N2S: 412.9935; found 412.9930.  

 

 

t-Butyl (3'-(4-(t-butyl)-N-(naphthalen-2-ylmethyl)benzamido)-4'-methoxy-[1,1'-

biphenyl]-4-yl)(propyl)carbamate (I-31) 

Pale yellow oil, flash chromatography using 33% EtOAc/hexanes (Rf = 0.28). 206.9 mg, 

63% overall yield. 
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1H NMR (400 MHz, CDCl3) δ 7.81 – 7.71 (m, 4H), 7.54 (d, J = 8.5 Hz, 1H), 7.43 (d, J = 

9.4 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.29 – 7.24 (m, 1H), 7.16 (d, J = 8.1 Hz, 2H), 7.06 (t, J 

= 7.0 Hz, 4H), 6.90 (s, 1H), 6.77 (d, J = 8.6 Hz, 1H), 5.71 (d, J = 14.4 Hz, 1H), 4.78 (d, J = 

14.5 Hz, 1H), 3.67 (s, 3H), 3.55 (t, J = 7.4 Hz, 2H), 1.53 (q, J = 7.4 Hz, 2H), 1.44 (s, 9H), 

1.21 (s, 9H), 0.87 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 171.6, 154.8, 153.9, 152.8, 141.5, 137.3, 135.5, 133.0, 

132.8, 132.1, 128.8, 128.0, 128.0, 127.9, 127.6, 127.3, 127.1, 126.9, 126.8, 125.9, 125.7, 

124.4, 112.0, 55.5, 52.5, 51.6, 34.7, 31.1, 21.7, 11.2. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C43H48N2O4Na: 679.3512; found 679.3511.  
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1.5.8 NMR spectra 

1H NMR and 13C NMR for bisulfite adduct S1 
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 1H NMR and 13C NMR for bisulfite adduct S2 
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1H NMR and 13C NMR for bisulfite adduct S3 
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1H NMR and 13C NMR for bisulfite adduct S4 

 

 

������������������������������������������	��	��
��
����������������
�������

���

�������

������	

������	

������	

������	

������	

������	

������	

������������������

��
��
��





��
�
�

��
�
�

��
�
�

��
�
�

����������������	�
�������������������������	��
����������
�������

�������

�

������

������

������

������

������

������

	�����


�����

������

�������

������������������
�
�
��
�

�
�
��
�



�
��
	

��
�
�

�

��
��
�
�

��
��
�
�

��

�
�



��
	�
	�

��

�
�
�

O
O

OH

SO3Na

S4

O
O

OH

SO3Na

S4



 

 46 

1H NMR and 13C NMR for bisulfite adduct S5 
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1H NMR and 13C NMR for bisulfite adduct S6 
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1H NMR and 13C NMR for bisulfite adduct S7 
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1H NMR and 13C NMR for bisulfite adduct S8 
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1H NMR and 13C NMR for bisulfite adduct S9 
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1H NMR and 13C NMR for bisulfite adduct S10 
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1H NMR and 13C NMR for bisulfite adduct S11 
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1H NMR and 13C NMR for bisulfite adduct S12 
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1H NMR and 13C NMR for bisulfite adduct S13 
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1H NMR and 13C NMR for bisulfite adduct S14 
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1H NMR and 13C NMR for bisulfite adduct S15 
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1H NMR and 13C NMR for bisulfite adduct S16 
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1H NMR and 13C NMR for bisulfite adduct S17 
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1H NMR and 13C NMR for bisulfite adduct S18 

 

 

����������������������������������������	��	��
��
��������������������������
�������

��������

�

�������

�������

�������

�������

�������

	������


������

�������

�������

��������

��������

��������

��������

��������

��������������������������

��
�
�

��
��
��
��

��
�
�

��
�
	

��
�
	


�
��

�
��

�
�	

�
�


�
��

�
��

�
��

�
	
�


�
	
�


�
	
�


�
	
�


�
	
�


�
	
�


�
	
�


�

�

�

�

�

�

�

�

�

�

�

�

����������������	�
�������������������������	��
����������
�������

�������

�

������

������

������

������

������

������

	�����


�����

������

�������

�������

��������������������������



�
��
�

��
��





��

�
�
	

��
�
��
�

��
�
��
�

��
�
�

�

N
SO3Na

OH

Br
S18

N
SO3Na

OH

Br
S18



 

 60 

1H NMR and 13C NMR for bisulfite adduct S19 
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1H NMR and 13C NMR for bisulfite adduct S20 
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1H NMR and 13C NMR for bisulfite adduct S21 

 

 

����������������������������������������	��	��
��
����������������������
�������

��������

�

�������

�������

�������

�������

�������

	������


������

�������

�������

��������

��������

��������

��������

��������

��������

�	������������������������

��
�
	

��
�
	

��
�



��
�



��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
	

��
�
	

��
�
	

��
�

��
�

��
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�	
��
�	
��
�

��
�

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

�
��

�
��

	
��

	
��

�
��

�
��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�


�
�
�


�
�
�


�
�
�


�
�
	


�
�
	


�
�




�
�
�


�
�
�


�
�
�


�
�
�


�
��

�
��

�
��

�
��

�
��

�
�	

�
�	

�
�


����������������	�
�������������������������	��
����������
�������

������

�

�����

������

������

������

������

������

������

������

������

������

�����������
�������

�
�
��
�

�
��
�
�



��


	

��
��
�
�

��
��
�
�

��
��
�	

��
��
�
�

��
��
��

��
�
��
	

��
�
��
�

��
�
��
�

��
�
��
�

��
�
��



��
��
��

��
��
�
�

��
��


�

��
�
��
�

��
�
��
	

��
��
�
�

��
��
��

F3C SO3Na

OH

S21

F3C SO3Na

OH

S21



 

 63 

1H NMR and 13C NMR for compound I-5 
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1H NMR and 13C NMR for compound I-6 
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1H NMR and 13C NMR for compound I-9 
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1H NMR and 13C NMR for compound I-15 
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1H NMR and 13C NMR for compound I-16 
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1H NMR and 13C NMR for compound I-17 
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1H NMR and 13C NMR for compound I-19 
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1H NMR and 13C NMR for compound I-20 
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1H NMR and 13C NMR for compound I-21 
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1H NMR and 13C NMR for compound I-24 
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1H NMR and 13C NMR for compound I-25 
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1H NMR and 13C NMR for compound I-31 
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1H NMR for compound I-7 

 
1H NMR for compound I-8 
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1H NMR for compound I-10 

 
1H NMR for compound I-11 
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1H NMR for compound I-12 

 
1H NMR for compound I-13 
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1H NMR for compound I-14 

 
1H NMR for compound I-18 
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1H NMR for compound I-22 

 
1H NMR for compound I-23 
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1H NMR for compound I-26 

 
1H NMR for compound I-27 
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1H NMR for compound I-28 

 
1H NMR for compound I-29 
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1H NMR for compound I-30 

 
1H NMR for Buclizine 
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1H NMR for Meclizine 

 
1H NMR for Flunarizine 
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1H NMR for Cinacalcet 

 
1H NMR for Piribedil 
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1H NMR for Donepezil 
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II. High turnover Pd/C catalyst for nitro group reductions in water 

enabling 1-pot sequences and syntheses of pharmaceutical 

intermediates 

 

 

Reproduced with permission from: 

Li, X.; Thakore, R. R.; Takale, B. S.; Gallou, F.; Lipshutz, B. H. “High Turnover Pd/C 

Catalyst for Nitro Group Reductions in Water. One-Pot Sequences and Syntheses of 

Pharmaceutical Intermediates.” Org. Lett. 2021, 23, 8114–8118. 

Copyright © 2022 American Chemical Society.  
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2.1. Background and introduction 

The reduction of the nitro group is a pivotal transformation in organic chemistry that leads 

to introduction of an amino group into a molecule.1-3 The significance of this transformation 

is highlighted by the widespread nature of amine derivatives in various fields, including 

pharmaceuticals, agrochemicals, dye intermediates, pigments, and a myriad of other fine 

chemicals.4-5 Beyond this, the nitro group serves a dual purpose in synthetic strategies. The 

inherent electron-withdrawing character of the nitro group increases the reactivity of 

substrates towards specific reactions, such as Pd-catalyzed couplings6 and nucleophilic 

aromatic substitution (SNAr)7 reactions, thereby further broadening its utility as an 

indispensable residue in modern organic synthesis. 

The history of nitro compound reduction extends to the 19th century. Initial methodologies 

prominently featured the use of stoichiometric metals under acidic conditions, exemplified by 

the Bechamp reduction employing iron in the presence of hydrochloric acid.8 While these 

protocols are effective, their broader applicability is curtailed by certain limitations, notably 

the substantial generation of metallic waste and a frequent lack of chemoselectivity in the 

presence of other reducible and/or acid-sensitive functionalities.  

Subsequent to initial discoveries, synthetic chemists have dedicated significant efforts 

towards the discovery of novel and efficient catalysts, aiming to establish both streamlined 

and environmentally benign methodologies for this transformation. Catalytic hydrogenation 

with transition metals has emerged as a central strategy in this domain. Precious metals like 

Pd,9-11 Au,12 Rh,13-14 and Pt15,16 have frequently been employed, owing to their remarkable 

catalytic reactivity. Meanwhile, more economical alternatives such as Cu,17-19 Co,20-21 Ni,22-24 

Fe,25-27 Mo,28 and Ti29 have also gained attention, offering both cost-effective and efficient 

pathways for nitro group reduction.  
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In addition to these catalytic strategies, several alternative methodologies have been 

designed, each presenting distinct advantages. For instance, electrochemical reduction has 

gained prominence due to its utilization of simple electrolytes which effectively circumvents 

the requirement for metal reagents, thus minimizing waste generation.29 Enzymatic reduction 

represents another approach and is especially praised for its operation under benign conditions 

while delivering exceptional selectivity.30-32 Furthermore, metal-free reduction, typically 

employing silanes or borohydrides, emerges as a noteworthy counterpart, presenting viable 

alternatives to conventional metal-centric reduction methods.33-35 

Thus, despite considerable advancements in the realm of nitro group reductions, many 

existing methods still exhibit suboptimal properties, such as high loading of precious or toxic 

metals, expensive ligands, elevated pressures and/or temperatures, dangerous reagents, toxic 

solvents, long reaction times, commercially unavailable materials, lack of selectivity, and 

inconsistent yields, particularly with complex molecules, etc. It is critical to develop efficient 

methodologies that not only achieve the same desired outcomes but also to prevent 

environmental damage and avoid issues related to flammability or potential explosiveness.  

In alignment with the trends towards sustainable methodologies, our group has pioneered 

an array of nitro group reduction techniques employing recyclable aqueous media facilitated 

by micellar catalysis36-39 (Scheme II-1). Historically, in 2013, we developed a robust, eco-

friendly protocol for the reduction of functionalized nitroarenes, using inexpensive zinc dust 

in aqueous TPGS-750-M solution (2 wt %).36 This procedure was characterized by its mild 

reaction parameters and exhibited commendable selectivity towards variety of protecting 

groups. Advancing this approach, in 2017, we transitioned to carbonyl iron powder (CIP) as 

a substitute for zinc dust, a shift motivated by the greater earth-abundance of iron, marking an 

enhancement in sustainability.37 Notwithstanding the merits of these approaches, they were 
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not without drawbacks, primarily the generation of waste owing to the stoichiometric 

utilization of metals. 

Parallel to these endeavors, we also explored catalytic hydrogenation strategies. In 2015, 

we introduced a novel nanoparticle (NP)-containing iron with ppm levels of palladium.38 This 

NP catalyst facilitated reduction of nitro groups in aqueous micellar media using 

stoichiometric NaBH4, yielding arylamines with impressive efficiency. Further optimization 

in 2018 achieved an enhancement in the reactivity of these NPs by incorporating ppm levels 

of nickel, which served to modulate the palladium surface content and mitigate formation of 

less-reactive Pd-Pd aggregates.39 Consequently, this modified system ensured enhanced yields 

within decreased reaction durations. While these methodologies demonstrated remarkable 

functional group tolerance and notably diminished the metal input into the reaction system, 

the mandatory use of stoichiometric NaBH4 posed sustainability challenges due to 

consequential waste generation. 

 

Scheme II-1. Previous approaches to nitro group reductions in aqueous micellar media. 

In more recent investigations, we documented that commercially available Pd/C can 

facilitate reductive aminations40 and hydrogenation of olefins41 under aqueous micellar 

conditions with an impressively low Pd loading at ppm levels. Such conditions, benefiting 

from the "nano-to-nano" effect,42 enable utilization of mild conditions, notably, 

cat. Fe/ppm Pd NPs
(both w/ or w/o Ni)

NO2 NH2

5 equiv Zn°
or 3 equiv CIP

scope:       broad
reductant:  Polluting

scope:       broad
catalyst:     not reusable
reductant:  polluting

NaBH4

NH4Cl
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environmentally benign reductants like dihydrogen, while avoiding potentially polluting 

reagents such as boranes or silanes. Given this backdrop, we were intrigued by the potential 

adaptability of these conditions to more challenging nitro group reductions. In this work, we 

illustrate that a mere 0.4 mol % of commercially available Pd/C, under atmospheric hydrogen 

within nanomicelle-containing water, can readily reduce nitro groups, including those 

associated with the preparation of pharmaceutical intermediates. 

 

Scheme II-2. Recent report on reductions using ppm Pd/C 

 

Scheme II-3. This work: nitro reductions in water with Pd/C and H2 

2.2. Results and Discussion 

2.2.1. screening of conditions 

Our preliminary assessment was conducted using model substrate II-1 (Table II-1). 

Inspired by our prior research on the Pd/C reduction system,40-41 we employed the same 1 wt 

% Pd/C purchased from Sigma-Aldrich as catalyst. Dihydrogen (H2) was selected as the 

reductant due to its environmentally benign nature, where water is the sole by-product. Using 

Reductive amination:

R2

OR1

+ HN R3

R4

2000 ppm Pd/C
Et3SiH (1.2 equiv)

2 wt% TPGS-750-M/H2O, 45 ºC
R2

R1 N
R3

R4

R1
R4

R3

R2

R1
R4

R3

R2

500 ppm Pd/C 
Et3SiH/ H2 ballon

2 wt% TPGS-750-M/H2O, r.t.

hydrogenation of olefins:

NO2 NH2
0.4 mol %

Pd/C

H2 balloon
heterogeneous

pharmaceuticals

scope:
catalyst:
reductant:

broad
recyclable
clean



 

 91 

a 2 wt % TPGS-750-M/H2O solution as reaction medium, the system was purged with an H2 

balloon and subsequently heated to 45 ºC.  

Table II-1. Screening palladium loading for nitro group reductions.a 

 

a Reaction conditions unless otherwise noted:  0.5 mmol of II-1, 1 wt % Pd/C, H2 

balloon, stirred in 1 mL 2 wt % TPGS-750-M/H2O at 45 ºC. b Conversion determined by 

GC-MS.  

Our initial screening emphasized optimization of palladium loading (Table II-1). Notably, 

remarkably, with only 4000 ppm (0.4 mol %) Pd, the desired nitro group reduction occurred 

smoothly, yielding the desired product with near-complete conversion (entry 4). Attempts to 

decrease the Pd loading further, however, failed to maintain the same degree of catalyst 

reactivity. Hence, when reduced to 2000 ppm, the extent of conversion fell to a mere 52%, 

and a further decrease to 500 ppm resulted in no observable reaction. Consequently, 4000 ppm 

of 1 wt % Pd/C was deemed optimal and selected for subsequent experiments. 

  

N
N

O

NO2

N
N

O

NH2X ppm Pd/C
H2 Balloon

2 wt % TPGS-750-M/H2O [0.5 M]
45 oC, 4 h

Entry

1

2

3

4

Pd/C Loading (ppm)

500

1000

2000

4000

Conversion (%)b

trace

31

52

98

II-1 II-2
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Table II-2. Screening reductants for nitro group reductions.a 

	

	a Reaction conditions unless otherwise noted:  0.5 mmol of II-1, 0.4 mol % of 1 wt % 

Pd/C, reductant (1.5 equiv), stirred in 1 mL 2 wt % TPGS-750-M/H2O at 45 ºC. b Isolated 

yield. c Reaction was run “on water. 

While dihydrogen (H2) emerges as an ideal reductant from an environmental perspective, 

its gaseous nature could potentially necessitate specialized equipment, posing practical 

challenges. Consequently, we broadened our scope to explore both liquid and solid phase 

reductants as viable alternatives (Table II-2). Through a detailed screening of varies 

reductants, H2 gas was reaffirmed as the best choice, giving the desired target product with 

95% isolated yield (entry 8). Notably, triethylsilane (Et3SiH) also demonstrated commendable 

efficacy, yielding a nearly comparable 90% of the product (entry 6). These results highlight 

the adaptability and robustness of our methodology. However, it is also worth noting that in 

the absence of surfactant (TPGS-750-M), the reactions (entries 7, 9) conducted "on water" 

gave aniline II-2 but with diminished yields of 62% and 81%, respectively, underscoring the 

indispensable role of the surfactant in achieving optimal results. 

N
N

O

NO2

N
N

O

NH20.4 mol% Pd/C
Reductant

2 wt % TPGS-750-M/H2O [0.5 M]
45 oC, 4 h

Entry

1

2

3

4

5

6

7c

8

9c

Reductant

NaBH4

PhSiH3

PhMeSiH2

(EtO)3SiH

PMHS

Et3SiH

Et3SiH

H2 Balloon

H2 Balloon

Yield (%)b

<1

40

27

<1

<1

90

62

95

81

II-1 II-2
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2.2.2. Application: 1-pot synthesis of pharmaceutical intermediates 

Utilizing the newly optimized conditions, several one-pot syntheses of pharmaceutical 

intermediates were undertaken. As shown in Scheme II-4, this ppm-level Pd/C nitro reduction 

method is versatile, integrating seamlessly at diverse stages within synthetic sequences and 

accommodating assorted reaction types within these one-pot processes.  

For example, the intermediate for pazopanib43, an anticancer agent, was efficiently 

synthesized via a combination of nitro group reduction and SNAr reaction, yielding 80% of 

the desired product II-4 (A). Nitro group reduction was also feasible after an SNAr reaction. 

As shown in pathway B, Initial SNAr reaction between substrate II-5 and isobutylamine was 

followed by nitro group reduction to afford II-6 in 88% overall yield, an intermediate en route 

to imiquimod.44 Another substrate, 2-fluoro-4-nitrobenzene (7) was smoothly hydrogenated 

and subsequently acylated (C) to deliver compound II-8, an intermediate to 5’F-adiquine,45 

in quantitative yield. Significantly, the resultant acetamide II-8 could be simply isolated via 

filtration. Furthermore, the antimalarial primaquine46 precursor II-10 was synthesized via 

nitro group reduction of compound II-9, followed by reductive amination (D). In parallel, the 

precursor for the anticancer agent nilotinib47, a therapeutic for chronic myelogenous leukemia, 

can be synthesized via two aqueous-based pathways (E). The first encompasses reduction of 

the nitro group in compound II-11, followed by efficient acylation with the corresponding 

acid chloride resulting in compound II-12 with an impressive overall yield of 95%. The 

alternative route involves reduction of the nitro group and subsequent coupling utilizing 

EDAC and DIPEA with the corresponding acids, yielding an identical product, albeit with 

lesser efficiency. From these multi-steps, one-	pot sequences, it can be concluded that this 

novel approach for reducing aromatic and heteroaromatic nitro groups exhibits considerable 

robustness. 
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Scheme II-4. Nitro group reductions for one-pot synthesis of pharmaceutical 

intermediates.  

Reaction conditions; nitro reduction: 0.4 mol % of Pd/C (w/r/t, nitro compound), H2 balloon, 

2 wt % TPGS-750-M/H2O [0.5 M], 55 ºC. SNAr reaction: base (1.5-2.0 equiv), aryl chloride 

(1.0 equiv), 45-50 ºC. Acylation with acetic anhydride: 1.2 equiv of Ac2O, rt. Reductive 

amination: 1.5 equiv of Na(CN)BH3, rt-35 ºC. Acylation with aroyl chloride:  Et3N (2.0 

equiv), aroyl chloride (2.0 equiv), rt. Amide coupling:  acid (1.0 equiv), EDAC (1.3 equiv), 

DIPEA (2.0 equiv), 60 ºC, 18 h. Isolated yields are shown. 
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2.2.3. Substrate scope 

The same optimized conditions were extended to a wide variety of nitro group-containing 

compounds, including pharmaceutical precursors and other highly complex molecules. 

(Scheme II-3). First, we synthesized an array of compounds associated with recognized active 

pharmaceutical ingredients (APIs). Compound II-13 serves as a pivotal intermediate leading 

to rizatriptan, a therapeutic agent for the amelioration of migraine headaches.48 Both 

compounds II-14 and II-15 are foundational precursors for constructing the benzoimidazole 

core of telmisartan, an esteemed antihypertensive medication.49 Compound II-16 is involved 

in the synthetic pathway towards sonidegib, a targeted oncology therapeutic.50 Compound II-

17, meanwhile, is relevant to the synthesis of eletriptan, which is employed in the management 

of headache disorders.51 Compound II-18 plays a crucial role in the synthesis of ceritinib, a 

novel agent for lung cancer treatment.52 Compound II-19 is tied to the development of 

potential therapeutics targeting central nervous system disorders.53 Finally, compound II-20 

stands as an analogue to procainamide in its structural features and potential therapeutic 

utilities.54 

Furthermore, we broadened the substrate scope to encompass an array of functionalized 

molecules, facilitating a more comprehensive understanding of the system's versatility. 

Among our observations, a significant facet was the onserved tolerance of certain reducible 

functionalities under the employed conditions. Specifically, esters (II-14, II-15), pyridines 

(II-23), ketones (II-26, II-27), and nitriles (II-28) remained largely unaffected, pointing to 

the chemoselectivity inherent to this reduction method. Of particular intrigue was the selective 

mono-reduction of dinitroveratrole to II-29, which was achieved in high chemical yield. This 

selective behavior could be attributed to a shift in the molecule's electronic character following 

initial reduction, making subsequent reductions less favorable. The conditions also 
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demonstrated an impressive compatibility with various protecting groups, typically of 

paramount importance in complex molecule synthesis. These includes acetyl (II-15), benzyl 

(II-23), and Boc (II-30) moieties, testifying to the method's amenability to a wide range of 

synthetic plans. Another compelling aspect of our study was the observation that molecules 

with high polarity, such as amines (II-26), carbamates (II-30), phenols (II-31), and acids (II-

33) are also amenable to the conditions and underwent reduction giving the desired outcomes. 

Lastly, our investigation into heterocyclic structures revealed the method's applicability to a 

broad spectrum of such materials. Triazoles (II-13), indoles (II-21), pyridines (II-23), 

quinolines (II-24), benzofurans (II-26), and carbazoles (II-25) all proved to be compatible, 

further underscoring the generality of this nitro reduction methodology. 

In light of these findings, it's evident that this nitro reduction methodology holds 

significant promise for a wide spectrum of applications, especially in complex molecule 

synthesis. Its versatility and robust nature, as showcased through compatibility with a plethora 

of functional groups and heterocyclic structures, highlight its potential as a cornerstone 

technique in modern organic synthesis. 
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Table II-3. Nitro group reductions of substrates of varying complexity.a 

 

a Reaction conditions unless otherwise noted:  0.5 mmol of nitroarene, 0.4 mol % of 1 wt 

% Pd/C, H2 balloon, stirred in 2 wt % TPGS-750-M/H2O [0.5 M] at 55 ºC. Isolated yields are 

shown.   
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2.2.4. Recycle study 

As is typical of reactions run under aqueous micellar conditions, recycling of the reaction 

medium is readily achieved once reductions are complete (Scheme II-5). Thus, the reaction 

mixture is extracted “in flask” and the aqueous medium was saved and reused for two 

additional runs, without losing catalyst reactivity.  

The Pd/C catalyst exhibits a remarkable capacity for reuse, which effectively lower the 

average palladium requirement per reaction. Notably, the second run proceeded without the 

addition of fresh palladium and achieved a yield comparable to the initial run. Although a 

marginal decrease in reactivity was observed in the third cycle—likely attributable to the 

incremental loss of catalyst during extraction—a minor supplement of 0.1 mol% fresh Pd/C 

was sufficient to restore reactivity to the desired level. This aspect of the methodology 

underscores its alignment with principles of sustainability and efficiency, reducing both waste 

and operational costs. 

Scheme II-5. Recycling of the aqueous medium and catalyst. 

 

2.3. Summary 

In summary, we have developed a highly efficient and eco-friendly methodology for the 

palladium-catalyzed reduction of nitro group-containing compounds utilizing minimal 

amounts of palladium on carbon (4000 ppm Pd/C) to achieve notable yields. The demonstrated 

versatility of this system is marked by its successful application in the one-pot synthesis of a 

NO2
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NH2

CF3
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II-28II-37
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diverse array of pharmaceutical intermediates, as well as its compatibility with a broad 

spectrum of functional groups and heterocyclic compounds. The protocol further supports the 

principles of green chemistry through the recyclability of both the reaction medium and the 

Pd/C catalyst, contributing to the overall sustainability of the process. The advancements 

presented herein not only enhance existing reduction methods but also promote the potential 

integration of sustainable practices into chemical manufacturing, positioning them as a pivotal 

influence on future industrial protocols. 
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2.5. Experimental section 

2.5.1. General information 

All reagents and chemicals required for the experiments that follow were procured from 

Combi-Blocks and Sigma-Aldrich, and used without further purification. 1 wt % Pd/C was 

purchased from Sigma-Aldrich (catalog #205672). Deuterated solvents were purchased from 

Cambridge Isotopes Laboratories. TPGS-750-M is either prepared or supplied by PHT 

International (also available from Sigma-Aldrich catalog #733857). The desired 2 wt % of 

surfactant solution in HPLC water was prepared by dissolving 2 g of surfactant to 98 g of 

HPLC water (which had been degassed with argon prior to use) and stored under argon.  

Thin layer chromatography (TLC) was performed using Silica Gel 60 F254 plates (Merck, 

0.25 mm thick). Flash chromatography was performed in glass columns using Silica Gel 60 

(EMD, 40-63 μm).  

1H and 13C NMR spectra were recorded on a Varian Unity Inova 500 MHz (500 MHz for 

1H, 125 MHz for 13C), Bruker 500 MHz (500 MHz for 1H, 125 MHz for 13C) or Bruker 400 

MHz (400 MHz for 1H, 100 MHz for 13C); CD3OD, DMSO-d6 and CDCl3 were used as 

solvent. Residual peaks for CHCl3 in CDCl3 (1H = 7.26 ppm, 13C = 77.20 ppm), DMSO in 

DMSO-d6 (1H = 2.50 ppm, 13C = 39.52 ppm) or MeOH in MeOD (1H = 4.78 ppm, 13C = 49.00 

ppm) have been assigned. The chemical shifts are reported in part per million (ppm), the 

coupling constants J values are given in Hertz (Hz). The peak patterns are indicated as follows: 

bs, broad singlet; s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, multiplet.  

HRMS were recorded on a Waters Micromass LCT TOF ES+ Premier mass spectrometer 

using ESI ionization. GCMS data were recorded on a 5975C Mass Selective Detector, coupled 

with a 7890A Gas Chromatograph (Agilent Technologies).  
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2.5.2. General procedure for nitro group reductions. 

 

Pd/C (10.6 mg 1 wt %, 4000 ppm; 0.4 mol %) was added along with a Teflon-coated 

magnetic stir bar to a 1-dram screw cap vial. The nitro compound (0.25 mmol) was added to 

this vial. TPGS-750-M/H2O solution (2 wt %, 0.5 mL) was then added and the vial was 

covered with a hydrogen balloon and stirred at 55 ºC  in an aluminum block placed over an 

IKA hot plate until complete conversion of starting material was observed (as monitored by 

TLC or GC-MS). The reaction mixture was adsorbed on silica and purified using flash column 

chromatography to afford the desired compound. 

2.5.3. Optimization details 

Surfactant screening 
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Optimization of temperature 

 

2.5.4. Experimental procedures for 1-pot synthesis of pharmaceutical intermediates 

Sequence A: 

 

Pd/C (10.6 mg of 1 wt %; 4000 ppm; 0.4 mol %) was added along with a Teflon-coated 

magnetic stir bar, to a 1-dram screw cap vial. 2,3-Dimethyl-6-nitro-2H-indazole (II-3, 47.8 

mg, 0.25 mmol) was added to this vial. TPGS-750-M/H2O solution (2 wt %, 0.5 mL) was then 

added and the vial was covered with a hydrogen balloon and stirred at 55 ºC in an aluminum 

block placed over an IKA hot plate until complete conversion of starting material (as 

monitored by TLC or GC-MS). To the same reaction, 2,4-dichloropyrimidine (37.3 mg, 0.25 

mmol, 1 equiv) and K3PO4•H2O (115.2 mg, 0.5 mmol, 2 equiv) were added. The reaction was 

stirred at 45 ºC in an aluminum block placed over an IKA hot plate overnight. The reaction 

mixture was adsorbed on silica and purified using flash column chromatography to afford the 

desired compound II-4 in 80% yield (54.7 mg). 
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Sequence B: 

 

4-Chloro-3-nitroquinoline (II-5, 52 mg, 0.25 mmol) and K3PO4•H2O (115.2 mg, 0.5 mmol, 

2 equiv) were added along with a Teflon-coated magnetic stir bar to a 1-dram screw cap vial. 

To this vial, 2 wt % TPGS-750-M/H2O solution (0.5 mL) and isobutylamine (19.5 µL, 0.25 

mmol, 1 equiv) were then added and, the vial was stirred at 45 ºC in an aluminum block placed 

over an IKA hot plate for 15 h. To this vial 10.6 mg of 1 wt % Pd/C (4000 ppm; 0.4 mol %) 

was added and the vial was covered with a hydrogen balloon and stirred at 55 ºC in an 

aluminum block placed over an IKA hot plate until complete conversion of starting material 

(as monitored by TLC or GC-MS). The reaction mixture was adsorbed on silica and purified 

using flash column chromatography to afford the desired compound II-6 in 88% yield (47.4 

mg). 

 

Sequence C: 

 

Pd/C (10.6 mg of 1 wt %; 4000 ppm; 0.4 mol %) was added along with a Teflon-coated 

magnetic stir bar, to a 1-dram screw cap vial. 2-fluoro-1-methoxy-4-nitrobenzene (II-7, 42.8 

mg, 0.25 mmol) was added to this vial. 2 wt % TPGS-750-M/H2O solution (0.5 mL) was then 

added and, the vial was covered with a hydrogen balloon and stirred at 55 ºC in an aluminum 

block placed over an IKA hot plate until complete conversion of starting material (as 
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monitored by TLC or GC-MS). To the same reaction, Ac2O (28.4 µL, 0.3 mmol, 1.2 equiv) 

was added. The reaction was stirred at rt in an aluminum block placed over an IKA hot plate 

for 5 h. The reaction mixture was adsorbed on silica and purified using flash column 

chromatography to afford the desired compound II-8 in quantitative yield (45.7 mg). 

 

Sequence D:  

 

Pd/C (10.6 mg of 1 wt %; 4000 ppm; 0.4 mol %) was added along with a Teflon-coated 

magnetic stir bar, to a 1-dram screw cap vial. 6-methoxy-8-nitroquinoline (II-9, 51.0 mg, 0.25 

mmol) was added to this vial. 2 wt % TPGS-750-M/H2O solution (0.5 mL) was then added 

and, the vial was covered with a hydrogen balloon and stirred at 55 ºC in an aluminum block 

placed over an IKA hot plate until complete conversion of starting material (as monitored by 

TLC or GC-MS). To the same reaction, 5-chloropentan-2-one (45.2 mg, 0.375 mmol, 1.5 

equiv) and Na(CN)BH3 (31.4 mg, 2.0 equiv) was added at rt. The reaction was stirred at 35 

ºC in an aluminum block placed over an IKA hot plate overnight. The reaction mixture was 

adsorbed on silica and purified using flash column chromatography to afford the desired 

compound II-10 in 65% yield (45.3 mg). 
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Sequence E:  

 

Pd/C (10.6 mg of 1 wt %; 4000 ppm; 0.4 mol %) was added along with a Teflon-coated 

magnetic stir bar, to a 1-dram screw cap vial. 4-methyl-1-(3-nitro-5-(trifluoromethyl)-

phenyl)-1H-imidazole (II-11, 67.8 mg, 0.25 mmol) was added to this vial. 2 wt % TPGS-750-

M/H2O solution (0.5 mL) was then added and the vial was covered with a hydrogen balloon 

and stirred at 55 ºC in an aluminum block placed over an IKA hot plate until complete 

conversion of starting material (as monitored by TLC or GC-MS).  

Acylation: To the same reaction, Et3N (69.7 µL, 0.5 mmol, 2.0 equiv) and 3-iodo-4-

methylbenzoyl chloride (140.3 mg, 0.5 mmol, 2.0 equiv) were added at rt and the reaction was 

stirred in an aluminum block placed over an IKA hot plate overnight. The reaction mixture 

was then adsorbed on silica and purified using flash column chromatography to afford the 

desired compound II-12 in 95% yield (115.2 mg). 

Amide coupling: To the same reaction, 3-iodo-4-methylbenzoic acid (65.5 mg, 0.25 mmol, 

1 equiv), EDAC (50.5 mg, 0.325 mmol, 1.3 equiv) and DIPEA (87.1 µL, 0.5 mmol, 2.0 equiv) 

were added at rt. The reaction was then heated to 60 ºC in an aluminum block placed over an 

IKA hot plate and stirred overnight. The reaction mixture was then adsorbed on silica and 

purified using flash column chromatography to afford the desired compound II-12 in 40% 

yield (48.5 mg). 
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2.5.5. Recycling studies 

 

Initial reaction: Pd/C (10.6 mg 1 wt %; 4000 ppm; 0.4 mol %) was added along with a 

Teflon-coated magnetic stir bar, to a 1-dram screw cap vial. The nitro compound II-37 was 

added to this vial. 2 wt % TPGS-750-M/H2O solution (0.5 mL) was then added and, the vial 

was covered with a cap containing hydrogen balloon and stirred at 55 ºC in an aluminum block 

placed over an IKA hot plate until complete conversion of starting material (as monitored by 

TLC or GC-MS). The product II-28 was then separated by extraction using EtOAc (0.2 mL) 

to give 38.13 mg (82% yield) of the corresponding amine.  

1st recycle: The aqueous layer from the above reaction was saved for the 2nd batch. 

Compound II-37 was added into the same reaction vial and, the vial was covered with a cap 

containing a hydrogen balloon and stirred at 55 ºC in an aluminum block placed over an IKA 

hot plate until complete conversion of starting material (as monitored by TLC or GC-MS). 

The product II-28 was then separated by extraction using EtOAc (0.2 mL) to give 39.5 mg 

(85% yield) of the corresponding amine.  

2nd recycle: The aqueous layer from the above reaction was saved for the 3rd batch. 

Additional Pd/C (1 wt %; 1000 ppm; 0.1 mol %) was added in the same reaction vial along 

with compound II-37 and 0.2 ml 2 wt % TPGS-750-M/H2O solution. The vial was covered 

with a cap containing a hydrogen balloon and stirred at 55 ºC in an aluminum block placed 

over an IKA hot plate until complete conversion of starting material (as monitored by TLC or 
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GC-MS). The product II-28 was then separated by extraction process using EtOAc (0.2 mL) 

to give 37.2 mg (80% yield) of the corresponding amine. 

2.5.6. Analytical Data 

Compounds II-81, II-122, II-133, II-144, II-165, II-186, II-207, II-218, II-229, II-2810, II-

2911, II-3112, II-3313, II-3514, II-3614 were confirmed by comparisons with literature NMR 

data. HRMS for compounds II-216, II-1517, II-2518 have been reported. All other new 

compounds were characterized by 1H and 13C NMR, and HRMS.  

 

1-(4-(4-aminophenyl)piperazin-1-yl)ethan-1-one (II-2) 

Pale yellow solid. Yield 52.0 mg (95%), eluent 5:95 (MeOH : DCM)16 

1H NMR (500 MHz, CD3OD) δ 6.85 (d, J = 8.4 Hz, 2H), 6.72 (d, J = 8.4 Hz, 2H), 3.71 (t, 

J = 5.2 Hz, 2H), 3.66 – 3.64 (m, 2H), 3.01 (t, J = 5.1 Hz, 2H), 2.95 (t, J = 5.2 Hz, 2H), 2.13 

(s, 3H). 

13C NMR (126 MHz, CD3OD) δ 170.2, 143.9, 141.5, 119.1, 116.4, 51.5, 51.0, 46.2, 41.4, 

19.7. 

 

 

N-(2-chloropyrimidin-4-yl)-2,3-dimethyl-2H-indazol-6-amine (II-4) 

Pale yellow solid. Yield 54.7 mg (80%), eluent 1:9 (MeOH : EtOAc) 
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1H NMR (500 MHz, DMSO-d6) δ 9.98 (d, J = 2.2 Hz, 1H), 8.15 (dd, J = 5.9, 2.2 Hz, 1H), 

7.94 (s, 1H), 7.62 (dd, J = 8.9, 2.2 Hz, 1H), 6.06 – 6.99 (m, 1H), 6.77 (dd, J = 6.0, 2.2 Hz, 

1H), 4.00 (s, 3H), 3.32 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 162.1, 159.9, 157.4, 147.4, 136.4, 132.2, 121.1, 118.3, 

116.4, 106.0, 37.6, 9.8. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C13H12ClN5Na:  296.0679; found 296.0684. 

 

 

N4-isobutylquinoline-3,4-diamine (II-6) 

White solid. Yield 47.4 mg (88%), eluent 1:1 (hexanes : EtOAc) 

1H NMR (500 MHz, CDCl3) δ 8.48 (s, 1H), 7.98 (d, J = 7.4 Hz, 1H), 7.83 (d, J = 7.3 Hz, 

1H), 7.47 (td, J = 4.8, 2.1 Hz, 2H), 3.72 (s, 2H), 3.08 (dd, J = 6.7, 2.8 Hz, 2H), 1.90 (dtd, J = 

13.3, 6.6, 2.7 Hz, 1H), 1.06 (d, J = 6.8 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 143.7, 130.5, 130.0, 125.8, 125.7, 120.0, 54.6, 29.9, 20.4. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C13H18N3 216.1501; found 216.1504. 

 

 

N-(5-chloropentan-2-yl)-6-methoxyquinolin-8-amine (II-10) 

Yellow solid. Yield (65%, 45.3 mg), eluent 7:3 (hexanes : EtOAc) 

1H NMR (500 MHz, CDCl3) δ 8.67 (dd, J = 4.1, 1.8 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 

7.29 (q, J = 3.9 Hz, 1H), 6.56 (s, 2H), 4.64 (h, J = 6.4 Hz, 1H), 4.09 – 4.04 (m, 1H), 3.93 (s, 

N

HN
NH2

N

O

HN
Cl
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3H), 3.41 – 3.37 (m, 1H), 2.29 (dq, J = 12.1, 3.3 Hz, 1H), 2.06 – 1.73 (m, 4H), 1.12 (d, J = 

6.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 158.2, 147.9, 144.2, 139.1, 134.8, 130.6, 121.0, 105.2, 

95.6, 55.4, 55.3, 52.7, 33.8, 23.8, 19.1. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C15H20ClN2O 279.1264; found 279.1259. 

 

 

methyl 3-amino-4-butyramido-5-methylbenzoate (II-15) 

White solid. Yield 55.0mg (88%), eluent 8:2 (hexanes : EtOAc)17 

1H NMR (500 MHz, DMSO-d6) δ 9.16 (s, 1H), 8.99 (s, 1H), 8.80 (s, 1H), 7.62 (d, J = 

15.2 Hz, 2H), 3.77 (s, 3H), 2.36 (d, J = 7.5 Hz, 2H), 2.14 (s, 3H), 1.62 (q, J = 7.5 Hz, 2H), 

0.93 (t, J = 6.4 Hz, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 171.8, 167.2, 152.8, 142.8, 132.3, 120.1, 109.0, 107.2, 

52.1, 38.4, 19.1, 17.4, 14.1. 

 

 

4-(2-(phenylsulfonyl)ethyl)aniline (II-17) 

Yellow solid. Yield 61.9 mg (95%), eluent 1:1 hexanes : EtOAc. 

1H NMR (500 MHz, CDCl3) δ 7.96 – 7.91 (m, 2H), 7.70 – 7.64 (m, 1H), 7.58 (dd, J = 8.4, 

7.1 Hz, 2H), 6.92 – 6.86 (m, 2H), 6.61 – 6.55 (m, 2H), 3.63 (s, 2H), 3.36 – 3.27 (m, 2H), 2.95 

– 2.90 (m, 2H). 

H
N

MeOOC O

NH2

NH2

PhO2S
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13C NMR (126 MHz, CDCl3) δ 145.3, 139.1, 133.7, 129.3, 129.1, 128.1, 127.1, 115.4, 

57.9, 27.9. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C14H15NO2SNa 284.0716; found 284.0721. 

 

 

3-((3-aminopyridin-2-yl)amino)propanenitrile (II-19) 

Dark magenta solid. Yield 61.4 mg (80%), eluent 3:2 hexanes : EtOAc. 

1H NMR (500 MHz, CDCl3) δ 7.73 (dd, J = 5.0, 1.5 Hz, 1H), 6.90 (dd, J = 7.5, 1.5 Hz, 

1H), 6.59 (dd, J = 7.4, 5.0 Hz, 1H), 4.63 (s, 1H), 3.76 (q, J = 6.0 Hz, 2H), 2.81 (t, J = 6.3 Hz, 

2H). 

13C NMR (126 MHz, CDCl3) δ 148.9, 139.0, 128.6, 122.6, 119.2, 114.4, 37.8, 18.6. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C8H10N4Na 185.0803; found 185.0799. 

 

 

N2-benzylpyridine-2,3-diamine (II-23) 

Black oil. Yield 40.3 mg (81%), eluent 8.5:1.5 hexanes : EtOAc. 

1H NMR (500 MHz, CDCl3) δ 7.79 (dt, J = 4.4, 2.2 Hz, 1H), 7.44 – 7.39 (m, 2H), 7.38 – 

7.32 (m, 2H), 7.31 – 7.27 (m, 1H), 6.89 (dd, J = 7.5, 1.6 Hz, 1H), 6.57 (dd, J = 7.4, 5.1 Hz, 

1H), 4.64 (d, J = 3.0 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 150.2, 139.8, 139.1, 128.6, 128.4, 128.1, 127.2, 122.1, 

113.7, 46.1. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C12H14N3 200.1182; found 200.1188. 

N

NH2

N
H

CN

N

NH2

N
H
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6-(trifluoromethoxy)quinolin-5-amine (II-24) 

Pale yellow solid. Yield 41.6 mg (73%), eluent 8.5:1.5 hexanes : EtOAc. 

1H NMR (500 MHz, CDCl3) δ 8.93 (dd, J = 4.2, 1.7 Hz, 1H), 8.23 (dd, J = 8.6, 1.6 Hz, 

1H), 7.61 – 7.52 (m, 2H), 7.42 (dd, J = 8.6, 4.2 Hz, 1H), 4.46 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ 150.4, 147.0, 134.5, 131.5, 130.0, 124.2, 124.1, 122.2, 

120.1, 119.8, 119.2, 118.1. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C10H7F3N2OH 229.0589; found 229.0592. 

 

 

9-ethyl-9H-carbazol-3-amine (II-25) 

White solid. Yield 41.0 mg (78%), eluent 7:3 hexanes : EtOAc.18 

1H NMR (500 MHz, CD3OD) δ 7.96 (d, J = 7.8 Hz, 1H), 7.50 (d, J = 2.2 Hz, 1H), 7.39 – 

7.35 (m, 2H), 7.27 (d, J = 8.5 Hz, 1H), 7.10 (ddd, J = 7.9, 5.6, 2.4 Hz, 1H), 6.99 (dd, J = 8.5, 

2.2 Hz, 1H), 4.32 (q, J = 7.2 Hz, 2H), 1.34 (t, J = 7.2 Hz, 3H). 

13C NMR (126 MHz, CD3OD) δ 140.3, 138.7, 134.7, 125.0, 123.4, 122.4, 119.7, 117.6, 

116.0, 108.6, 108.1, 106.7, 36.8, 12.6. 

 

 

NH2

N

OCF3

N

NH2

NH2O

H2N
O
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(3,6-diaminobenzofuran-2-yl)(phenyl)methanone (II-26) 

Yellow solid. Yield 51.0 mg (81%), eluent 1.5:8.5 MeOH : EtOAc. 

1H NMR (500 MHz, CD3OD) δ 8.11 – 8.01 (m, 2H), 7.58 – 7.44 (m, 4H), 6.63 (dd, J = 

8.6, 1.9 Hz, 1H), 6.55 (d, J = 1.9 Hz, 1H). 

13C NMR (126 MHz, CD3OD) δ 179.5, 158.5, 152.8, 147.2, 138.4, 133.9, 130.7, 128.4, 

127.7, 122.0, 111.9, 110.2, 94.4. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C15H12N2O2Na 275.0797; found 275.0803. 

 

 

(2,5-diaminophenyl)(phenyl)methanone (II-27) 

Yellow oil. Yield 42.4 mg (80%), eluent 3:1 hexanes : EtOAc. 

1H NMR (500 MHz, CDCl3) δ 7.67 – 7.62 (m, 2H), 7.56 – 7.49 (m, 1H), 7.45 (t, J = 7.5 

Hz, 2H), 6.84 – 6.76 (m, 2H), 6.65 (d, J = 8.3 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 144.2, 140.1, 135.6, 131.1, 129.2, 128.1, 123.8, 119.6, 

118.4. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C13H12N2ONa 235.0842; found 235.0847. 

 

 

tert-butyl 3-((2-aminophenoxy)methyl)azetidine-1-carboxylate (II-30) 

Pale yellow soild. Yield 57.7 mg (83%), eluent 8:2 hexanes : EtOAc. 

NH2

H2N
O

NH2

O
N O

O
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1H NMR (500 MHz, CDCl3) δ 6.87 – 6.75 (m, 2H), 6.75 – 6.65 (m, 2H), 4.16 – 4.03 (m, 

4H), 3.83 (dd, J = 8.8, 5.2 Hz, 2H), 3.04 – 2.89 (m, 1H), 1.45 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ 156.4, 146.2, 136.4, 121.7, 121.7, 118.4, 115.3, 111.8, 

79.5, 69.7, 28.4. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C15H22N2O3Na 301.1523; found 301.1528. 

 

 

2-fluoro-5-methylbenzene-1,4-diamine (II-32) 

Pale brown solid. Yield 31.5 mg (90%), eluent 3:2 hexanes : EtOAc. 

1H NMR (500 MHz, CDCl3) δ 6.54 (d, J = 9.6 Hz, 1H), 6.41 (d, J = 12.0 Hz, 1H), 3.30 

(s, 4H), 2.08 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 151.9, 150.0, 137.0, 137.0, 125.6, 125.5, 119.8, 119.8, 

118.7, 118.7, 103.2, 103.0, 16.8. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C10H10FN 141.0828; found 141.0823. 

 

 

4-((4-(bis(4-fluorophenyl)methyl)piperazin-1-yl)methyl)aniline (II-34) 

Pale yellow solid. Yield 89.5 mg (91%), eluent 1:9 MeOH : EtOAc. 

1H NMR (500 MHz, CDCl3) δ 7.34 (ddd, J = 8.8, 5.6, 2.9 Hz, 4H), 7.08 (dd, J = 8.3, 3.1 

Hz, 2H), 6.97 (td, J = 8.7, 3.1 Hz, 4H), 6.63 (dd, J = 8.3, 3.2 Hz, 2H), 4.22 (s, 1H), 3.64 (s, 

2H), 3.44 (d, J = 3.2 Hz, 2H), 2.69 – 2.24 (m, 8H). 

H2N

NH2

F

NH2

N
N

F

F
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13C NMR (126 MHz, CDCl3) δ 162.7, 160.8, 145.5, 138.3, 130.6, 129.3, 129.2, 127.4, 

115.4, 115.3, 114.9, 62.5, 53.0, 51.6. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C24H26F2N3 394.2095; found 394.2093. 
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2.5.8. NMR spectra 

1H NMR and 13C NMR for compound II-2 
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1H NMR and 13C NMR for compound II-4 
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1H NMR and 13C NMR for compound II-6 
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1H NMR and 13C NMR for compound II-10 
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1H NMR and 13C NMR for compound II-15 
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1H NMR and 13C NMR for compound II-17 
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1H NMR and 13C NMR for compound II-19 

 

 
 



 

 127 

1H NMR and 13C NMR for compound II-23 

 

 



 

 128 

1H NMR and 13C NMR for compound II-24 
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1H NMR and 13C NMR for compound II-25 
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1H NMR and 13C NMR for compound II-26 
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1H NMR and 13C NMR for compound II-27 
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1H NMR and 13C NMR for compound II-30 
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1H NMR and 13C NMR for compound II-32 
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1H NMR and 13C NMR for compound II-34 
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1H NMR for compound II-18 

 
1H NMR for compound II-20 
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1H NMR for compound II-21 

 
1H NMR for compound II-22 

 

����������������������������������������������������	��	��
��
����������������������������������
�������

�������

�

������

�������

�������

�������

�������

�������

�������

�������

�������

�������

�������

	������

	������


������


������
���������������

�
��

�

�
��

�

�
��

�

�
��

�

�
��

�

��
�
	

��

	

	
��
�

	
��
�

	
�

�

	
�

�

	
��
	

	
��
�

	
��
�


�
��

�
�	

����������������������������������������������������	��	��
��
������������������������������
�������

���

���

�

��

��

��

��

��

	�


�

��

��

���

���

���

���

���

���

�	�

�
�

���

���

���

���

���

���
��������

�
��

�

�
��

�

�
��

�

�
��

�

�
��

	

�
��

�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
	
�

��
	
�

��
	
�

��
	
�

��
	
�

��
	
�

��
	
�

��
�



��
�
�

��
�
�

�
��
�

�
��
�

�
��
	

	
�	
�

	
�	
�

	
�	
�

	
�	
�

	
�




	
�




	
�

�

	
�

�

NH2

N

21

22

NH2

O
N



 

 137 

1H NMR for compound II-28 

 
1H NMR for compound II-29 
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1H NMR for compound II-31 

 
1H NMR for compound II-33 
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1H NMR for compound II-35 

 
1H NMR for compound II-36 
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III. Impact of Nonionic Surfactants on Reactions of IREDs. 

Applications to Tandem Chemoenzymatic Sequences in Water 

 

 

Reproduced with permission from: 

Li, X.; Hu, Y.; Bailey, J. D.; Lipshutz, B. H. Impact of Nonionic Surfactants on Reactions 

of IREDs. Applications to Tandem Chemoenzymatic Sequences in Water. Org. Lett. 2023, 

acs.orglett.3c02790.  

Copyright © 2023 American Chemical Society.  
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3.1. Background and introduction 

3.1.1. Project background 

The pursuit of efficient, selective, and environmentally sustainable synthetic methods is a 

pivotal aspect of organic chemistry, especially within the pharmaceutical industry where the 

continuous need for nonracemic compounds is fundamental.1 Central to this endeavor, the 

synthesis of chiral amines is critical due to their ability to interact specifically with chiral 

biological targets such as enzymes and receptors, a specificity that is essential for the creation 

of targeted and effective pharmacological treatments.2 According to statistics, chiral amine 

moieties are present in about 40% of active pharmaceutical ingredients; examples are shown 

in Figure III-1. Therefore, advancing methodologies for the synthesis of chiral amines is of 

paramount importance, having significant implications in the development of pharmaceuticals 

and influencing the course of medicinal chemistry. 

 

Figure III-1. representative pharmaceuticals containing nonracemic amines 

In recent decades, the field of asymmetric catalysis has significantly advanced, the 

synthesis of chiral amines becoming a pivotal area of research in modern synthetic 

chemistry.3-8 This field encompasses various methodologies, including asymmetric 

hydrogenation,4 reductive amination,5 hydroamination,6,7 and allylic amination,8 etc. While 

these techniques have achieved considerable success, yielding good-to-excellent 

enantioselectivities, they frequently rely on the use of costly precious metals such as iridium 
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(Ir), rhodium (Rh), and ruthenium (Ru), along with nonracemic ligands. Additionally, these 

methods often involve the use of organic solvents which contribute to waste generation. 

Despite their effectiveness, the reliance on such resources renders these approaches inherently 

unsustainable. This highlights an ongoing need for novel, environmentally friendly methods 

that can be more readily and sustainably applied to the synthesis of chiral amines.  

Table III-1. Comparison of reaction conditions and outcome between organometallic 

catalysis and biocatalysis. 

 

The advent of biocatalysis, highlighted by the awarding of the 2018 Nobel Prize in 

chemistry for the development of enzyme-driven biocatalysis, presents a compelling 

alternative to traditional strategies.10,11 This approach brings a suite of benefits that frequently 

surpass those of traditional methods. The level of stereoselectivity and chemoselectivity 

obtained through enzymatic processes is often unparalleled, reliably producing the desired 

enantiomer. Moreover, the capacity of these methods to operate in aqueous environments, 

coupled with their inherently milder reaction conditions, provides a way for more 

environmentally friendly synthetic pathways. Consequently, enzymatic catalysis, now backed 

by Nobel Prize-winning research, stands out as an appealing choice for synthesis. 

Among the variety of biocatalysts studied (Scheme III-1),12,13 imine reductases (IREDs)14-

16 have emerged as extremely useful for the stereoselective reduction of imines to their 

corresponding amines, thereby playing a crucial role in the synthesis of chiral amines. A 

primary challenge in utilizing IREDs is the equilibrium of imine formation, which tends to be 

• Expensive precious metals (Ir, Rh, Ru, etc.) 

• Complex chiral ligands  
• Waste-generating organic solvents  

• High temperature 

• Aqueous media 

• Mild conditions (near-ambient temperature 
and pH)  
• Unparalleled stereo- and chemo-selectivity  

Organometallic catalysis Bio-catalysis 
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unfavorable in aqueous environments, often resulting in lower conversion levels in IRED-

catalyzed reductions. Additionally, there are limitations regarding the compatibility of specific 

ketone and amine combinations. For instance, substrates such as aryl ketones pose particular 

difficulties, as they tend to be unstable when transformed into imines in aqueous conditions, 

making them generally unsuitable for IRED applications.15 Hence, while IREDs represent a 

powerful tool in the enzymatic synthesis of chiral amines, the limitations related to substrate 

scope and conversion efficiency necessitate thorough exploration and, ultimately, the 

development of innovative approaches to overcome these challenges. 

 

Scheme III-1. Common enzymes used in the synthesis of chiral amines. 

Surfactants, though long established by nature, have recently been recognized as 

potentially impacting enzymatic reactions. Their ability to self-assemble into micelles creates 

nanostructured environments, acting as alternative reservoirs for both water-insoluble 

reactants and, notably, the newly formed products generated by various enzymes. These 

micelles offer a suitable hydrophobic environment which can significantly enhance the extent 
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of conversion associated with enzymatic reactions by mitigating the inherent instability of 

certain substrates or products in aqueous conditions, thereby improving their efficiency in 

forming the desired product. This advantageous role of surfactants has already been 

effectively demonstrated with a range of enzymes, including ketoreductases (KREDs),17 ene 

reductases (EREDs),18 amine transaminases (ATAs),19 and lipases.20 These successful 

applications suggest a bright future for the use of tailored surfactants in reactions catalyzed 

by IREDs. Consequently, the current study investigates this promising approach, aiming to 

document the effects of introducing a surfactant into the aqueous medium on the enzymatic 

conversion to secondary amines using IRED. 

3.1.2. Reaction mechanism of IRED 

Imine reductases (IREDs) are identified as NADPH-dependent oxidoreductases, where 

NADPH, widely recognized as a reductant in enzymatic reduction cycles, is integral as a co-

factor in these enzymes. Its crucial role involves the facilitation of hydride transfer to the 

imine, generating the amine product. The catalytic cycle's continuity relies on the regeneration 

of the oxidized cofactor (NADP⁺) back to its reduced state (NADPH), typically facilitated by 

an external enzymatic system such as formate dehydrogenase (FDH) or glucose 

dehydrogenase (GDH). 

The configuration of the IRED's active site is pivotal in determining the stereoselectivity 

of the hydride transfer. While the precise mechanism remains elusive, emerging studies offer 

insights and hypotheses.14 Mitsukura's solution studies21 on enzyme Q1EQE0 from 

Streptomyces kanamyceticus reveal that IRED monomers feature a typical N-terminal 

Rossman domain and a C-terminal bundle, linked by an interdomain helix of approximately 

20 amino acids. It's observed that two monomers form a dimer through significant domain 

sharing, with the active site positioned at the interface of one subunit's N-terminal domain and 



 

 145 

the C-terminal bundle of another. Here, NADPH binds, creating a cleft across the enzyme's 

breadth. Additional research22-25 indicates that an aspartate or tyrosine residue may act as the 

proton donor in the reduction of C=N bonds, noting a decrease in IRED activity when Asp or 

Tys is mutated to Ala, though their exact role in the mechanism or stereospecificity remains 

unclear. 

 

Scheme III-2. Reaction mechanism of IRED 

3.2. Result and Discussion 

3.2.1. Surfactant screening 

A preliminary investigation explored the effects of various nonionic surfactants (including 

TPGS-750-M, PTS-600, Tween 60, Brij 30, Savie, Mulsifan 4000 MS, and lauryl glucose) on 

the enzymatic conversion of seven different substrates (III-1- III-7) to their corresponding 

secondary amines (Table III-2). For each substrate, the specific IRED that had previously been 

identified as optimal in surfactant-free screenings was utilized. In line with earlier research,17-

20 it was observed that the surfactants' presence in the buffered aqueous medium can 

substantially affect the levels of conversion to the targeted secondary amines. 

For substrate III-1, surfactants like TPGS-750-M, PTS-600, and Brij 30 demonstrated 

comparable effectiveness, leading to an approximate 40% enhancement in conversion 

compared to buffer-only conditions. In the case of substrate III-2, which involves the same 

NADPH NADP+

N

R1 R2

R HN
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cyclohexanone component but is paired with an aromatic amine, a similar trend was observed 

with TPGS-750-M and PTS-600. However, Tween 60, relatively ineffective on substrate III-

1, yielded the highest conversion rate (97%) for substrate III-2, while Brij 30 actually 

decreased the conversion to 18%, which was lower than the 66% achieved using only buffer. 

The conversion of an unsymmetrical ketone to nonracemic secondary amine III-3 also 

resulted in about a 30% improvement in the presence of TPGS-750-M or PTS-600.  

Notably, when applied to aryl ketones III-4- III-7, which are typically challenging for 

IRED-catalyzed conversions due to the instability of their intermediate imines in water, the 

addition of surfactants still yielded some improvement, albeit of a more modest nature (10-

20%, occasionally under 10%). This outcome carries significant implications, particularly 

considering the role of aryl ketone derivatives in the synthesis of various active 

pharmaceutical ingredients (APIs), such as R-dapoxetine, cinacalcet, rivastigmine, and 

rasagiline (see Figure III-1). The potential impact of this improvement, therefore, should not 

be overlooked, given its relevance to pharmaceutical manufacturing. 

In summary, these findings indicate that the addition of a surfactant can notably enhance 

IRED performance over a non-amphiphilic buffered medium. This improvement is likely 

attributed to a "reservoir effect" from the nanomicelles, which provide alternative 

environments for both substrates and predominantly the products, thereby diminishing 

enzymatic inhibition.17 
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Table III-2. Screening of the aqueous reaction medium involving various surfactants.a 

 

 

a Conversions were determined by 1H NMR. Color reflects the extent of conversions compared 

with pure buffer.  >30%,  20-30%,  10-20%,  0-10%,  no improvement, “-”: not tested. 

b Reaction conditons (Method A):  ketone substrate (0.01 mmol), amine substrate (2 equiv), 

IRED (2 mg/mL), NADP+(1 mM), GDH-101 (1 mg/mL), D-glucose (25 mM), aqueous buffer 

pH = 8.0, 35 °C, 20 h. c (Method B): imine formation: ketone substrate (0.15 mmol), amine 

substrate (2 equiv), C4F9SO3H (0.5 equiv), DMSO (1 M). IRED reduction: crude imine 

mixture (contains 0.01 mmol imine), IRED (2 mg/mL), NADP+(1 mM), GDH-101 (1 mg/mL), 

D-glucose (25 mM), aqueous buffer pH = 8.0, 35 °C, 20 h. Conversions represent overall 

conversions for two steps.  

3.2.2. Kinetic studies 

Further investigations into the effects of various nonionic surfactants on the kinetics of 

these biocatalytic processes revealed distinct outcomes for four different substrates, as 

presented in Figure III-2. Notably, for amine product III-2 from cyclohexanone III-8 and an 
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electron-rich aniline III-9 (Figure III-2A), introducing a mere 2 wt % surfactant not only 

enhanced the final conversion by around 30% but also significantly accelerated the reaction 

rate. In aqueous buffer, the conversion peaked at 66% after seven hours. However, 

incorporation of three varied amphiphiles led to nearly complete conversion in a shorter time 

frame of 4-5 hours. When the amine component was switched to benzylamine III-10 (Figure 

III-2B), the surfactant's influence became even more dramatic, enhancing the conversion by 

approximately 40%-45%: 95% conversion with 2 wt % TPGS-750-M and 98% with 2 wt % 

PTS-600, in contrast to the 54% conversion achieved using buffer only. 

In the case of a slightly more lipophilic ketone, substrate III-11 (Figure III-2C), the impact 

of surfactant concentration on its conversion to the amine product III-13 was also examined. 

Similar to previous observations with EREDs18 and ATAs,19 lipophilic substrates and 

particularly their products tend to be more responsive to surfactants, largely due to improved 

solubilization by nanomicelles in water. Contrary to initial expectations, however, the 

conversion of substrate III-11 to product III-13 did not exhibit a significant variance 

compared to simpler substrates. The difference in conversion rates between the buffer-only 

medium and the medium with 2 wt % TPGS-750-M was only about 15-20%. Surprisingly, 

higher surfactant concentrations (4 and 8 wt %) led to a reduction in conversion, though it still 

remained above the buffer-only level. This outcome is different from the trends observed in 

our previous studies.17-20 Nevertheless, the process involved in IRED reductions is primarily 

an intermolecular one, beginning with the in situ formation of an imine. Without surfactant, 

this imine is captured by the enzyme for subsequent reduction. While in the presence of 

nanomicelles there is a possibility for the imine to either stay within the enzyme or move into 

the water and then into a micelle, engaging in dynamic exchange within the aqueous 

environment. This increases the chances of the imine reverting to the ketone via hydrolysis. 



 

 149 

While the "reservoir effect"17 still exists, it varies depending on the binding constants of the 

substrate/product with the micellar interior, rendering it unpredictable. Therefore, selecting a 

surfactant that achieves an optimal balance becomes crucial, rather than simply increasing the 

concentration of any given surfactant. 

 

Figure III-2. Kinetic study of reductive aminations using IREDs. Conversions were 

monitored by 1H NMR. NMR yields were monitored by 1H NMR using tetrachloroethane as 

internal standard. 

The behavior of aldehyde substrate III-14 also presented an unexpected result. The 

addition of 2 wt % TPGS-750-M in the buffered medium surprisingly led to a decrease in the 

conversion to amine III-16, compared to using the buffer alone, as shown in Figure III-2D. 

This outcome might be attributed to the instability of the aldehyde substrate. Observations 
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indicated that only trace amounts of the aldehyde remained after a mere 30 minutes of reaction 

time, suggesting the occurrence of undesired side reactions or decomposition pathways. 

Alternatively, the extent of hydration may have played a role. Given that micellar media tend 

to concentrate substrates within their core to high levels (exceeding 2 M),26 it's possible that 

such environments could also enhance these undesired reactions, especially when compared 

to the more dilute conditions present in buffer-only setups. This phenomenon highlights the 

complexity of surfactant-mediated reactions and the need to consider the stability of substrates 

under these concentrated conditions. 

3.2.3. Substrate scope 

Following a comprehensive surfactant screening, TPGS-750-M was identified as the most 

effective for IRED-catalyzed reductions in terms of generality. Thus, it was chosen for 

subsequent detailed investigations concerning diastereoselectivity and asymmetric induction 

under optimized conditions. Figure III-3 illustrates the development of two distinct 

methodologies tailored for aliphatic and aromatic ketones, respectively.  

Method A entails simultaneous addition of the ketone, amine, IREDs, and cofactors, 

facilitating in situ imine formation, which is then reduced by IREDs to yield the target amine. 

Cyclohexanone, when reacted with benzylamine and p-anisidine, demonstrates high 

reactivity, resulting in excellent yields of amines III-1 and III-2. The reaction involving 4-

phenylcyclohexanone and allylamine produces two conformers with a diastereomeric ratio of 

64:36 (cis:trans). Interestingly, replacing allylamine with propargylamine reverses this 

selectivity, leading to a 91:9 (trans:cis) ratio. Furthermore, asymmetric ketones like 4-

fluorophenylacetone (producing product III-19), anisylacetone (producing product III-20), 

and phenoxyacetone (producing product III-21) were evaluated, generating nonracemic 

amines with moderate-to-high yields and excellent enantiomeric excesses. 
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In the case of aromatic ketones, Method A proved to be less effective, likely due to their 

reduced electrophilicity. As a result, a separate imine formation step was necessitated (Method 

B). A representative procedure involves mixing the amine and ketone with a Brønsted acid, 

such as C4F9SO3H (0.5 equiv), in concentrated DMSO (1 M), a co-solvent compatible with 

IRED. Subsequent research indicated that HOAc (0.5 equiv) could effectively replace 

C4F9SO3H, addressing health concerns associated with the perfluorinated acid (as detailed in 

section 3.5.2, Table III-4). Following formation of the imine, a buffer containing IREDs, 

cofactors, and surfactant is added to the same vial leading to imine reduction. This two-step, 

one-pot process efficiently yields nonracemic amines, including benzylic amines III-22 and 

III-23, as well as substituted pyridine III-24, with remarkable enantioselectivity and yields. 

Altering the amine component from cyclopropylamine to benzylamine led to a reduction in 

the isolated yield. However, synthesizing the same compound (III-19) through traditional 

organic methods would require expensive metal catalysts like iridium or ruthenium, carefully 

designed chiral ligands, organic solvents, elevated temperatures, and high H2 pressure.27-30 
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Figure III-3. Substrate scope; Method A conditions:  ketone substrate (0.1 mmol), 

amine substrate (2 equiv), IRED (2 mg/mL), NADP+(1 mM), GDH-101 (1 mg/mL), D-

glucose (25 mM), aqueous buffer pH = 8.0, 35 °C, 20 h. Method B conditions: imine 

formation: ketone substrate (0.2 mmol), amine substrate (2 equiv), C4F9SO3H (0.5 equiv), 

DMSO (1 M). IRED reduction: crude imine mixture (contains 0.1 mmol imine), IRED (2 

mg/mL), NADP+(1 mM), GDH-101 (1 mg/mL), D-glucose (25 mM), aqueous buffer pH = 

8.0, 35 °C, 20 h. Isolated yields are shown. % ee was determined by chiral HPLC. a Product 

was isolated as Cbz-protected amine. b Product was isolated as trifluoroacetyl derivative. 
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3.2.4 Tandem Chemoenzymatic Sequences 

The integration of surfactants into aqueous enzymatic reactions extends beyond just 

facilitating the reservoir effect; it also enables the execution of tandem chemoenzymatic 

sequences in one pot. This methodology enhances both time31 and pot32 economies, while 

simultaneously diminishing waste streams, particularly those typically generated during the 

work-up and purification of intermediates.  

Scheme III-3 shown several representative literature examples illustrating the successful 

implementation of telescoped chemoenzymatic sequences in aqueous environments using 

TPGS-750-M. The Micklefield group's research on amide synthesis from aliphatic nitriles 

demonstrates that 2 wt % TPGS-750-M enhances conversion levels in the N-arylation step 

and significantly increases the overall reaction concentration. (Scheme III-3A)33 The Hastings 

group reported that TPGS-750-M facilitates organometallic-catalyzed reactions, including 

Mizoroki-Heck (MH), ring-closing metathesis (RCM), and cross metathesis (CM) reactions, 

to be combined with lipase-catalyzed ester hydrolysis in one-pot. (Scheme III-3B)34 

Additionally, Turner, Parmeggiani, and collaborators outlined a methodology for synthesizing 

non-racemic N-arylamines by merging asymmetric reductive aminations, catalyzed by an 

amine dehydrogenase (AmDH), with Buchwald-Hartwig aminations. (Scheme III-3C)35 

Beyond conventional multi-step chemoenzymatic sequences, a novel approach by Horsfall 

and colleagues suggests an alternative integration of chemical and biological processes. They 

developed biogenic Pd nanoparticles to catalyze Suzuki-Miyaura couplings, indicating that 

the catalyst itself incorporates both chemical and biological components. Here again, TPGS-

750-M provides the necessary aqueous micellar conditions for the cross-coupling reactions. 

(Scheme III-3D)36 The increasing volume of literature in this field highlights the rising 

prominence of this methodology.  
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Scheme III-3. Selected literature examples of chemoenzymatic reactions in TPGS-750-

M aqueous solution 

 

Here, we demonstrate that imine reductases (IREDs) can be employed in tandem 

chemoenzymatic sequences to enhance molecular complexity. Schemes III-4- III-6 showcase 

distinct, yet representative, tandem sequences where IREDs are integrated at various stages 

of the process, illustrating the versatility and utility of IREDs in advancing synthetic 

complexity. 

In the first sequence (Scheme III-4), our newly developed methodology for amide 

formation37 was utilized to prepare ketoamide III-27. The process began with the 

transformation of carboxylic acid III-25 into its corresponding thioester III-26. This 

conversion was efficiently carried out by stirring the acid under neat conditions with DPDTC 

(DiPyridylDiThioCarbonate), a reagent readily synthesized on a multi-gram scale using 2-

mercaptopyridine and triphosgene, both of which are commercially available. Following this, 
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4-piperidone in its hydrochloride salt form was added, leading to the successful formation of 

ketoamide 27 in 0.5 M 2 wt % TPGS-750-M/H2O solution. Subsequently, a TPGS-750-

M/buffer solution containing cyclopropylamine and the necessary co-factors was introduced, 

resulting in the imine reduction product III-28. The reaction media was then basified, to which 

Cbz-Cl was added to protect the secondary amine, yielding the final product in 53% yield over 

four steps. 

 

Scheme III-4. Tandem 4-step, chemo-chemo-bio-chemo sequence 

The second sequence demonstrates the feasibility of a 5-step tandem chemoenzymatic 

catalysis process that incorporates a one-pot imine formation-IRED reduction (Scheme III-5). 

In this case, 3-acetyl-6-bromopyridine (III-30) and TBS-protected propargyl alcohol (III-31) 

underwent a Sonogashira reaction facilitated by 1 mol % PdCl2(PPh3)2 and XPhos in a 2 wt 

% TPGS-750-M aqueous solution,38 resulting in the formation of internal alkyne III-32. 

Subsequently, one equivalent of a lipophilic SuFEx reagent was added directly to the reaction 

mixture to deprotect the TBS group,39 yielding propargyl alcohol III-33. The crude reaction 

product was then extracted using EtOAc (with the EtOAc being recoverable) and reacted with 

cyclopropylamine in concentrated DMSO, forming imine III-34. This imine solution in 

DMSO was subsequently transferred into a 2 wt % TPGS-750-M/buffer solution, and upon 
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the addition of IRED and co-factors, the imine was enantioselectively reduced to the chiral 

amine III-35. In the final step, the reaction mixture's pH was adjusted to 14, followed by the 

introduction of an excess of Cbz-Cl, which resulted in the formation of the protected amine 

III-36. This sequence achieved an impressive 99% enantiomeric excess and a 64% overall 

yield across the five steps. 

 

Scheme III-5. Tandem 5-step, chemo-chemo-chemo-bio-chemo sequence 

The potential for seamlessly combining chemo- and bio-catalytic processes was further 

demonstrated through a 4-step "Bio-Chemo-Chemo-Chemo" sequence conducted within a 

single pot (Scheme III-6). Initially, an IRED-catalyzed reaction was performed between 2-

thiophenecarboxaldehyde (III-37) and allyl amine, which, after an extraction and protection 

step, yielded the tertiary allyl amine derivative (III-39). Following the removal of EtOAc, two 

successive cross-coupling reactions were executed within the aqueous micellar medium. The 

first reaction was a Heck reaction, selectively targeting the iodo group on 1-bromo-4-

iodobenzene.40 This step resulted in the formation of a disubstituted alkene (III-40) with a 
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subsequent Suzuki coupling.41 Instead, this step cleverly utilized the residual palladium from 

the Heck reaction, significantly optimizing "metal economy" by reducing the average 

palladium loading to just 5000 ppm (0.5 mol %) for each coupling reaction.42 This strategic 

utilization of palladium not only exemplifies efficiency but also aligns with sustainable 

chemical practices. Consequently, this innovative 4-step process led to a high isolated yield 

of 73% for the final product (III-41), underscoring the efficacy and practicality of combining 

different catalytic techniques in a single-pot synthesis. 

 

Scheme III-6. Tandem 4-step, bio-chemo-chemo-chemo sequence 

3.3. Summary 

In summary, this study evaluated the impact of surfactants on IRED-catalyzed imine 

reductions. It is shown that nonionic surfactants such as TPGS-750-M, substantially enhance 

conversion and accelerate reaction times just by their inclusion in the aqueous reaction 

medium. Additionally, the study successfully demonstrated efficient tandem sequences that 

integrate chemocatalysis and biocatalysis, both performed in water, demonstrating the 

efficiency and sustainability of integrating surfactants into enzymatic reactions for chemical 

synthesis.  
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3.5. Experimental section 

3.5.1. General information 

Reagents and chemicals were purchased from Sigma-Aldrich, Combi-Blocks, Alfa Aesar, 

or Acros Organics and used without further purification. Imine reductases (IREDs) Screening 

Kit containing 9 imine reductases enzymes and IRED-101, NADP+ co-factors were purchased 

from Johnson Matthey® and were used as received. The enzyme and co-factors were stored 

at -18°C until use. Purchasing website: https://matthey.com/en/products-and-markets/pgms-

and-circularity/pgm-chemicals-and-catalysts/catalysts/chiral-amines-kit. Deuterated solvents 

were purchased from Cambridge Isotopes Laboratories. TPGS-750-M is either prepared 

according to reported procedure1 or supplied by PHT International (also available from 

Sigma-Aldrich, catalog #733857). 

Thin-layer chromatography (TLC) was performed using Silica Gel 60 F254 plates 

(Silicycle, TLG-R10014B-323). Flash chromatography was performed manually using Silica 

Gel 60 (Silicycle, 40-63 nm). preparative TLC was performed using Silica Gel 60 F254 plates 

(Sigma-Aldrich, 1,000 μm thick, Z740216). 

1H and 13C NMR spectra were recorded on either a Bruker Avance III HD 400 MHz (400 

MHz for 1H, 100 MHz for 13C), a Bruker Avance NEO 500 MHz (500 MHz for 1H, 125 MHz 

for 13C) or on a Varian Unity Inova 500 MHz (500 MHz for 1H, 125 MHz for 13C); CDCl3 

were used as solvents. Residual peaks for CHCl3 in CDCl3 (1H = 7.26 ppm, 13C = 77.20 ppm) 

have been assigned. The chemical shifts are reported in part per million (ppm), the coupling 

constants J values are given in Hertz (Hz). The peak patterns are indicated as follows: bs, 

broad singlet; s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, multiplet.  

Chiral HPLC data were collected using an Agilent 1260 HPLC.  
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HRMS were recorded on a Waters GCT Premier GC or LC TOF mass spectrometer using 

ESI ionization 

3.5.2. Optimization detail for imine formation 

Table III-3. Initial screening for imine formation conditions 

 
  

Solvent

2 wt% TPGS-750-M/H2O [1 M]

2 wt% TPGS-750-M/H2O [1 M]

2 wt% TPGS-750-M/H2O [0.5 M]

2 wt% SDS/H2O [1 M]

2 wt% SDS/H2O [1 M]

Heptane [0.5 M]

Heptane [0.5 M]

Heptane [0.5 M]

DMSO [0.5 M]

DMSO [0.5 M]

DMSO [0.5 M]

DMSO [0.5 M]

DMSO [0.5 M]

DMSO [1 M]

DMSO [2 M]

DMSO [2 M]

Additive

C4F9SO3H (1 equiv)

none

none

C4F9SO3H (1 equiv)

none

none

4Å MS

anhydrous MgSO4

none

4Å MS

anhydrous MgSO4

C4F9SO3H (0.5 equiv)

C4F9SO3H (0.2 equiv)

C4F9SO3H (0.5 equiv)

C4F9SO3H (0.5 equiv)

C4F9SO3H (0.2 equiv)

Conversion

12%

28%

20%

9%

37%

48%

48%

7%

59%

N.R

7%

75%

61%

83%

73%

53%

Entry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

MeO

O

H2N
+

MeO

Nr.t., overnight
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Table III-4. Further screening of acid catalyst 

 

3.5.3. Procedure for preparation of tris-HCl buffer, and surfactant/buffer solutions 

100 mM tris-HCl buffer:  

In a 500 mL beaker equipped with a magnetic stir bar, tris(hydroxymethyl)aminomethane 

(6.06 g) was dissolved in ~400 mL HPLC level water. Under gentle stirring at rt, concentrated 

HCl was added dropwise. After the pH reached 8 (indicated by a pH meter), the total volume 

was then adjusted to 500.0 mL by adding HPLC level water. The buffer solution was stored 

at rt. 

surfactant/buffer solution: 

To prepare the surfactant/buffer solution in certain concentration, simply dissolve the 

corresponding surfactant in tris-HCl buffer.  

MeO

O

H2N
+

MeO

NAcid

DMSO [1 M]

Acid

C4F9SO3H

Me-SO3H

CSA

p-TsOH·H2O

TFA

HOAc

HOAc

HOAc

HOAc

HOAc

conversion

83%

63%

62%

56%

N.R

89%

77%

56%

36%

N.R

equivalent

0.5 

0.5 

0.5 

0.5 

1

0.5 

1

2

3

10
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For example:  

100 mL 2 wt % TPGS-750-M/buffer solution = 2 g TPGS-750-M + 98 mL tris-HCl buffer.  

10 mL 2 wt % PTS-600/Buffer = 0.2 g PTS-600 + 9.8 mL tris-HCl buffer.  

10 mL 4 wt % TPGS-750-M/buffer solution = 0.4 g TPGS-750-M + 9.6 mL tris-HCl 

buffer.  

3.5.4. General procedure for IRED screening 

The screening of IREDs was conducted on 0.01mmol scale.  

Stock solution preparation:  

1. Starting material:  In a 1-dram vial equipped with a magnetic stir bar, the ketone (0.15 

mmol) and amine (0.3 mmol) were added and dissolved in DMSO (0.75 mL). The vial was 

then capped with a screw cap and stirred at rt for 5 min before use.  

2. Co-factor:  In a 2-dram vial equipped with a magnetic stir bar, NADP+ (1 mM, 3.8 mg), 

GDH-101 (1 mg/mL, 5 mg), D-glucose (25 mM, 22.6 mg) were added. tris-HCl Buffer (5 

mL) was then added to the vial and the solution was stirred at rt for 5 min before use.  

Reaction setup: 

To nine 1-dram vials, each equipped with a magnetic stir bar, IRED-1, IRED-3, IRED-17, 

IRED-18, IRED-33, IRED-44, IRED-49, IRED-69, IRED-72 (1 mg each) were added to one 

vial. The co-factor stock solution (0.5 mL) was then added via a 1 mL syringe followed by 

the starting material stock solution (0.05 mL) via a pipette gun. The reaction vial was capped 

with a screw cap and stirred vigorously (1000 rpm) in an aluminum block placed over an IKA 

hot plate at 35 ºC for ~16 h.  

Work up: 

Each reaction mixture was basified with 5 M NaOH (~0.5 mL) to pH 13–14 (indicated by 

pH indicator paper). The resulting mixture was extracted with EtOAc (3 x 2 mL). The organic 
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layer was separated with the aid of a low-speed centrifuge for 5 min. The organic phases were 

combined, and volatiles were evaporated under reduced pressure. The crude residue was then 

dissolved in CDCl3 and analyzed by NMR. In terms of cases needing an internal standard, a 

fresh solution of C2H2Cl4 in CDCl3 is added as NMR solvent. 

3.5.5. General procedure for surfactant screening 

The screening of surfactant was conducted on 0.01mmol scale.  

Stock solution preparation:  

1. Starting material:  In a 1-dram vial equipped with a magnetic stir bar, the ketone (0.15 

mmol) and amine (0.3 mmol) were added and dissolved in DMSO (0.75 mL). The vial was 

then capped with a screw cap and stirred at rt for 5 min before use.  

2. Co-factor:  In a 2-dram vial equipped with a magnetic stir bar, the chosen IRED (2 

mg/mL, 10 mg), NADP+ (1 mM, 3.8 mg), GDH-101 (1 mg/mL, 5 mg), D-glucose (25 mM, 

22.6 mg) was added. tris-HCl buffer (0.5 mL*) was then added to the vial and the solution 

was then stirred at rt for 5 min before use.  

* In contrast to IRED screening and time course studies, which utilize the same surfactant 

in all reactions using a co-factor stock solution, in this experiment, the concentration of the 

stock solution was maximized by using only 0.5 mL of buffer. This approach minimizes 

fluctuations in surfactant concentration. 

Reaction setup: 

To the same nine 1-dram-vials each equipped with a magnetic stir bar, a different 

surfactant/buffer solution (0.5 mL) was added to each corresponding vial. The co-factor stock 

solution (0.05 mL) was then added via a pipette gun followed by the starting material stock 

solution, also (0.05 mL) via a pipette gun. The reaction vial was capped with a screw cap and 
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stirred vigorously (1000 rpm) in an aluminum block placed over an IKA hot plate at 35 ºC for 

~16 h.  

Work up: 

The work up and method of analysis are the same as for the IRED screening, described in 

section 3.5.4. 

 3.5.6. General procedure for obtaining kinetic data 

The time-course study was conducted on reactions run on a 0.01 mmol scale.  

Stock solution preparation:  

1. Starting material:  In a 1-dram vial equipped with a magnetic stir bar, the ketone (0.3 

mmol) and amine (0.6 mmol) were added and dissolved in DMSO (1.5 mL). The vial was 

then capped with a screw cap and stirred at rt for 5 min before use.  

2. Cofactor:  In a 20 mL vial equipped with a magnetic stir bar, the chosen IRED (2 

mg/mL, 22 mg), NADP+ (1 mM, 8.4 mg), GDH-101 (1 mg/mL, 11 mg), D-glucose (25 mM, 

49.7 mg) were added. tris-HCl buffer (11 mL) was then added to the vial and the solution was 

then stirred at rt for 5 min before use.  

Reaction setup: 

To seven 1-dram-vials equipped with a magnetic stir bar, the cofactor stock solution (0.5 

mL) was added via a 1 mL syringe followed by the starting material stock solution (0.05 mL) 

via a pipette gun. The reaction vial was capped with a screw cap and stirred vigorously (1000 

rpm) in an aluminum block placed over an IKA hot plate at 35 ºC. The reactions were 

sequentially stopped at 0.5 h, 1 h, 2 h, 4 h, 7h, 20/24 h according to the work up procedure. 

Each reaction was repeated three times, and the average or the most reasonable data was 

chosen for inclusion in the kinetic curve.  

Work up: 
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The work up and method of analysis are the same as used previously for IRED screening, 

described in section 3.5.4. 

3.5.7. General procedure for the synthesis of secondary amines by IRED 

Method A 

The ketone (0.10 mmol) and amine (0.20 mmol) reaction partners were added to a 20 mL 

vial equipped with a magnetic stir bar. A solution of 2 wt % TPGS-750-M in a tris-HCl buffer 

(5 mL, pH = 8) was then added and the mixture stirred at 35 ºC for 2 min to afford an 

emulsified solution. IRED (2 mg/mL, 10 mg), NADP+ (1 mM, 3.8 mg), GDH-101 (1 mg/mL, 

5 mg), D-glucose (25 mM, 22.6 mg) were then added sequentially. The reaction vial was 

capped with a screw cap and stirred vigorously (1000 rpm) in an aluminum block placed over 

an IKA hot plate at 35 ºC.  

Workup:  The reaction mixture was basified with 5 M NaOH (~3 mL) to pH 13–14 

(indicated by pH indicator paper). The resulting mixture was extracted with EtOAc (5 x 5.0 

mL). The organic layer was separated with the aid of a low-speed centrifuge for 5 min. The 

combined organic phases were collected and dried over anhydrous MgSO4. Volatiles were 

evaporated under reduced pressure. The residue was then derivatized to facilitate isolation and 

characterization.  

Cbz protection:  To a stirred solution of the crude product in DCM (0.5 mL) was added 

sodium carbonate (3 equiv, 0.30 mmol, 31.8 mg), and benzyl chloroformate (3.0 equiv, 0.30 

mmol, 51.2 mg, 42.6 μL). Upon completion of the reaction, the solvents were evaporated in 

vacuo. The Cbz-protected amines were purified via preparative TLC with 0-10% 

EtOAc/hexanes.  

N-Trifluoroacetyl derivatization: To a stirred solution of the extracted crude product in 

DCM (0.5 mL) were added pyridine (1.5 equiv, 0.15 mmol, 11.9 mg, 12.1 μL) and TFAA (1.5 
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equiv, 0.15 mmol, 31.5 mg, 20.9 μL). Upon completion of the reaction, saturated NaHCO3 

solution (1 mL) was added, the mixture was then vortexed, and the organic layer separated. 

The trifluoroacetyl derivatized amines were purified via preparative TLC with 0-10% 

EtOAc/hexanes. 

 

Method B 

Imine formation: The ketone (0.20 mmol) and amine (2 equiv, 0.40 mmol) were added to 

a 1-dram vial containing C4F9SO3H (0.5 equiv, 0.1 mmol, 30 mg) and DMSO (0.2 mL), and 

the resulting mixture was capped with a screw cap and stirred vigorously (1000 rpm) at rt. 

overnight giving crude imine. The formation of the expected crude imine was confirmed by 

NMR, the sample being prepared by dissolving ~10 μL reaction mixture in ~0.8 mL CDCl3. 

IRED reduction:  IRED (2 mg/mL, 10 mg), NADP+ (1 mM, 3.8 mg), GDH-101 (1 mg/mL, 

5 mg), and D-glucose (25 mM, 22.6 mg) were added to a 20 mL vial equipped with a magnetic 

stir bar. A solution of 2 wt % TPGS-750-M in a tris-HCl buffer (5 mL, pH = 8) was then 

added. The crude imine-containing reaction (0.1 mL) was then added to this mixture via a 

syringe. The reaction vial was then capped with a screw cap and stirred vigorously (1000 rpm) 

in an aluminum block placed over an IKA hot plate at 35 ºC. Workup and derivatization 

methods are same as used above. 

3.5.8. General procedure for the synthesis of standard racemic secondary amines 

For amines III-19- III-21: 

To a 2-dram vial equipped with a magnetic stir bar, ketone (0.5 mmol) was added 

dissolved in THF (0.2 M, 2.5 mL). Amine (1.1 equiv, 0.55 mmol) and HOAc (1 equiv, 0.03 

mL) were sequentially added. The mixture was stirred for 1 min before adding NaBH(OAc)3 

(1.5 equiv, 0.75 mmol, 159 mg). The resulting mixture was then stirred at rt overnight. Upon 
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completion, 5 M NaOH (~2 mL) was added to quench the reaction. Then EtOAc (1 mL) was 

added and the phases were separated. The aqueous phase was further extracted with EtOAc 

(2 x 2 mL). The organic phases were combined, dried over anhydrous MgSO4, and then 

filtered. The solvent was then removed under reduced pressure to obtain the crude racemic 

amine. The crude product was directly subjected to trifluoroacetyl derivatization using TFAA 

following the same procedure as described in section 2.5. 

For amines III-22- III-24:  

The ketone (0.5 mmol) and amine (2 equiv, 1 mmol) were added to a 2-dram vial 

containing C4F9SO3H (0.5 equiv, 0.25 mmol, 75 mg) and DMSO (0.5 mL), and the resulting 

mixture was capped with a screw cap and stirred vigorously (1000 rpm) at rt. overnight. Then, 

sodium borohydride (2 equiv, 1 mmol, 37.8 mg) and THF (1 mL) were added. The resulting 

reaction mixture was stirred for another 2 h at rt. Upon completion, the reaction was quenched 

by the addition of water (2 mL). The crude product was extracted using EtOAc (3 x 2 mL). 

The organic phases were combined, dried over anhydrous MgSO4, and filtered. The solvent 

was then removed under reduced pressure to obtain crude racemic amine. The crude material 

was directly subjected to trifluoroacetyl derivatization using the same procedure described in 

section 2.5. 
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3.5.9. 1-Pot sequence 

Sequence A: 

 

Step 1: Thioester formation 

To a 1-dram vial, a magnetic stir bar, 3-nitrobenzoic acid (0.1 mmol, 16.7 mg) and DPDTC 

(1.05 equiv, 0.105 mmol, 26.1 mg) were added. The content was stirred (~400 rpm) in an 

aluminum block placed over an IKA hot plate at 60 °C until full consumption of the acid, as 

determined by TLC (~2.5 h). 

Step 2: Amide formation 

Upon completion, piperidin-4-one hydrochloride (1.05 equiv, 0.105 mmol, 14.3 mg), 

triethylamine (1.05 equiv, 0.105 mmol, 10.6 mg, 14.6 µL) and 2 wt % TPGS-750-M/H2O 

solution (0.5 M, 0.2 mL) were directly added and stirred in an aluminum block placed over an 

IKA hot plate at 60 °C until complete consumption of the thioester (~2.5 h).  

Step 3: IRED reduction 

IRED-69 (2 mg/mL, 10 mg), NADP+ (1 mM, 3.8 mg), GDH-101 (1 mg/mL, 5 mg), and 

D-glucose (25 mM, 22.6 mg) were added to a 10-dram vial containing a magnetic stir bar. 

The first portion of 2 wt % TPGS-750-M in tris-HCl buffer solution (3 mL, pH = 8) was added 

into the 10-dram vial and the resulting mixture stirred for 1 min to dissolve the IRED and 

cofactors. Then, the amide formed in the previous reaction mixture (in a 1-dram vial) was 
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transferred into the 10-dram vial using a pipette. The second portion of 2 wt % TPGS-750-M 

in tris-HCl buffer solution (2 mL, pH = 8) was used to help by washing the 1-dram vial, done 

three times. Then, cyclopropanamine (2 equiv, 0.2 mmol, 14 µL) was added.  The reaction 

vial was capped with a screw cap and stirred vigorously (1000 rpm) in an aluminum block 

placed over an IKA hot plate at 35 ºC for 12 h.  

Step 4: Cbz protection 

The reaction mixture was basified by adding NaOH (~100 mg) to pH = 14 (indicated by 

pH indicator paper). Benzyl chloroformate (5.0 equiv, 0.50 mmol, 85.3 mg, 71.1 μL) was then 

added in one portion. The reaction was then stirred for another 8 h until fully complete. The 

resulting mixture was extracted with EtOAc (5 x 5.0 mL). The organic layer was separated 

with the aid of a low-speed centrifuge for 5 min. The combined organic phases were collected 

and dried over anhydrous MgSO4. Volatiles were evaporated under reduced pressure. The 

product III-29 was purified via preparative TLC with 50% EtOAc/hexanes as a white solid 

(22.3 mg, 53% yield). 

Sequence B: 

 



 

 173 

Step 1: Sonogashira coupling 

To a flame-dried 1-dram vial equipped with an oven-dried stir bar was added 1-(6-

bromopyridin-3-yl)ethan-1-one (0.2 mmol, 40 mg) and t-butyldimethyl(prop-2-yn-1-

yloxy)silane (2 equiv, 0.4 mmol, 68 mg). The vial was then transferred into an argon-purged 

glove box to which was added PdCl2(PPh3)2 (0.01 equiv, 0.002 mmol, 1.4 mg), XPhos (0.01 

equiv, 0.01 equiv, 1 mg), and CuI (0.02 equiv, 0.004 mmol, 0.76 mg). The vial was sealed 

with a rubber septum and removed from the glove box. Then, triethylamine (2 equiv, 0.4 

mmol, 40.5 mg, 55 µL) and 2 wt % TPGS-750-M/H2O (0.4 mL) were added to the vial via 

syringe and the vial was then stirred vigorously under constant argon pressure at 45 °C in an 

aluminum block placed over an IKA hot plate for 24 h.  

Step 2: Deprotection 

After complete consumption of starting material, the septum was removed. 

Nonafluorobutane-1-sulfonyl fluoride (1 equiv, 0.2 mmol, 60.4 mg) was added to the vial 

under an argon flow. 2 wt % TPGS-750-M/H2O (0.13 mL) and n-PrOH (0.27 mL) were added 

via syringe. The vial was sealed with a rubber septum and stirred vigorously under constant 

argon pressure at 50 °C in an aluminum block placed over an IKA hot plate for 36 h. The 

progress of the reaction was monitored by TLC. 

Step 3: Imine formation 

After 36 h, the septum was removed. The aqueous reaction mixture was extracted with 

EtOAc (5 x 1 mL). The organic layer was combined and the solvent was removed in vacuo. 

To the vial containing the crude intermediate, nonafluorobutane-1-sulfonic acid (30 mg, 0.1 

mmol, 0.5 equiv) was added. Then DMSO (0.2 mL) and cyclopropanamine (2 equiv, 0.4 

mmol, 22.8 mg, 28 μL) were added to the vial. The vial was capped and stirred vigorously 

at rt overnight. The progress of the reaction was monitored by crude 1H NMR. 
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Step 4: IRED reduction 

After complete consumption of starting material, the cap was removed. In a 10-dram vial, 

IRED-18 (2 mg/mL, 20 mg), NADP+ (1 mM, 7.6 mg), GDH-101 (1 mg/mL, 10 mg), and D-

glucose (25 mM, 45.2 mg) were added and dissolved in 10 mL 2 wt % TPGS-750-M/buffer 

to make a solution. Then the imine solution in DMSO was added to the aqueous solution with 

washed in using minimal amounts of DMSO. The vial was capped and stirred vigorously at 

35 °C in an aluminum block placed over an IKA hot plate for 2 h. The progress of the reaction 

was monitored by crude 1H NMR. 

Step 5: Cbz protection 

After complete consumption of starting material, the reaction mixture was basified by 

adding NaOH (~100 mg) to pH = 14 (indicated by pH indicator paper). Then, benzyl 

chloroformate (170.6 mg, 1 mmol, 0.14 mL) was added via syringe and the contents of the 

vial were stirred vigorously for 24 h. The resulting mixture was extracted with EtOAc (5 x 10 

mL). The organic layer was separated with the aid of a low-speed centrifuge for 5 min. The 

combined organic phases were collected and dried over anhydrous MgSO4. The volatiles were 

evaporated under reduced pressure and the product III-36 was purified via preparative TLC 

using 70% EtOAc/hexanes as a yellow oil (44.5 mg, 64% overall yield, 99% ee). 

Sequence C: 
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Step 1:  IRED reduction: 

Thiophene-2-carbaldehyde (0.10 mmol) and allylamine (0.20 mmol were added to a 20 

mL vial equipped with a magnetic stir bar. tris-HCl Buffer (5 mL, pH = 8) was then added 

and the mixture stirred at 35 ºC for 2 min to afford an emulsified solution. IRED (2 mg/mL, 

10 mg), NADP+ (1 mM, 3.8 mg), GDH-101 (1 mg/mL, 5 mg), and D-glucose (25 mM, 22.6 

mg) were then added sequentially. The reaction vial was capped with a screw cap and stirred 

vigorously (1000 rpm) at 35 ºC in an aluminum block placed over an IKA hot plate for 12 h. 

Upon completion, the reaction mixture was basified with 5 M NaOH (~3 mL) to pH 13–14 

(indicated by pH indicator paper). The resulting mixture was extracted with EtOAc (5 x 5.0 

mL). The organic layer was separated with the aid of a low-speed centrifuge for 5 min. The 

combined organic phases were collected and dried over anhydrous MgSO4. The volatiles were 

evaporated under reduced pressure and the residue was then transferred to a 1-dram vial using 

minimal EtOAc.  

Step 2: Trifluoroacetyl derivatization:  

The 1-dram vial containing the crude reaction mixture was equipped with a magnetic stir 

bar. Pyridine (1.5 equiv, 0.15 mmol, 11.9 mg, 12.1 μL) and TFAA (1.5 equiv, 0.15 mmol, 

31.5 mg, 20.9 μL) were added sequentially. The resulting mixture was then stirred at rt for 4 

h. Upon completion of the reaction, solvent was removed under reduced pressure.  

Step 3: Mizoroki-Heck coupling:  

Pd(dtbpf)Cl2 (1 mol %, 0.001 mmol, 0.7 mg) and 1-bromo-4-iodobenzene (1 equiv, 0.1 

mmol, 28.1 mg) were then added to the vial. The vial was capped with a rubber septum then 

evacuated and backfilled with argon three times. Next, Et3N (3 equiv, 0.3 mmol, 42 µL), then 

2 wt % TPGS-750-M aqueous solution (0.5 M, 0.2 mL) were added via syringe though the 
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septum. The vial was stirred vigorously at 45 ºC in an aluminum block placed over an IKA 

hot plate for 4 h. 

Step 4: Suzuki-Miyaura coupling: 

After cooling to rt, the septum was removed and (1-methyl-1H-indol-5-yl)boronic acid 

(1.5 equiv, 0.15 mmol, 26.3 mg) was added. The vial was then sealed with a new rubber 

septum and the headspace was purged using argon and a vent needle for 5 min, and Et3N (3 

equiv, 0.3 mmol, 42 µL) was added via syringe though the septum. The resulting mixture was 

then stirred vigorously at 45 ºC in an aluminum block placed over an IKA hot plate for 8 h. 

Upon completion, the mixture was extracted with EtOAc (3 x 1 mL), the organic phases were 

combined, dried over anhydrous MgSO4, and filtered. The solvent was then removed under 

reduced pressure to obtain the crude racemic amine, which was further purified via preparative 

TLC with 15% EtOAc/hexanes (Rf = 0.30) to give product III-41 as a pale brown oil (32.9 

mg, 73% yield).  

3.5.10. Analytical data 

 

benzyl benzyl(cyclohexyl)carbamate (III-1) 

Following method A and using enzyme IRED-33, the product was isolated via preparative 

TLC with 5% EtOAc/hexanes (Rf = 0.45) as a colorless oil; 28.1 mg from a 0.1 mmol batch, 

87% yield.  

N

1

Cbz
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1H NMR (400 MHz, chloroform-d) δ 7.46 – 7.09 (m, 10H), 5.17 (d, J = 38.3 Hz, 2H), 

4.46 (s, 2H), 3.94 (d, J = 70.1 Hz, 1H), 1.78 – 1.56 (m, 5H), 1.45 – 1.21 (m, 4H), 1.09 – 0.94 

(m, 1H). 

13C NMR (126 MHz, chloroform-d) δ 156.9, 156.3, 139.8, 136.8, 128.4, 128.3, 127.8, 

127.1, 126.7, 126.6, 67.0, 56.5, 47.3, 46.5, 31.6, 31.0, 25.9, 25.5. 

HRMS (ESI-TOF) m/z:  [M]+ calcd for C21H25NO2 323.1885; found 323.1887.  

 

 

N-cyclohexyl-4-methoxyaniline (III-2) 

 

Following method A and using enzyme IRED-18, the product was isolated via flash 

column chromatography using 7% EtOAc/hexanes (Rf = 0.30) as a yellow-brown oil, 19.4 mg 

from a 0.1 mmol batch, 94% yield.  

1H NMR (400 MHz, chloroform-d) δ 6.80 – 6.72 (m, 2H), 6.61 – 6.54 (m, 2H), 3.74 (s, 

3H), 3.16 (tt, J = 10.2, 3.7 Hz, 1H), 2.64 (s, 1H), 2.05 (dp, J = 9.9, 3.6, 2.9 Hz, 2H), 1.75 (dq, 

J = 11.1, 3.8 Hz, 2H), 1.69 – 1.60 (m, 1H), 1.34 (ddt, J = 13.0, 11.7, 3.3 Hz, 2H), 1.25 – 1.18 

(m, 1H), 1.17 – 1.07 (m, 2H). 

13C NMR (101 MHz, chloroform-d) δ 151.9, 141.5, 114.9, 55.9, 52.9, 33.6, 26.0, 25.1. 

Spectral data matched those previously reported.2 

 

NH

MeO

2
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benzyl allyl(4-phenylcyclohexyl)carbamate (III-17) 

Following method A and using enzyme IRED-69, the product was isolated via preparative 

TLC with 5% EtOAc/hexanes (Rf = 0.20) as a white solid; 29.2 mg from a 0.1 mmol batch, 

84% yield.  

1H NMR (400 MHz, chloroform-d) δ 7.37 – 7.28 (m, 9H), 7.19 (tq, J = 6.7, 1.8 Hz, 1H), 

5.74 (ddt, J = 18.0, 10.5, 5.5 Hz, 1H), 5.13 (s, 2H), 5.00 (dt, J = 11.9, 1.8 Hz, 2H), 3.71 (d, J 

= 5.5 Hz, 2H), 3.03 (dq, J = 5.3, 2.6 Hz, 1H), 2.33 – 2.24 (m, 2H), 1.87 (td, J = 16.1, 14.3, 5.4 

Hz, 2H), 1.63 – 1.57 (m, 5H). 

13C NMR (126 MHz, chloroform-d 3) δ 156.1, 143.9, 137.0, 135.8, 128.4, 128.3, 127.8, 

127.8, 127.5, 125.5, 115.7, 66.9, 55.9, 35.5, 29.7, 29.4, 26.4. 

HRMS (ESI-TOF) m/z:  [M]+ calcd for C23H27NO2 349.2042; found 349.2040. 

 

 

benzyl (4-phenylcyclohexyl)(prop-2-yn-1-yl)carbamate (III-18) 

Following method A and using enzyme IRED-69, the product was isolated via preparative 

TLC with 5% EtOAc/hexanes (Rf = 0.20) as a pale yellow oil; 24.7 mg from a 0.1 mmol batch, 

71% yield.  

N

17

Cbz

N

18

Cbz
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1H NMR (400 MHz, chloroform-d) δ 7.43 – 7.27 (m, 9H), 7.20 (t, J = 7.0 Hz, 1H), 5.18 

(s, 2H), 4.09 (s, 1H), 3.99 – 3.81 (m, 2H), 3.04 (t, J = 4.1 Hz, 1H), 2.31 (dt, J = 14.8, 3.2 Hz, 

2H), 2.16 – 2.05 (m, 1H), 1.88 (dq, J = 14.0, 5.2 Hz, 2H), 1.72 (qd, J = 9.6, 8.2, 3.3 Hz, 4H). 

13C NMR (126 MHz, chloroform-d) δ 155.6, 143.9, 136.8, 128.5, 128.4, 127.9, 127.8, 

127.5, 125.6, 81.2, 70.7, 67.3, 55.9, 35.7, 29.4, 26.3. 

HRMS (ESI-TOF) m/z:  [M]+ calcd for C23H25NO2 347.1885; found 347.1888. 

 

 

N-cyclopropyl-2,2,2-trifluoro-N-(1-(4-fluorophenyl)propan-2-yl)acetamide (III-19) 

Following method A and using enzyme IRED-69, the product was isolated via preparative 

TLC with 5% EtOAc/hexanes (Rf = 0.30) as a pale yellow solid, 19.2 mg from a 0.1 mmol 

batch, 66% yield, 90% ee. 

1H NMR (400 MHz, chloroform-d) δ 7.17 – 7.10 (m, 2H), 6.98 (td, J = 8.6, 1.6 Hz, 2H), 

3.95 (dt, J = 9.1, 6.5 Hz, 1H), 3.31 (dd, J = 13.7, 9.2 Hz, 1H), 2.77 (dd, J = 13.7, 6.4 Hz, 1H), 

2.48 (tt, J = 7.5, 4.2 Hz, 1H), 1.43 (d, J = 6.9 Hz, 3H), 0.82 – 0.56 (m, 4H). 

13C NMR (101 MHz, chloroform-d) δ 162.97 (q, 1JCF = 244.6 Hz), 159.3 (q, 2JCF = 36.0 

Hz), 134.6, 134.6, 130.4, 130.3, 116.3 (q, 1JCF = 288.2 Hz ), 115.3 (q, 2JCF = 21.3 Hz ), 61.9, 

38.7, 31.1, 18.1, 8.9, 7.8. 

19F NMR (376 MHz, chloroform-d) δ -69.38, -116.39. 

The enantioselectivity was determined by HPLC analysis:  Chiralcel® 5 μm OD-H column 

150 x 4.6 mm, isopropanol : n-hexane = 1:99, flow rate 0.5 mL/min, I = 260 nm, t1 = 4.86 

min, t2 = 5.06  (major).  

HRMS (ESI-TOF) m/z:  [M]+ calcd for C14H15F4NO 289.1090; found 289.1099. 

N

F
19

O

CF3
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N-cyclopropyl-2,2,2-trifluoro-N-(4-(4-methoxyphenyl)butan-2-yl)acetamide (III-20) 

Following method A and using enzyme IRED-33, the product was isolated via preparative 

TLC with 5% EtOAc/hexane (Rf = 0.25) as a colorless oil, 21.4 mg from a 0.1 mmol batch, 

68% yield, 80% ee. 

1H NMR (400 MHz, chloroform-d) δ 7.12 – 7.05 (m, 2H), 6.87 – 6.78 (m, 2H), 4.03 – 

3.92 (m, 1H), 3.78 (s, 3H), 2.90 – 2.69 (m, 1H), 2.61 – 2.47 (m, 2H), 2.24 – 2.09 (m, 1H), 

1.90 (ddt, J = 13.4, 9.7, 6.7 Hz, 1H), 1.35 (d, J = 6.9 Hz, 3H), 0.94 – 0.81 (m, 4H). 

13C NMR (126 MHz, chloroform-d) δ 159.4 (q, 2JCF = 35.8 Hz), 158.0, 133.3, 129.2, 

116.6 (q, 1JCF = 288.54 Hz) 113.9, 57.7, 55.3, 36.1, 32.3, 29.5, 18.7, 8.5, 7.7. 

19F NMR (376 MHz, chloroform-d) δ -68.90. 

The enantioselectivity was determined by HPLC analysis:  Chiralpak IG column (4.6 mm 

× 25 cm, 5 micron) isopropanol : n-hexane = 5:95, flow rate 1 mL/min, I = 230 nm, t1 = 6.87 

min (major), t2 = 7.63 min. 

HRMS (ESI-TOF) m/z:  [M]+ calcd for C16H20F3NO2 315.1446; found 315.1460. 

 

 

N-cyclopropyl-2,2,2-trifluoro-N-(1-phenoxypropan-2-yl)acetamide (III-21) 

N

O
20

F3C

O
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O
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Following method A and using enzyme IRED-33, the product was isolated via preparative 

TLC with 5% EtOAc/hexane (Rf = 0.30) as a colorless oil, 17.3 mg from a 0.1 mmol batch, 

60% yield, 91% ee. 

1H NMR (400 MHz, chloroform-d) δ 7.31 – 7.24 (m, 2H), 6.99 – 6.93 (m, 1H), 6.90 – 

6.84 (m, 2H), 4.45 (t, J = 9.1 Hz, 1H), 4.22 (q, J = 7.0 Hz, 1H), 3.99 (dd, J = 9.7, 5.0 Hz, 1H), 

3.03 – 2.86 (m, 1H), 1.45 (d, J = 7.1 Hz, 3H), 1.10 – 0.86 (m, 4H). 

13C NMR (101 MHz, chloroform-d) δ 159.6 (q, 2JCF = 36.1 Hz), 158.3, 129.6, 121.2, 

116.3 q, (1JCF = 288.9 Hz), 114.5, 8.0, 58.6, 31.0, 15.1, 8.8, 8.6. 

19F NMR (376 MHz, chloroform-d) δ -69.25. 

The enantioselectivity was determined by HPLC analysis:  Chiralcel® 5 μm OD-H column 

150 x 4.6 mm, isopropanol : n-hexanes = 5:95, flow rate 1 mL/min, I = 230 nm, t1 = 5.18 min, 

t2 = 5.81 (major).  

HRMS (ESI-TOF) m/z:  [M]+ calcd for C14H16F3NO2 287.1133; found 287.1143. 

 

 

N-cyclopropyl-2,2,2-trifluoro-N-(1-(4-(trifluoromethyl)phenyl)ethyl)acetamide (III-

22) 

Following method B and using enzyme IRED-18, the product was isolated via preparative 

TLC with 7% EtOAc/hexanes (Rf = 0.30) as a colorless oil, 31.9 mg from a 0.1 mmol batch, 

92% yield, >99% ee. 

1H NMR (400 MHz, chloroform-d) δ 7.59 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 

5.54 (d, J = 9.0 Hz, 1H), 2.79 (s, 1H), 1.79 (d, J = 7.1 Hz, 3H), 0.91 – 0.51 (m, 4H). 

F3C

N

22

F3C

O
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13C NMR (126 MHz, chloroform-d) δ 160.1 (q, 2JCF = 36.7 Hz), 144.9, 129.7 (q, 2JCF = 

32.6 Hz), 126.9, 124.1 (q, 1JCF = 172.16 Hz), 125.5 (q, 3JCF = 3.8 Hz), 116.6 (q, 1JCF = 287.8 

Hz), 56.4, 28.6, 16.8, 8.8, 6.6. 

19F NMR (376 MHz, chloroform-d) δ -62.59, -68.84. 

The enantioselectivity was determined by HPLC analysis: Chiralcel® 5 μm OD-H column 

150 x 4.6 mm, isopropanol : n-hexane = 0.5:99.5, flow rate 1 mL/min, I = 254 nm,  t1 = 14.29 

min (major), t2 = 16.65 min 

HRMS (ESI-TOF) m/z:  [M]+ calcd for C14H13F6NO 325.0901; found 325.0895. 

 

 

N-benzyl-2,2,2-trifluoro-N-(1-phenylethyl)acetamide (III-23) 

Following method B and using enzyme IRED-18, the product was isolated via preparative 

TLC with 20% EtOAc/hexanes (Rf = 0.35) as a white solid, 33.6 mg from a 0.1 mmol batch, 

99% yield, >99% ee.3 

1H NMR (400 MHz, chloroform-d) δ 7.46 – 6.97 (m, 10H), 5.53 (dq, J = 59.0, 7.1 Hz, 

1H), 4.67 (dd, J = 16.2, 6.5 Hz, 1H), 4.18 (dd, J = 118.7, 16.1 Hz, 1H), 1.51 (dd, J = 53.8, 7.1 

Hz, 3H). 

13C NMR (126 MHz, chloroform-d) rotomeric mixture δ 157.7 (q, 2JCF = 35.3 Hz), 157.5 

(q, 2JCF = 35.3 Hz), 138.8, 138.1, 137.0, 136.3, 128.9, 128.6, 128.4, 128.1, 127.8, 127.4, 127.4, 

127.2, 127.1, 117.1 (q, 1JCF = 288.5 Hz), 116.7 (q, 1JCF = 288.5 Hz) 56.0, 55.7 (q, 3JCF = 3.5 

Hz), 48.7, 48.7, 46.9, 18.3, 17.2. 

19F NMR (376 MHz, chloroform-d) δ -67.56, -68.04. 

23

NF3C

O
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The enantioselectivity was determined by HPLC analysis:  Chiralcel® 5 μm OD-H column 

150 x 4.6 mm, isopropanol : n-hexanes = 10:90, flow rate 1 mL/min, I = 210 nm, t1 = 8.67 

min (major), t2 = 9.35 min 

HRMS (ESI-TOF) m/z:  [M]+ calcd for C12H12BrF3N2O 338.0066; found 338.0099. 

 

 

N-(1-(6-bromopyridin-3-yl)ethyl)-N-cyclopropyl-2,2,2-trifluoroacetamide (III-24) 

Following method B and using enzyme IRED-18, the product was isolated via preparative 

TLC with 5% EtOAc/hexanes (Rf = 0.20) as a colorless oil, 19.4 mg from a 0.1 mmol batch, 

63% yield, 93% ee. 

1H NMR (400 MHz, chloroform-d) δ 8.28 (s, 1H), 7.54 – 7.38 (m, 2H), 5.38 (q, J = 7.2 

Hz, 1H), 2.79 (s, 1H), 1.76 (d, J = 7.2 Hz, 3H), 0.91 – 0.60 (m, 4H). 

13C NMR (126 MHz, chloroform-d) δ 159.9 (q, 2JCF = 36.3 Hz), 148.6, 141.2, 137.3, 

135.7, 127.9, 116.4 (q, 1JCF = 287.8 Hz), 55.3, 29.7, 29.0, 16.6, 9.0, 6.9. 

19F NMR (376 MHz, chloroform-d) δ -68.97. 

The enantioselectivity was determined by HPLC analysis: Chiralcel® 5 μm OD-H column 

150 x 4.6 mm, isopropanol : n-hexanes = 10:90, flow rate 1 mL/min, I = 280 nm,  t1 = 4.37 

min, t2 = 4.58 min (major) 

HRMS (ESI-TOF) m/z:  [M]+ calcd for C17H16F3NO 307.1184; found 307.1190. 

 

 

NBr

N
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benzyl cyclopropyl(1-(3-nitrobenzoyl)piperidin-4-yl)carbamate (III-29) 

Following one-pot sequence A, the product was purified via preparative TLC with 50% 

EtOAc/hexanes (Rf = 0.25) as a white solid, 22.3 mg from a 0.1 mmol batch, 53% yield. 

1H NMR (500 MHz, chloroform-d) δ 8.32 – 8.26 (m, 2H), 7.73 (d, J = 7.5 Hz, 1H), 7.62 

(t, J = 7.8 Hz, 1H), 7.41 – 7.30 (m, 5H), 5.16 (s, 2H), 4.84 (s, 1H), 3.92 (tt, J = 12.2, 3.8 Hz, 

1H), 3.71 (s, 1H), 3.13 (s, 1H), 2.81 (s, 1H), 2.49 (tt, J = 7.1, 3.9 Hz, 1H), 1.96 (dd, J = 130.6, 

76.4 Hz, 5H), 0.85 (td, J = 7.2, 5.2 Hz, 2H), 0.77 – 0.69 (m, 2H). 

13C NMR (126 MHz, chloroform-d) δ 167.6, 157.3, 148.1, 137.6, 136.6, 132.9, 129.8, 

128.5, 128.0, 127.9, 124.5, 122.2, 67.2, 57.6, 47.7, 42.4, 31.0, 30.0, 27.6, 8.6. 

HRMS (ESI-TOF) m/z:  [M]+ calcd for C23H25N3O5 423.1794; found 423.1792. 

 

 

benzyl cyclopropyl(1-(6-(3-hydroxyprop-1-yn-1-yl)pyridin-3-yl)ethyl)carbamate 

(III-36) 

Following one-pot sequence A, the product was purified via preparative TLC with 70% 

EtOAc/hexanes (Rf = 0.20) as a yellow oil, 44.5 mg from a 0.2 mmol batch, 64% yield, 99% 

ee. 

1H NMR (400 MHz, chloroform-d) δ 8.52 (d, J = 2.2 Hz, 1H), 7.63 (dd, J = 8.0, 2.2 Hz, 

1H), 7.44 – 7.32 (m, 6H), 5.21 (s, 2H), 4.99 (s, 2H), 3.91 (q, J = 6.7 Hz, 1H), 1.93 (td, J = 6.3, 

3.3 Hz, 1H), 1.37 (d, J = 6.7 Hz, 3H), 0.42 – 0.28 (m, 3H), 0.19 (ddt, J = 9.5, 6.9, 2.9 Hz, 1H). 

13C NMR (126 MHz, chloroform-d) δ 154.6, 149.3, 141.3, 140.8, 134.9, 134.4, 128.7, 

128.6, 128.4, 127.1, 86.4, 81.7, 70.1, 56.1, 56.0, 29.1, 23.4, 6.9, 6.2. 

N
HO

N

34

Cbz
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The enantioselectivity was determined by HPLC analysis:  Chiralcel® 5 μm OD-H column 

150 x 4.6 mm, isopropanol : n-hexanes = 25:75, flow rate 1 mL/min, I = 230 nm, t1 = 9.00 

min (major), t2 = 9.54 min 

HRMS (ESI-TOF) m/z:  [M+Na]+ calcd for C21H22N2O3Na 373.1528; found 373.1527. 

 

 

(E)-2,2,2-trifluoro-N-(3-(4-(1-methyl-1H-indol-5-yl)phenyl)allyl)-N-(thiophen-2-

ylmethyl)acetamide (III-41) 

Following one-pot sequence C, the product was purified via preparative TLC with 15% 

EtOAc/hexanes (Rf = 0.30) as a pale brown oil, 32.9 mg from a 0.1 mmol batch, 73% yield. 

1H NMR (500 MHz, chloroform-d) δ 7.92 – 7.87 (m, 1H), 7.68 (dd, J = 12.3, 8.0 Hz, 2H), 

7.50 (tt, J = 14.9, 7.4 Hz, 3H), 7.42 (dd, J = 8.6, 3.9 Hz, 1H), 7.35 (ddd, J = 20.9, 4.9, 1.4 Hz, 

1H), 7.15 – 7.00 (m, 3H), 6.70 – 6.55 (m, 2H), 6.15 (dtd, J = 15.4, 6.7, 1.9 Hz, 1H), 4.84 (d, 

J = 2.8 Hz, 2H), 4.22 (dd, J = 6.4, 4.2 Hz, 2H), 3.86 (d, J = 2.1 Hz, 3H). 

13C NMR (126 MHz, chloroform-d) rotomeric mixture δ 156.9 (q, 2JCF = 35.3 Hz), 156.5 

(q, 2JCF = 35.3 Hz), 142.8, 142.5, 137.34, 137.32, 136.43, 136.39, 135.0, 134.9, 133.9, 133.6, 

132.09, 132.00, 129.67, 129.63, 129.03, 129.01, 128.0, 127.6, 127.5, 127.1, 127.0, 126.93, 

126.89, 126.5, 126.4, 121.7, 121.15, 121.10, 119.31, 119.28, 116.6 (q, 2JCF = 288.5 Hz), 116.5 

(q, 1JCF = 288.5 Hz), 109.57, 109.54, 101.43, 101.41, 48.7 (q, 3JCF = 3.3 Hz), 47.4, 44.8 (q, 

2JCF = 3.7 Hz), 43.5, 33.0. 

19F NMR (376 MHz, CDCl3) δ -67.84, -68.70. 

HRMS (ESI-TOF) m/z:  [M+Na]+ calcd for C25H21F3N2OSNa 477.1224; found 477.1207. 

S N

39

Me
N

CF3O
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3.5.12. NMR Spectra 

1H and 13C NMR of compound III-1 
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1H and 13C NMR of compound III-2 
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1H and 13C NMR of compound III-17 
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1H and 13C NMR of compound III-18 
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1H, 13C, and 19F NMR of compound III-19 
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1H, 13C, and 19F NMR of compound III-20 
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1H, 13C, and 19F NMR of compound III-21 
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1H, 13C, and 19F NMR of compound III-22 
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1H, 13C, and 19F NMR of compound III-23 
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1H, 13C, and 19F NMR of compound III-24 
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1H and 13C NMR of compound III-29 
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1H and 13C NMR of compound III-36 
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1H, 13C, and 19F NMR of compound III-41 
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3.5.13. HPLC traces 

HPLC analysis of compound III-19 
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HPLC analysis of compound III-20 
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HPLC analysis of compound III-21 
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HPLC analysis of compound III-22 

 

  

F3C

N

22

F3C

O

F3C

N

(R)-22

F3C

O



 

 211 

HPLC analysis of compound III-23 
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HPLC analysis of compound III-24 
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HPLC analysis of compound III-36 
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IV. Allylations of Aryl/Heteroaryl Ketones:  Neat, Clean, and 

Green. Applications to Targets in the Pharma- and 

Nutraceutical Industries 

 

 

Reproduced from:  

Li, X.; Wood, A.; Lee, N.; Gallou, F.; Lipshutz, B. H. “Allylations of Aryl/Heteroaryl 

Ketones: Neat, Clean, and Green. Applications to Targets in the Pharma- and 

Nutraceutical Industries.” Green Chem., 2022, 24, 4909-4914. 

with permission from the Royal Society of Chemistry.   
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4.1. Background and introduction 

4.1.1. α-allylation of ketones 

The α-allylation of ketones represents a fundamental and extensively studied process in 

the realm of organic synthesis, significantly advancing the field of C-C bond formation.1-9 The 

profound impact of this reaction is attributed to the versatility of ketone-derived enolate 

chemistry and the prevalence of α-substituted ketones and their derivatives in bioactive 

molecules, highlighting the reaction's applicability to medicinal chemistry and drug 

development. Additionally, the wide availability of over 105 commercially available ketone 

types exemplifies the reaction's extensive scope and its integral role in the synthesis of diverse 

organic compounds.10 

The development of α-allylation chemistry commenced in the early 20th century. 

Mechanistically, these reactions often begin with the deprotonation of ketones using strong 

bases like lithium hexamethyldisilazide (LHMDS), lithium diisopropylamide (LDA), or metal 

hydrides (e.g., NaH, KH). This process generates highly reactive alkali metal enolates, which 

can be transmetalated to more stable intermediates like silyl11-14 or tin15-17 enolates. These 

intermediates are particularly suited for subsequent palladium-catalyzed allylic alkylations, a 

transformative approach known as the Tsuji-Trost reaction (Scheme IV-1A).16-22 This reaction 

has undergone significant evolution, incorporating a variety of transition metals such as 

ruthenium,23 rhodium,24,25 and iridium,26-29 each offering unique contributions in terms of 

regioselectivity and stereoselectivity, thereby broadening the reaction's utility in complex 

molecule synthesis. 

In recent years, the focus has shifted towards enantioselective α-allylation, with the design 

of chiral catalysts, predominantly chiral phosphine ligands paired with palladium, achieving 

high enantiomeric excess, crucial for the synthesis of chiral drugs and natural products. A 
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notable advancement in this realm is the decarboxylative strategy developed by Stoltz, which 

utilizes allyl β-ketoesters or allyl enol carbonates to yield α-allylated ketones with high 

efficiency and stereoselectivity (Scheme IV-1B).30-36 However, the scope of these 

enantioselective transformations is largely confined to cyclic ketones, with linear ketones 

posing a significant challenge. Further explorations have extended to decarboxylative 

allylations using other transition metals such as Ru37-39 or Ir,40 although these, too, are met 

with limitations in substrate scope. 

Recent trends in α-allylation have also seen the emergence of methods that include 

deacetylative allylic alkylations (Scheme IV-1C)41-43 and the allylation of ketone enamines 

(Scheme IV-1D).44-48 These novel methodologies not only offer fresh approaches to achieving 

α-allylation but also provide enhanced regio- and enantio-selectivity. Nevertheless, from an 

environmental standpoint, many of these techniques are less than ideal. They often necessitate 

high concentrations of expensive metal catalysts, complex ligands, and the use of potentially 

harmful organic solvents like dichloroethane (DCE) and toluene, often under extreme 

temperature conditions. Moreover, their applicability tends to be limited to a narrow range of 

specific substrates, diminishing their practicality in broader synthetic applications.  

A more straightforward approach involves pre-activating allyl electrophiles, such as allyl 

halides, a fundamental reaction commonly taught at the undergraduate level. This avoids the 

need for expensive metal catalysts and accommodates a broader substrate range. Despite the 

traditional nature of this method, it remains popular for synthesizing achiral molecules. 

Nonetheless, it presents its own set of challenges, as it typically requires strong bases like 

sodium hydride, LDA, or LHMDS. This is particularly problematic for ketones with tertiary 

α-carbons, where limited availability of α-protons and increased steric hindrance are issues. 

Consequently, there is a growing demand for novel methodologies that adhere to green 
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chemistry principles, focusing on the use of less hazardous reagents and solvents, while 

operating under more environmentally benign conditions.  

 

Scheme IV-1. Prior art for α-allylation of ketones 

4.1.2. Solvent-free reactions 

The principle of green chemistry, which is predicated on the design of chemical products 

and processes to minimize or eliminate the production and use of hazardous substances, has 

emerged as a pivotal guiding force in contemporary chemical research.49 A critical challenge 

in actualizing the principles of green chemistry is the conventional reliance on organic 

solvents. As per the American Chemical Society's Green Chemistry Institute, organic solvents 
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account for a significant proportion of the total organic waste produced by the chemical 

industry, notably in pharmaceutical manufacturing.50,51 These solvents, predominantly 

volatile organic compounds (VOCs), present substantial environmental and health hazards, 

characterized by their toxicity, emission potential, and contribution to hazardous waste. 

Efforts to mitigate solvent pollution have led to the adoption of aqueous-phase reactions, 

utilizing recyclable water containing small amounts of designer surfactants.52 Such 

approaches have made commendable strides towards reducing solvent-related environmental 

impact. However, the seminal analysis by Sheldon and colleagues emphatically posits that 

“The best solvent is no solvent…”53 highlighting the ultimate goal of green chemistry. This 

ethos has catalyzed the shift towards solvent-free reactions,54-58 which resonate profoundly 

with the 12 principles of green chemistry, particularly those advocating for waste prevention 

and the use of safer solvents and auxiliaries. In 2021, the Organ group reported a solvent-free 

amination process using a hyper-branched Pd-NHC pre-catalyst, 

(DiMeIHeptCl)Pd(cinnamyl). (Scheme IV-2A)59 This method is adaptable to various 

nucleophiles, including aniline, alkylamine, carbazole, and indole, and can be scaled to multi-

gram levels for synthesizing a range of secondary and tertiary amine derivatives. The absence 

of a solvent in this process significantly increases reactant concentration, allowing for low Pd 

catalyst loading (0.1 mol%) and rapid reaction times (15 minutes). In the same year, the Chen 

group introduced a solvent-free, transition-metal-free amination reaction between 2-

chlorobenzothiazoles and primary amine. (Scheme IV-2B)60 This reaction is notable for its 

switchability, with both base-free and NaH-promoted conditions selectively yielding desired 

mono- and di-heteroarylation products.  
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Scheme IV-2. Recent advances in solvent-free reactions in organic synthesis 

Recently, our team has reported on sustainable methods for amidation, esterification, and 

thioesterification, utilizing in situ-generated 2-thiopyridine esters derived from 

dipyridyldithiocarbamate (DPDTC) and carboxylic acids. (Scheme IV-2C)61,62 This method 

allows all steps, including the synthesis of novel coupling reagent DPDTC, to be conducted 

under solvent-free conditions. Furthermore, ongoing solvent-free research in our group 

involves difluorocarbene (:CF2) insertion into various substrates, promising a spectrum of 

difluoromethylated compounds with wide-ranging applications in the chemical industry. 

(Scheme IV-2D) This forthcoming work, to be detailed in due time, signifies our commitment 

to developing and implementing greener and more efficient chemical processes. Overall, by 
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obviating the need for liquid solvents, solvent-free reactions directly confront and address the 

challenges of solvent waste, emissions, and toxicity, thereby offering a more sustainable and 

environmentally benign alternative to conventional chemical processes. 

Besides, the adoption of solvent-free methodologies necessitates a paradigm shift in 

conventional synthesis and catalysis approaches. This transition is leading a novel direction 

in research and development, with the potential to fundamentally revolutionize chemical 

reaction processes. The advent of solvent-free techniques, such as mechanochemistry,63,64 

microwave-assisted synthesis,65,66 and the utilization of solid catalysts,67,68 represents a 

strategic and innovative counter to the limitations traditionally imposed by solvent usage. 

These methodologies not only align seamlessly with the principles of green chemistry but also 

typically result in enhanced reaction efficiency, reduced energy consumption, and streamlined 

process operations. The progression towards solvent-free reactions transcends a mere trend; 

it is an essential evolution in the quest for sustainable and responsible chemical research and 

manufacturing. 

4.2. Result and Discussion 

4.2.1. Condition screening 

The initial hypothesis was that an enolization/allylation protocol could be successfully 

implemented under aqueous micellar conditions, drawing inspiration from our recently 

disclosed α-arylations of ketones conducted under similar aqueous conditions.69 Despite the 

apparent challenges posed by the relatively high pKa of the starting ketones, approximately 

20, compared to the lower pKa of the predominantly water-based reaction medium, around 

15, this approach might seem counterintuitive. However, the key to enabling this method lies 

in the use of the designer surfactant TPGS-750-M.70 This surfactant forms nanomicelles with 
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hydrophobic inner cores, providing an environment conducive to enolization and α-

allylation.70,71 

Contrary to expectations set by prior successes on α-arylations in water,70 a surprising 

outcome was encountered when an aryl bromide was replaced by an allylic bromide. Despite 

replicating the exact conditions of successful α-arylations; i.e., using the same ketone, aqueous 

medium, and base, the anticipated α-allylated ketone product was not formed. Attempts to 

alter various reaction parameters were unsuccessful in changing this outcome. These findings 

led to the conclusion that the "chemistry in water" approach, previously effective, was not 

suitable in this context, as evidenced by the experimental data (Table IV-1). 

Table IV-1. Initial attempts at allylation in watera 

 

aReaction conditions:  isobutyrophenone (0.30 mmol), farnesyl bromide (0.90 mmol), 

NaO-t-Bu (0.72 mmol), 2 wt % TPGS-750-M (0.3 mL), 45 °C, 20 h. bConversion determined 

by 1H NMR; N.R. = no reaction. 

The unexpected ineffectiveness of the 'chemistry in water' approach in α-allylation 

highlights the need to investigate alternative methodologies in organic synthesis. Viewed 

through the glasses of green chemistry, the solvent-free approach emerges as a particularly 

attractive option. This method, when managed properly for safety, particularly during scale-

up (as discussed later), not only adheres to the principles of waste reduction and minimization 

of hazardous substances but also opens up new possibilities for enhancing reaction efficiency 

O
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and selectivity. The absence of a solvent can lead to faster reaction rates, simplified 

purification processes, and potentially more straightforward reaction pathways. 

Switching to solvent-free conditions for reactions that had previously been unsuccessful 

in an aqueous medium led to remarkable efficiency. The targeted α-allylated ketones were 

synthesized in high yields, notably within minutes. A representative example on a small scale 

(0.40 mmol) involved the combination of farnesyl bromide with NaO-t-Bu, followed by the 

addition of isobutyrophenone. Conducting this procedure with 1.5 equivalents of the bromide 

and an equimolar amount of base at room temperature led to optimal results: complete 

conversion to the desired ketone (Table IV-2, entry 8). Efforts to reduce the quantity of allyl 

bromide or base were not successful, failing to achieve high conversion even with increased 

temperatures or the presence of an iodide source. Although the majority of these reactions 

were conducted over a 12-hour period (Table 2, entries 1-7), it was generally found that such 

prolonged reaction times were unnecessary for the successful completion of these reactions. 

Table IV-2. Optimization under solvent-free conditionsa 

 

aReaction conditions:  isobutyrophenone (0.40 mmol), rt, each reaction was run for 12 h 

unless noted otherwise. bConversion determined by 1H NMR. 
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In consideration of the higher cost associated with allyl bromide relative to allyl chloride, 

the possibility of replacing allyl bromide with allyl chloride was evaluated. The results of 

these experiments, conducted with farnesyl chloride under diverse conditions, are detailed in 

Table IV-3. Employing the optimal conditions previously determined for allyl bromide, the 

reaction yielded a high conversion to the desired product, albeit with an extended reaction 

time (Table IV-3, entry 1). Notably, incorporation of an iodide salt to facilitate an in-situ 

Finkelstein reaction proved to significantly accelerate the reaction rate. For instance, complete 

conversion was achieved within three hours using just 2 mol % of KI or NaI (entries 4 and 5). 

Furthermore, the use of NaI, an especially cost-effective iodide salt, even at a minimal 

concentration of 0.5 mol %, resulted in full conversion over a period of five hours (entry 6). 

This clearly demonstrates a direct relationship between the quantity of iodide present and the 

time required to reach full reaction completion. 

Table IV-3. Optimization using an allylic chloride 

 
aReaction conditions:  isobutyrophenone (0.40 mmol), farnesyl chloride (0.60 mmol), 

NaO-t-Bu (0.60 mmol), rt. bConversion determined by 1H NMR. 
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4.2.2. Substrate scope 

Under optimized conditions, the scope of this solvent-free α-allylation reaction was 

thoroughly investigated. Initially, we examined variations in the allylic bromide using 

isobutyrophenone, with results presented in Table IV-4. Allylic bromides such as prenyl (IV-

5), geranyl (IV-7), and farnesyl (IV-8) proved to be highly effective, completing the reaction 

in under 10 minutes and consistently delivering excellent isolated yields. Cinnamyl bromide 

(IV-6), despite being a solid (albeit with a low melting point), did not pose any issues, yielding 

the desired product in high yield. The successful use of cyclic 3-bromocyclohex-1-ene (IV-9) 

and methallyl bromide (IV-10) indicated that branched allylic bromides were also compatible 

with this method. Interestingly, employment of a more reactive benzylic bromide also yielded 

a favorable outcome, producing product IV-13 in quantitative yield. Notably, the reaction 

exhibited regioselectivity; for instance, using E-cinnamyl bromide led to product IV-6, and 

E-2-pentenyl bromide resulted in product IV-11, with only products from attack at the α-site 

being observed. The stereochemical outcome was assessed using Z-2-hexenyl bromide, which 

produced product IV-12, indicating the preservation of stereochemical integrity. This is in 

contrast to the outcomes typically seen in traditional α-allylation of ketones in organic 

solvents.21 

In direct comparison with prior art, product IV-5, previously synthesized in THF or t-

BuOH over a span of 4-8 hours,72,73 was prepared using our solvent-free method in just 10 

minutes. Similarly, the production of product IV-7, traditionally achieved through enolate 

formation (with LDA at low temperatures) followed by the addition of allylic bromide, 

required a reaction time of 16 hours with a yield of only 71%.74 In stark contrast, our approach 

significantly reduces the reaction time while enhancing yield and efficiency, showcasing the 

advantages of the solvent-free α-allylation methodology. 
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Table IV-4. Variations in the allylic bromidea 

 

aReaction conditions unless otherwise noted:  ketone (0.40 mmol), allyl bromide (0.60 

mmol), NaO-t-Bu (0.60 mmol), neat, rt. Yields are for isolated, purified products.  

 

The versatility of the solvent-free α-allylation reaction was further demonstrated by 

examining the nature of different participating ketones, as detailed in Table IV-5. Ketones 

with cyclic substitution at the α-position, such as cyclobutyl or cyclohexyl moieties, were 

compatible, forming adducts IV-14, IV-15, and IV-16 with various bromides. The reaction 

proceeded smoothly with cyclic ketones, including α-methylated tetralone, yielding the 

corresponding products IV-17. Heteroaromatic ketones, exemplified by 1-(dibenzo[b,d]furan-

2-yl)-2-methylpropan-1-one (IV-18) and 1-(5-bromothiophen-2-yl)-2-methylpropan-1-one 

(IV-19, IV-20), also readily underwent α-allylation in high isolated yields. The formation of 

products IV-22 and IV-23 from ketones with sterically hindered substituents at the α-site 

resulted in somewhat diminished yields and extended reaction times. Notably, these ketones 
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were solids as starting materials, posing challenges to the onset of reaction. However, as the 

reaction progressed, the in-situ generation of t-BuOH acted as a “lubricating fluid”, facilitating 

stirring. The synthesis of product IV-24 is particularly noteworthy, suggesting 

thermodynamically controlled enolization in such unsymmetrical ketones. A more complex 

example involves α-functionalized indanone IV-25, known as donepezil, showcasing the 

potential for late-stage functionalization under these solvent-free conditions. Reactions with 

α-methylene-containing ketones, such as product IV-28, led to double allylation, indicating a 

propensity for poly-allylation. Thus, incorporating a hydrogen surrogate (e.g., silicon, sulfur) 

is necessary to achieve mono-allylation. For a methyl ketone, tri-allylated product IV-29 was 

obtained under identical conditions. Utilizing 2,6-dimethylcyclohexanone as the educt led to 

symmetrical cyclohexanone IV-27, with allylation occurring on both sides of the carbonyl 

group. The successful application of this technology to other carbonyl derivatives, including 

the synthesis of prenylated amide IV-26, further support the prospects for further application 

of this solvent-free allylation methodology. 
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Table IV-5. Variations in the ketone partnersa 

 

aReaction conditions unless otherwise noted:  ketone (0.40 mmol), allyl bromide (0.60 

mmol), NaO-t-Bu (0.60 mmol), neat, rt, 1 h. Yields are for isolated purified, products. 

bovernight. c3 h. d5 h. eUsing 1.20 mmol of allyl bromide and 1.20 mmol of NaO-t-Bu. fUsing 

1.80 mmol of allyl bromide and 1.80 mmol of NaO-t-Bu. 

4.2.3. Calorimetry study and gram-scale reaction 

Despite the numerous advantages of solvent-free reactions, there often exists a concern 

regarding their safety, particularly in terms of thermal stability and control. This is particularly 

pertinent when scaling up reactions for industrial applications, where the potential for 

exothermic behavior and consequent risks can be significant. To address these safety 

considerations and provide a deeper understanding of the thermal properties of our solvent-

free α-allylation process, a comprehensive calorimetric study was conducted by our 

collaborators at Novartis. 

O O

IV-17, 97%

O

IV-15, quantIV-14, 95%

O

IV-16, quanta
O

O

IV-18, 92%

O

O

O

N
Ph

IV-25, 88%c

O

Br

O

Me

IV-28, 95%dIV-27, 96%d

NBr

O

N

O

O
N

O

Me

Ph

S
Br

O

IV-20, 90%

IV-22, 74%b

IV-29, 64%e

S
Br

O

IV-19, quant

S

IV-23, 78%b

O

O

O

O

IV-21, 92%

N

O

Boc

IV-26, 91%

Me

O
F

IV-24, 99%

+
R1

O

R2 R3

NaO-t-Bu (1.5 equiv) 

UW��neatR1

O

R2 R3

H
Br



 

 228 

Utilizing the model reaction between isobutyrophenone (IV-1) and prenyl bromide, 

calorimetric data indicated a substantial heat release of approximately 525 kJ/kg at room 

temperature (refer to section 4.5.9). However, it is important to note that due to instrumental 

limitations, all reagents were mixed in a single potion, thereby representing a maximal heat 

release scenario. Under more controlled conditions, such as dropwise addition of reagents or 

the use of an ice bath, the reaction's exothermic nature can be significantly moderated. Further 

safety assessment through differential scanning calorimetry (DSC), which can indicate the 

magnitude of exothermic decomposition reactions as well as the approximate onset 

temperature of where such exotherms occur, showed only two minor exothermic reactions 

commencing above 40 °C and 70 °C, suggesting no immediate risk of decomposition or 

explosion as temperature increases. Consequently, while scaling up this reaction is certainly 

feasible, it necessitates careful planning and mitigation. 

As a practical example of safely conducting these reactions on a larger scale with 

appropriate mitigation measures, a gram-scale reaction was carried out using 

isobutyrophenone (IV-1) and simple allyl bromide (IV-30) (Scheme IV-3). A syringe pump 

setup facilitated the controlled, dropwise addition of isobutyrophenone to the mixture of base 

and allyl bromide. This approach yielded the corresponding ketone IV-31 in 86% yield after 

a 15-minute addition period followed by an additional 30 minutes of stirring. The success of 

this gram-scale reaction not only exemplifies the practicality and scalability of our solvent-

free α-allylation methodology but also signifies a substantial step towards the broader 

adoption of such environmentally sustainable and efficient practices in industrial settings. 
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a) Adding NaOtBu. b) Adding the allylic bromide in one portion. c) Adding isobutyrophenone 

dropwise via syringe pump. d) After adding isobutyrophenone and stirring for 30 min. 

Scheme IV-3. Gram-scale reaction 

4.2.4. Application: synthesis of MK-7, MK-9, CoQ9 

Building upon the proven scalability and efficiency of our solvent-free α-allylation 

technique, its application was extended to the synthesis of biologically significant compounds. 

This report highlights representative cases, including two compounds from the vitamin K2 

series,75 MK-7 and MK-9, and delves into an application within the nutraceutical field, 

focusing on the synthesis of the notably expensive CoQ976 (Figure IV-1). 

MK-7 and MK-9, as crucial members of the vitamin K2 family, are chemically known as 

menaquinones and are characterized by the length of their isoprenoid chains: MK-7 comprises 

seven isoprenoid units, while MK-9 contains nine. These forms of vitamin K2 are integral to 

several physiological processes, especially blood coagulation and bone health.75 MK-7, or 

menaquinone-7, is renowned for its high bioavailability and extended half-life in the human 

body relative to other vitamin K forms, enhancing its efficacy in bone mineralization and 

osteoporosis prevention. Additionally, its role in calcium metabolism extends to potential 
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cardiovascular benefits by preventing arterial calcification. Notably, MK-7 has been identified 

as a potent pharmaceutical agent in the treatment of calciphylaxis, a condition characterized 

by calcium accumulation in fat and skin tissues.77 MK-9, or menaquinone-9, though less 

researched than MK-7, is believed to confer similar health benefits due to its structural 

resemblance. It is naturally present in certain fermented foods and dairy products, enriching 

the dietary intake of vitamin K2.78 

CoQ9, akin to the well-known nutritional supplement CoQ10, possesses nine isoprenoid 

units in its tail. Despite being less prevalent in dietary supplements and research than CoQ10, 

CoQ9 shares similar biological functions and health benefits.79 It is crucial in the 

mitochondrial electron transport chain for energy production at the cellular level and exhibits 

antioxidant properties, countering free radicals and oxidative stress. While CoQ10 is 

commonly available commercially,80 primarily produced through fermentation processes,81 

analogous production methods for lower homologs like CoQ9 are not established, resulting in 

its high price (currently listed by Sigma-Aldrich at $1260 for 5 mg, catalog number 27597),82 

which consequently restricts research into its biological activity. Developing efficient 

synthetic methodologies for CoQ9 is imperative, not only to deepen our understanding of its 

biological roles but also to explore its potential in health and disease management. 

 

Figure IV-1. Structures of MK-7, MK-9 and CoQ9 
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Scheme IV-4 outlines representative synthetic pathways for MK-7 and CoQ9. For MK-

7,83 the synthesis starts with the reduction of menadione, followed by methylation to yield 

Int 1. Next, Chlorosulfone (Int 2), derived from isopropene, is introduced through Friedel-

Crafts alkenylation to produce Int 3. The subsequent coupling of Int 3 with hexaprenyl 

bromide (Int 4) constructs the required carbon skeleton for menaquinone MK-7. The 

synthesis concludes with desulfonation and subsequent oxidation, giving the target MK-7 

with an 11% overall yield. Despite its capacity for high-purity products and scalability, 

the route's low yield constrains its extensive application. In the synthesis of CoQ9,84 3,4,5-

trimethoxytoluene (Int 7) is employed as the starting material. A formylation reaction and 

subsequent Dakin oxidation give a phenol derivative (Int 9). This phenol then undergoes 

reaction with solanesyl bromide (Int 10) to produce the corresponding ether (Int 11). 

Further treatment with BF3 etherate induces a rearrangement of the allyl side chain onto 

the vacant meta position, leading to Int 12. The final oxidation step was performed by 

treating Int 12 with a simple oxidant FeCl3 to give the final product CoQ9 in an overall 

yield of 40%. This methodology constitutes one of the limited chemical synthesis routes 

for CoQ9 and is adaptable to other ubiquinones such as CoQ1, CoQ2, and CoQ3, by simply 

modifying the allyl bromide used in the etherification step. However, enhancing the yield 

continues to be a critical challenge in these syntheses. 
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Scheme IV-4. representative synthetic routes for MK-7 and CoQ9 

 

Our first synthesis focused on MK-7 and MK-9. The route was building upon Ruttiman's 

ingenious Diels-Alder (DA)/retro-Diels-Alder strategy.85,86 Starting with 2-

methylnaphthoquinone, obtained via the oxidation of 2-methylnaphthalene,87 the DA reaction 

with cyclopentadiene (Cp) yielded adduct IV-32. This adduct was ideally positioned for 

subsequent monoallylation (Scheme IV-5). Ruttiman’s original method treated diketone 

adduct IV-32 with base and phytyl bromide to synthesize Vitamin K1.85,86 By contrast, our 

approach to MK-7 involved neat α-allylation of the same precursor resulting in compound IV-

33 within a 60-minute reaction time. Subsequently, MK-7 was obtained as a yellow solid 

(80% yield) by applying a retro-DA reaction at 85°C under vacuum, without any isolation 
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steps. The environmental efficiency of this process, with an E Factor of only 1.95, underscores 

its 'green' nature, a result of forgoing solvent use (detailed in section 4.5.8).88 

For MK-9, the process started similarly with DA adduct IV-32. Here, the base (NaO-t-Bu; 

2.52 equiv) was combined with nonaprenoidal bromide, derived from the economically viable 

and readily available solanesol (a waste product from tobacco).89 This allylation reaction, 

occurring at room temperature, took less than an hour to complete, leading to MK-9 precursor 

IV-34 (Scheme IV-5). MK-9 was then yielded as a yellow solid (77% yield) following the 

same procedure as used for IV-33. 

Regarding CoQ9 synthesis, the only difference from vitamin K2 is the DA adduct required, 

with CoQ9 needing diketone IV-35 as the coupling agent. By applying Ruttiman’s 

retrosynthetic logic and utilizing the same base and solanesyl bromide, α-allylation of IV-35 

was accomplished under conditions identical to those used previously, obtaining CoQ9 

precursor IV-36. A subsequent heat treatment under vacuum facilitated the desired retro-DA 

reaction, producing CoQ9 as a yellow-red powder with a yield of 65%. 

 

Scheme IV-5. Syntheses of MK-7, MK-9, and CoQ9 

4.2.5. One-pot sequence 

The solvent-free α-allylation reaction's utility is further exemplified via integration with 

other aqueous chemistries previously developed in our group.52 As a representative example 
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of such 'telescoping' (Scheme IV-6), a solvent-free α-allylation was seamlessly succeeded by 

three additional steps, all conducted under the same aqueous micellar conditions. This 

sequential process began with the double α-allylation of ketone IV-37, forming product IV-

38. This intermediate was then subjected to a ring-closing olefin metathesis reaction,90 

resulting in the formation of cyclopentene IV-39. Subsequently, without isolation, a Suzuki-

Miyaura coupling was employed to transform the intermediate into biaryl compound IV-40.91 

The final step involved the reduction of this intermediate using our novel, low palladium 

concentration-catalyzed olefin hydrogenation method.92 This four-step, one-pot sequence 

successfully yielded the final product IV-41 with an overall efficiency of 78%, showcasing 

the methodology's potential in constructing complex molecular structures entirely under 

aqueous conditions. 

 

Scheme IV-6. Representative 1-pot, 4-step sequence 

4.3. Summary 

In conclusion, our studies demonstrate that ketone α-allylations can be conducted 

efficiently and simply in a neat state, by adding the ketone directly into a mixture of an allylic 

halide and an inexpensive base, NaO-t-Bu. These reactions are not only remarkably 'green,' 

avoiding the primary source of organic waste in chemical processes - solvents, but they also 
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featured fast reaction rates, typically reaching completion within minutes. While executing 

these reactions at smaller scale poses no significant concerns regarding exothermicity, larger-

scale operations reveal considerable heat release, as evidenced by calorimetric analyses. 

Consequently, to ensure safety in these scenarios, procedural modifications, such as 

employing a cooling bath and/or slow addition of the ketone are recommended. Furthermore, 

the application of this solvent-free α-allylation technique to synthesize compounds of interest, 

including those in the pharmaceutical and nutraceutical domains, has been successfully 

demonstrated, showcasing its versatility and potential use in various fields. 
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4.5. Experimental section 

4.5.1. General information 

Reagents and chemicals were purchased from Sigma-Aldrich, Combi-Blocks, Alfa Aesar, 

or Acros Organics and used without further purification. NaOtBu was purchased from Sigma-

Aldrich. Heptaprenyl alcohol and 4a-methyl-1,4,4a,9a-tetrahydro-1,4-methanoanthracene-

9,10-dione (32) was obtained from Anthem Biosciences and used as received. Solanesol and 

2,3-dimethoxy-5-methyl-1,4-benzoquinone was purchased from Combi-Blocks (catalog No. 

QA-3041, QB-8707). Deuterated solvents were purchased from Cambridge Isotope 

Laboratories.  

Thin-layer chromatography (TLC) was performed using Silica Gel 60 F254 plates (Merck, 

0.25 mm thick). Flash chromatography was performed in an automated Biotage system using 

Silica Gel 60 (Silicycle, 40-63 nm).  

1H and 13C NMR spectra were recorded on either a Bruker Avance III HD 400 MHz (400 

MHz for 1H, 100 MHz for 13C), a Bruker Avance NEO 500 MHz (500 MHz for 1H, 125 MHz 

for 13C) or on a Varian Unity Inova 500 MHz (500 MHz for 1H, 125 MHz for 13C); CDCl3 

were used as solvents. Residual peaks for CHCl3 in CDCl3 (1H = 7.26 ppm, 13C = 77.20 ppm) 

have been assigned. The chemical shifts are reported in part per million (ppm), the coupling 

constants J values are given in Hertz (Hz). The peak patterns are indicated as follows: bs, 

broad singlet; s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, multiplet.  

HRMS were recorded on a Waters Micromass LCT TOF ES+ Premier mass spectrometer 

using ESI ionization. 
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4.5.2. Optimization details  

Screening conditions for neat reactions: 

 

Screening of conditions using an allylic chloride: 
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+
NaOtBu

U�W���neat, 12 h

O
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Screening of conditions using solanesyl bromide: 

 

4.5.3. Synthesis and characterization of substrates 

Ketone substrates S1 and S2 were synthesized by Friedel-Crafts acylation using literature 

procedures1: 

 

To a solution of anhydrous AlCl3 (5.5 mmol, 1.1 equiv) in DCM (5 mL, 1 M), the acid 

chloride (5.5 mmol, 1.1 equiv) was added dropwise. The reaction mixture was stirred at rt for 

10 min, followed by dropwise addition of a solution of arene (5 mmol, 1 equiv). The reaction 

was slowly heated to 50 ºC and stirred until completion (monitored by TLC, ~3 h). The 

reaction mixture was cooled to rt and quenched with water, extracted with DCM (3 x 10 mL). 

The combined organic layer was then washed with sat. NaHCO3 aq (10 mL) and water (10 

mL), dried over anhydrous MgSO4 and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography on silica gel using a mixture of EtOAc 

and hexanes as elute giving ketones S1 or S2 in moderate yields (~70%).  

 

O

O

+
O

O

NaOtBu
U�W���neatBr 8

Bromide

1.5 eq

2 eq

1.5 eq

3 eq

3 eq

NaOtBu
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Amide substrate S3 was prepared via a literature procedure2,3: 

 

Isobutyryl chloride (5 mmol, 0.53 mL, 1 equiv) was slowly added to a stirred solution of 

aniline (6 mmol, 0.55 mL, 1.2 equiv) and triethylamine (6 mmol, 0.8 mL, 1.2 equiv) in DCM 

(0.5 M, 20 mL) at rt. The reaction was stirred at rt for 24 h and then quenched with 1 M HCl 

(10 mL), then washed with 1 M HCl (2 x10 mL), followed by sat. NaHCO3 aq (2 x10 mL). 

The organic layer was dried over anhydrous MgSO4 and concentrated under reduced pressure 

to afford N-phenylisobutyramide as an off-white solid in 90% yield.  

To an oven-dried 50 mL flask, N-phenylisobutyramide (3 mmol, 489.7 mg, 1 equiv), 

DMAP (0.3 mmol, 36.7 mg, 10 mol %) and DCM (15 mL, 0.2 M) was added. Boc2O (3.9 

mmol, 0.9 mL, 1.3 equiv) was added in one portion and the reaction mixture was allowed to 

stir at rt overnight. The reaction was quenched by adding sat. NaHCO3 aq (10 mL), extracted 

with EtOAc (3 x 10 mL), and washed with brine (10 mL). The combined organic layer was 

dried over anhydrous MgSO4 and concentrated under reduced pressure. Purification by 

column chromatography using a mixture of EtOAc and hexanes as elute to  give N-Boc-

protected amide S3 in 75% yield.  

1H NMR (500 MHz, CDCl3) δ 7.43 – 7.32 (m, 3H), 7.11 – 7.05 (m, 2H), 3.64 (heptd, J = 

6.7, 1.9 Hz, 1H), 1.41 (d, J = 1.9 Hz, 9H), 1.25 (dd, J = 6.8, 1.9 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 180.48, 152.76, 139.43, 128.92, 128.12, 127.62, 83.00, 

34.73, 27.83, 19.59. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C15H21NO3: 263.1521; found 263.1519.  

 

  

NH2
+ Cl

O Et3N, DCM H
N O cat. DMAP

Boc2O, DCM
N O
Boc

S3
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Preparation ketone S4.4 

 

An oven-dried 100 mL round bottom flask was charged with 60% dispersion of NaH in 

mineral oil (5.5 mmol, 220 mg, 1.1 equiv), THF (10 mL, 0.5 M), 1-(4-fluorophenyl)propan-

2-one (5 mmol, 0.69 mL, 1 equiv), and the resulting mixture was warmed to rt and stirred  for 

30 min. After 30 min, the mixture was cooled to 0 ºC and methyl iodide (0.5 mL, 8 mmol) 

was added dropwise. The reaction was stirred at 0 ºC for 1 h, then warmed to rt and stirred for 

another 4 h. The reaction was quenched by adding sat. NH4Cl aq (10 mL), and extracted with 

Et2O (3 × 10 mL). The combined organic layer was then washed with brine (10 mL), dried 

over anhydrous MgSO4, filtered, and concentrated in vacuo. Purification by column 

chromatography using a mixture of EtOAc and hexanes as elute provided S5 as a yellow oil 

in 88% yield. 

4.5.4. General procedure for solvent-free α-allylation reactions 

For liquid ketone substrates: 

NaOtBu (0.6 mmol, 57.7 mg, 1.5 equiv) was added to a 1-dram vial in a glovebox. The 

vial was then capped and removed from the glovebox. Allyl bromide (0.6 mmol, 1.5 equiv) 

and the ketone (0.4 mmol, 1 equiv) were then added sequentially to the vial. The vial was then 

capped and stirred vigorously (~1000 RPM). The reaction was monitored by thin-layer 

chromatography until deemed complete. The reaction mixture was then applied directly to a 

silica gel column and purified via column chromatography. 

  

F O
NaH, MeI, THF

F O

Me

S4
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For solid ketone substrates: 

The ketone (0.4 mmol, 1 equiv) was added to a 1-dram vial, then the vial was placed in a 

glovebox and NaOtBu (0.6 mmol, 57.7 mg, 1.5 equiv) was added. The vial was then capped 

and removed from the glovebox. Allyl bromide (0.6 mmol, 1.5 equiv) was then added via 

syringe and the vial was capped and stirred vigorously (~1000 RPM). The reaction was 

monitored by thin-layer chromatography until deemed complete. The reaction mixture was 

then applied directly to a silica gel column and purified via column chromatography. 

4.5.5. Large-scale reaction 

 

NaOtBu (1.5 equiv, 15 mmol, 1.442 g) was added to a 20 mL vial in a glovebox. The vial 

was then capped and removed from the glovebox. Allyl bromide IV-30 (1.5 equiv, 15 mmol, 

1.3 mL) was then added to this vial in one potion. Isobutyrophenone IV-1 (1 equiv, 10 mmol, 

1.5 mL) was then added dropwise to the vial over 15 min via a syringe pump (adding rate 0.1 

mL/min). The vial was stirred vigorously (~1000 RPM) during the whole process. After 

addition, the reaction mixture was allowed to stir for another 30 min. The reaction mixture 

was then passed through a silica gel pad (eluted with EtOAc) and concentrated under reduced 

pressure to afford 2,2-dimethyl-1-phenylpent-4-en-1-one (IV-31) as a light-yellow oil. (1.62 

g, 86% yield). 
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4.5.6. Procedures for gram scale syntheses of MK-7, MK-9, and CoQ9 

Gram synthesis of MK-7:  

 

α-Allylation: To a 20 mL oven-dried scintillation vial was added freshly prepared 

heptaprenyl bromide (1.7 g, 3.05 mmol, 2.44 equiv) and a stir bar. 4a-Methyl-1,4,4a,9a-

tetrahydro-1,4-methanoanthracene-9,10-dione (IV-32, 297.5 mg, 1.25 mmol, 1.00 equiv) was 

then added and allowed to disperse with gentle stirring. NaOtBu (300 mg, 3.125 mmol, 2.50 

equiv) was removed from a glove box in a 1-dram vial and added in one addition to the stirring 

reaction mixture at rt resulting in a red reaction mixture. The vial was then sealed and stirred 

rapidly (900 RPM) at rt.  After 1 h, the reaction was complete by TLC.  

retro-Diels-Alder reaction: The entire reaction mixture was then placed under high 

vacuum (<15 torr pressure) and heated in a 20 mL scintillation aluminum heating block to 85 

°C internal temperature neat with no stirring. The reaction was allowed to heat until constant 

mass was observed from loss of cyclopentadiene, as well as completion by TLC. The resulting 

golden oil was then purified by flash chromatography (4% Et2O/hexanes) and dried under 

high vacuum resulting in a yellow solid (648.1 mg, 80% yield over two steps).  Rf = 0.60 (1:9 

Et2O/hexanes). 

 

Gram synthesis of MK-9:  

 

NaOtBu 2.50 equiv

U�W���neat, 1 h

O
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O

2.44 equivIV-32
1 equiv

6
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6
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α-Allylation: To a 20 mL oven-dried scintillation vial was added freshly prepared 

solanesyl bromide (5.3 g, 7.65 mmol, 2.52 equiv) and a stir bar.  4a-Methyl-1,4,4a,9a-

tetrahydro-1,4-methanoanthracene-9,10-dione (IV-32, 722 mg, 3.03 mmol, 1.00 equiv) was 

then added and allowed to disperse with gentle stirring.  NaOtBu (735 mg, 7.65 mmol, 2.52 

equiv) was removed from a glove box in a 1-dram vial and added in one addition to the stirring 

reaction mixture at rt resulting in a red reaction mixture which warms slightly. The vial was 

then sealed and stirred rapidly (900 RPM) at rt.  After 1 h, the reaction was deemed complete 

by TLC.   

retro-Diels-Alder reaction: The entire reaction mixture was then placed under high 

vacuum (<15 torr pressure) and heated in a 20 mL scintillation vial aluminum heating block 

to 85 °C internal temperature neat with no stirring. The reaction was allowed to heat until 

constant mass was observed from loss of cyclopentadiene as well as completion by TLC. The 

resulting golden oil was then purified by flash chromatography (eluent: 4% Et2O/96% 

hexanes) and dried under hi-vacuum resulting in a yellow solid (1840.0 mg, 77 % yield). Rf = 

0.50 (1:9 Et2O/hexanes). 

Gram scale synthesis of CoQ9: 

 

Cyclopentadiene was freshly distilled from dicyclopentadiene.5 The dimer was heated in 

an oven dried round bottom flask with a stir bar in an oil bath at 180 °C. The resulting vapors 

were collected in a water cooled short-path distillation head at 38-40 °C, and the condensed 

liquid was maintained at below freezing temperature (sodium chloride / ice bath). 

O

O

O

O

O

O

O

O

HOAc [1.5 M]

r.t. 16 h
+

IV-35
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To a 50 mL round bottomed flask was added the quinone (CoQ0; 5 g, 27.45 mmol, 1 equiv) 

and acetic acid (18 mL, 1.5 M). Freshly distilled cyclopentadiene (2.95 g, 3.8 mL, 1.62 equiv) 

was then added to the reaction mixture through a septum at rt. The reaction was then allowed 

to stir overnight at rt and was deemed complete by thin-layer chromatography. The pH of the 

reaction mixture was then adjusted to 9 (satd. bicarbonate solution, 150 mL) and extracted 

with diethyl ether (3 x 100 mL). The combined organics were treated with brine, dried over 

sodium sulfate, filtered, and dried under reduced pressure followed by high vacuum resulting 

in an opaque oil IV-35 that yellowed over time (5.39 g, 80% yield). 

 

α-Allylation: To a 20 mL scintillation vial was added the Diels-Alder adduct IV-35 (310 

mg, 1.25 mmol, 1 equiv) and freshly prepared solanesyl bromide (2.17 g, 3.125 mmol, 2.5 

equiv) along with a stir bar and the slurry was combined at rt with gentle stirring. NaOtBu 

(300 mg, 3.125 mmol, 2.5 equiv) was then added in one portion and the stirring speed was 

increased to 900 RPM, resulting in a bright red slurry. The reaction was allowed to stir at rt 

for 1 h. The product mixture was then taken up in DCM, dried onto Celite, and purified via a 

6-inch silica gel chromatographic column using two column volumes of hexanes, one of 10% 

Et2O/hexanes, and four 20% Et2O/hexanes, giving the product IV-36 as a yellowish oil (757.4 

mg, 70%). 

retro-Diels-Alder reaction: The oil IV-36 from the allylation reaction was transferred 

into a 20 mL scintillation vial, which was then evacuated to <15 torr and heated in an 85 °C 

aluminum block. After 16 h, the reaction had turned into a dark red oil and the reaction was 

complete by thin-layer chromatography. The oil was applied to Celite and purified using 20% 

NaOtBu 2.50 equiv
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2.5 equivIV-35
1 equiv
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Et2O/hexanes on a silica gel column. The combined organics were then dried to a red oil which 

solidified under high vacuum to give CoQ9 (651.5 mg, 93% yield). 

4.5.7. 1-Pot sequence 

 

Step 1:  α-allylation. 

1-(4-Bromophenyl)propan-1-one IV-37 (1 equiv, 0.4 mmol, 85.2 mg) was added to a 1-

dram vial, after which the vial was moved to a glovebox and NaOtBu (1.5 equiv, 1.0 mmol, 

96.2 mg) was added. The vial was then capped and removed from the glovebox. Allyl bromide 

(2.0 equiv, 0.8 mmol, 69.1 µL) was then added and the vial was capped and stirred vigorously 

(~1000 RPM). The reaction was monitored by thin-layer chromatography until complete.  

Step 2:  ring-closing metathesis. 

To the reaction mixture was added Grubbs 2nd catalyst generation (2 mol %, 0.008 mmol, 

6.8 mg) and KHSO4 (0.6 equiv, 0.24 mmol, 32.7 mg). The vial was capped with a rubber 

septum and then evacuated and backfilled with argon three times. Next, 2 wt % TPGS-750-M 

solution in water (0.5 M, 0.8 mL) was added via syringe though the septum, then stirred 

vigorously at rt in an aluminum block placed over an IKA hot plate overnight. 

Step 3:  Suzuki-Miyaura coupling. 

O
Me

N
Me

Br

O O
Me

Br

O

Br

MeBr

NaO-t-Bu
neat. rt
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O
Me

N
Me

cat Pd(dtbpf)Cl2
Et3N, 45 ºC, Ar

1 wt % Pd/C
Et3SiH

N
Me

B(OH)2

IV-41
78% yield

(over 4 steps)

45 ºC

IV-37 IV-38 IV-39
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Pd(dtbpf)Cl2 (1 mol %, 0.004 mmol, 2.7 mg) and (1-methyl-1H-indol-5-yl)boronic acid 

(1.5 equiv, 0.60 mmol, 105 mg) were added sequentially to the vial. The vial was then sealed 

with a fresh rubber septum, and the headspace was purged using argon and a vent needle for 

5 min. Next, Et3N (3 equiv, 1.2 mmol, 0.17 mL) was added via syringe though the septum. 

The vial was then stirred vigorously at 45 ºC in an aluminum block placed over IKA hot plate 

for 4 h. 

Step 4:  olefin hydrogenation.  

Pd/C (1 wt % from the supplier; 2000 ppm, 0.2 mol %, 8.5 mg) was added to the reaction 

mixture. The vial was capped with a rubber septum and Et3SiH (1.5 equiv, 0.6 mmol, 96 µL) 

was then added via microsyringe. The vial was stirred vigorously at 45 ºC in an aluminum 

block placed over IKA hot plate overnight. Upon completion, the mixture was diluted with 

EtOAc and then combined directly with silica gel. The volatiles were evaporated under 

reduced pressure and semi-pure product was purified by flash chromatography over silica gel 

using 5% EtOAc in hexanes to afford IV-25 as a light-yellow solid (97.8 mg, 78% overall 

yield).  

4.5.8. E Factor calculation 

 

Mass of product:  86.2 mg (0.4 mmol scale) 

Mass of waste:  (consider excess reagents) 

0.5 equiv 3,3-dimethylallylbromide + 0.5 equiv NaOtBu 

= 0.4 mmol * 0.5* 149.0 g/mol + 0.4 mmol * 0.5 * 96.1 g/mol 

= 29.8 mg + 19.22 mg 

= 49.02 mg 

O

IV-5
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• E Factor = mass of waste / mass of product = 49.02 mg / 86.2 mg = 0.57 

 

Mass of product: 648.1 mg (1.25 mmol scale) 

Mass of waste:  (consider excess reagents)  

1.44 equiv heptaprenyl bromide + 1.5 equiv NaOtBu + 1 equiv cyclopentadiene 

= 1.44 * 1.25 mmol * 696.7 g/mol + 1.25 mmol * 1.5 * 96.1 g/mol + 1.25 mmol * 66.1 

g/mol 

= 1003 mg + 180 mg + 80.6 mg 

= 1265.6 mg 

• E Factor = mass of waste / mass of ptoduct = 1265.6 mg / 648.1 mg =1.95  

4.5.9. Calorimetry data 

 

Procedure: Mixing cell was prepared as follows:  51.5 mg sodium t-butoxide (Aldrich, 

359270, white solid) in the main tube and 133 mg brownish solution (53 mg isobutyrophenone 

in 80 mg 3,3-dimethylallylbromide mixed at rt) in the breakable tube, prepared under argon, 

after equilibration at 30 °C (in the furnace) with mixing.  

 

MK-7

O

O

6

O

+ Br

O
NaOtBu 1.5 equiv

neat
r.t. to  temperature unknow

1.0 equiv 1.5 equiv
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Figure IV-2 Heatflow vs. reaction progress 
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Figure IV-3 Differential scanning calorimetry (DSC) of the reaction mixture 
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4.5.10. Analytical data 

HRMS for compound MK-76, MK-96 are reported. All other compounds were 

characterized by 1H and 13C NMR, and HRMS.  

  

2,2,5-trimethyl-1-phenylhex-4-en-1-one (IV-5) 

Colorless oil, flash chromatography using 2% EtOAc/hexanes; 86.2 mg; 99% yield. 

1H NMR (500 MHz, CDCl3) δ 7.66 (dq, J = 6.9, 1.5 Hz, 2H), 7.48 – 7.44 (m, 1H), 7.41 

(ddd, J = 8.5, 6.6, 1.5 Hz, 2H), 5.08 (ddq, J = 8.9, 6.0, 1.4 Hz, 1H), 2.45 (d, J = 7.4 Hz, 2H), 

1.70 (t, J = 1.5 Hz, 3H), 1.57 (s, 3H), 1.32 (d, J = 1.5 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 209.42, 139.36, 134.32, 130.62, 128.03, 127.55, 119.77, 

48.38, 38.99, 25.97, 25.77, 17.94. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C15H20O: 216.1514; found 216.1513.  

 

  

(E)-2,2-dimethyl-1,5-diphenylpent-4-en-1-one (IV-6) 

Colorless oil, flash chromatography using 2% EtOAc/hexanes; 100.2 mg; 95% yield. 

1H NMR (500 MHz, CDCl3) δ 7.74 – 7.66 (m, 2H), 7.53 – 7.47 (m, 1H), 7.46 – 7.42 (m, 

2H), 7.32 (dd, J = 7.2, 1.4 Hz, 4H), 7.23 (ddt, J = 6.6, 5.2, 1.9 Hz, 1H), 6.38 (dt, J = 15.9, 1.4 

Hz, 1H), 6.17 (dt, J = 15.7, 7.5 Hz, 1H), 2.67 (dd, J = 7.5, 1.4 Hz, 2H), 1.42 (s, 6H). 

13C NMR (126 MHz, CDCl3) δ 208.88, 139.17, 137.39, 133.29, 130.85, 128.51, 128.15, 

127.65, 127.20, 126.15, 125.90, 48.17, 44.18, 25.94. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C19H20O: 264.1514; found 264.1508.  

O

5

O

6



 

 258 

 

  

(E)-2,2,5,9-tetramethyl-1-phenyldeca-4,8-dien-1-one (IV-7) 

Colorless oil, flash chromatography using 3% EtOAc/hexanes; 105.7 mg; 93% yield. 

1H NMR (500 MHz, CDCl3) δ 7.70 – 7.61 (m, 2H), 7.49 – 7.44 (m, 1H), 7.44 – 7.38 (m, 

2H), 5.14 – 5.03 (m, 2H), 2.46 (d, J = 7.4 Hz, 2H), 2.07 – 1.98 (m, 4H), 1.68 (d, J = 1.4 Hz, 

3H), 1.60 (d, J = 1.3 Hz, 3H), 1.56 (d, J = 1.3 Hz, 3H), 1.33 (s, 6H). 

13C NMR (126 MHz, CDCl3) δ 209.52, 139.42, 137.88, 131.41, 130.58, 128.04, 128.02, 

127.53, 124.22, 119.80, 48.40, 39.95, 38.79, 26.56, 25.71, 17.70, 16.22. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C20H28O: 284.2140; found 284.2151.  

 

  

(4E,8E)-2,2,5,9,13-pentamethyl-1-phenyltetradeca-4,8,12-trien-1-one (IV-8) 

Colorless oil, flash chromatography using 3% EtOAc/hexanes; 138.2 mg; 98% yield. 

1H NMR (400 MHz, CDCl3) δ 7.63 (d, J = 7.5 Hz, 2H), 7.49 – 7.35 (m, 3H), 5.08 (t, J = 

7.7 Hz, 3H), 2.43 (d, J = 7.4 Hz, 2H), 2.00 (dq, J = 21.5, 8.0 Hz, 8H), 1.68 – 1.52 (m, 12H), 

1.30 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 209.52, 139.41, 137.99, 137.89, 135.21, 135.08, 131.53, 

131.28, 130.58, 128.02, 127.56, 127.53, 124.88, 124.40, 124.36, 124.04, 119.81, 119.72, 

48.39, 40.25, 39.96, 39.73, 38.77, 32.00, 26.76, 26.61, 26.55, 26.35, 25.74, 25.71, 23.39, 

17.69, 17.64, 16.27, 16.21, 16.03. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C25H36O: 352.2766; found 352.2749.  
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(S)-2-(cyclohex-2-en-1-yl)-2-methyl-1-phenylpropan-1-one (IV-9) 

Colorless oil, flash chromatography using 3% EtOAc/hexanes; 85.8 mg; 94% yield. 

1H NMR (400 MHz, CDCl3) δ 7.70 – 7.59 (m, 2H), 7.49 – 7.32 (m, 3H), 5.80 – 5.72 (m, 

1H), 5.50 (dt, J = 10.3, 1.9 Hz, 1H), 2.87 (ddt, J = 11.3, 6.0, 2.8 Hz, 1H), 1.95 (ddt, J = 9.8, 

5.3, 1.4 Hz, 2H), 1.77 (dt, J = 12.1, 3.6 Hz, 1H), 1.67 (ddt, J = 9.6, 5.2, 2.3 Hz, 1H), 1.53 – 

1.43 (m, 1H), 1.36 – 1.25 (m, 4H), 1.22 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 209.58, 139.49, 130.66, 129.30, 128.09, 127.60, 127.59, 

50.78, 42.39, 25.13, 24.30, 22.66, 22.48, 22.45. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C16H20O: 228.1514; found 228.1517.  

 

  

2,2,4-trimethyl-1-phenylpent-4-en-1-one (IV-10) 

Colorless oil, flash chromatography using 2% EtOAc/hexanes; 80.9 mg; quantitative 

yield.  

1H NMR (400 MHz, CDCl3) δ 7.72 – 7.63 (m, 2H), 7.49 – 7.33 (m, 3H), 4.83 – 4.79 (m, 

1H), 4.65 (dd, J = 2.2, 1.1 Hz, 1H), 2.56 (d, J = 1.1 Hz, 2H), 1.64 (t, J = 1.1 Hz, 3H), 1.33 (s, 

6H). 

13C NMR (126 MHz, CDCl3) δ 209.00, 142.44, 139.04, 130.85, 128.07, 127.90, 114.56, 

48.39, 47.56, 26.79, 24.39. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C14H18O: 202.1358; found 202.1353.  
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(E)-2,2-dimethyl-1-phenylhept-4-en-1-one (IV-11) 

Colorless oil, flash chromatography using 3% EtOAc/hexanes; 86.5 mg; quantitative 

yield. 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.58 (m, 2H), 7.49 – 7.33 (m, 3H), 5.42 (dtt, J = 

14.8, 6.1, 1.1 Hz, 1H), 5.30 (dtt, J = 15.3, 7.2, 1.3 Hz, 1H), 2.41 (dd, J = 7.2, 1.1 Hz, 2H), 

2.02 – 1.89 (m, 2H), 1.30 (s, 6H), 0.92 (t, J = 7.5 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 209.14, 139.32, 136.04, 130.68, 128.03, 127.61, 124.09, 

47.95, 43.72, 25.77, 25.67, 13.85. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C15H20O: 216.1514; found 216.1509.  

 

 

(Z)-2,2-dimethyl-1-phenyloct-4-en-1-one (IV-12) 

Colorless oil, flash chromatography using 3% EtOAc/hexanes; 92.1 mg; quantitative 

yield. 

1H NMR (400 MHz, CDCl3) δ 7.75 – 7.57 (m, 2H), 7.48 – 7.33 (m, 3H), 5.52 – 5.41 (m, 

1H), 5.30 (dddt, J = 10.9, 9.2, 7.5, 1.7 Hz, 1H), 2.52 – 2.45 (m, 2H), 1.95 (qd, J = 7.3, 1.6 Hz, 

2H), 1.32 (s, 8H), 0.87 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 209.11, 139.14, 132.74, 130.72, 128.06, 127.61, 124.69, 

48.00, 38.03, 29.45, 25.78, 22.69, 13.83. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C16H22O: 230.1671; found 230.1681.  
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3-(3,5-bis(trifluoromethyl)phenyl)-2,2-dimethyl-1-phenylpropan-1-one (IV-13) 

Colorless oil, flash chromatography using 3% EtOAc/hexanes; 149.6 mg; quantitative 

yield. 

1H NMR (400 MHz, CDCl3) δ 7.72 (s, 1H), 7.59 – 7.52 (m, 4H), 7.51 – 7.45 (m, 1H), 

7.41 (dd, J = 8.2, 6.7 Hz, 2H), 3.19 (s, 2H), 1.36 (s, 6H). 

13C NMR (126 MHz, CDCl3) δ 208.12, 140.59, 138.82, 131.61, 131.35, 131.20, 131.09, 

130.82, 130.58, 130.55, 128.32, 127.47, 126.58, 124.41, 122.24, 120.56, 120.53, 120.50, 

120.47, 120.44, 120.07, 48.71, 45.64, 26.09. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C19H16F6O: 374.1105; found 274.1194.  

 

 

(1-(3-methylbut-2-en-1-yl)cyclobutyl)(phenyl)methanone (IV-14) 

Colorless oil, flash chromatography using 3% EtOAc/hexanes; 86.7 mg; 95% yield.  

1H NMR (500 MHz, CDCl3) δ 7.87 – 7.81 (m, 2H), 7.55 – 7.49 (m, 1H), 7.46 – 7.40 (m, 

2H), 5.01 (ddq, J = 8.8, 5.8, 1.4 Hz, 1H), 2.75 – 2.65 (m, 4H), 2.18 – 2.05 (m, 3H), 1.89 – 

1.80 (m, 1H), 1.64 (d, J = 1.4 Hz, 3H), 1.41 (d, J = 1.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 204.50, 134.98, 134.40, 132.27, 129.03, 128.25, 118.97, 

77.30, 77.05, 76.79, 53.20, 36.94, 30.37, 25.84, 17.73, 15.67. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C16H20O: 228.1514; found 228.1525.  
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(1-cinnamylcyclobutyl)(phenyl)methanone (IV-15) 

Light yellow oil, flash chromatography using 3% EtOAc/hexanes; 110.5 mg; quantitative 

yield. 

1H NMR (400 MHz, CDCl3) δ 7.87 – 7.81 (m, 2H), 7.53 (td, J = 7.3, 1.5 Hz, 1H), 7.47 – 

7.40 (m, 2H), 7.26 (dd, J = 4.2, 1.4 Hz, 4H), 7.19 (q, J = 4.0 Hz, 1H), 6.31 (dd, J = 15.7, 1.6 

Hz, 1H), 6.04 (ddd, J = 15.8, 8.0, 6.6 Hz, 1H), 2.89 (d, J = 7.3 Hz, 2H), 2.77 – 2.66 (m, 2H), 

2.22 (ddd, J = 12.6, 8.2, 3.4 Hz, 2H), 2.16 – 1.99 (m, 1H), 1.92 – 1.78 (m, 1H). 

13C NMR (126 MHz, CDCl3) δ 204.23, 137.21, 134.90, 133.02, 132.48, 129.11, 128.45, 

128.39, 127.23, 126.20, 124.98, 52.92, 41.98, 30.35, 15.55. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C20H20O: 276.1514; found 276.1523.  

 

  

(1-(3-methylbut-2-en-1-yl)cyclohexyl)(phenyl)methanone (IV-16) 

Colorless oil, flash chromatography using 3% EtOAc/hexanes; 102.5 mg; quantitative 

yield. 

1H NMR (500 MHz, CDCl3) δ 7.65 – 7.59 (m, 2H), 7.49 – 7.36 (m, 3H), 5.10 (ddt, J = 

8.8, 7.3, 1.5 Hz, 1H), 2.49 (d, J = 7.4 Hz, 2H), 2.24 – 2.17 (m, 2H), 1.70 (d, J = 1.4 Hz, 3H), 

1.59 (s, 4H), 1.55 (tt, J = 11.2, 3.8 Hz, 3H), 1.44 (ddd, J = 13.5, 10.2, 3.5 Hz, 2H), 1.32 (tt, J 

= 7.7, 2.8 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 209.59, 140.32, 134.28, 130.37, 127.98, 127.23, 119.15, 

52.96, 37.64, 34.38, 25.97, 23.04, 18.05. 
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HRMS (ESI-TOF) m/z: [M]+ calcd for C18H24O: 256.1827; found 256.1828.  

 

 

(R)-2-methyl-2-(3-methylbut-2-en-1-yl)-3,4-dihydronaphthalen-1(2H)-one (IV-17) 

Light yellow oil, flash chromatography using 2% EtOAc/hexanes; 88.6 mg; 97% yield. 

1H NMR (500 MHz, CDCl3) δ 8.07 (dd, J = 7.8, 1.5 Hz, 1H), 7.47 (td, J = 7.4, 1.5 Hz, 

1H), 7.35 – 7.30 (m, 1H), 7.24 (d, J = 7.7 Hz, 1H), 5.15 (ddt, J = 8.4, 7.1, 1.4 Hz, 1H), 2.99 

(td, J = 6.4, 5.9, 2.1 Hz, 2H), 2.37 (d, J = 7.3 Hz, 1H), 2.28 (dd, J = 14.4, 7.9 Hz, 1H), 2.10 

(ddd, J = 13.2, 7.1, 5.8 Hz, 1H), 1.91 (ddd, J = 13.6, 6.9, 5.6 Hz, 1H), 1.73 (d, J = 1.6 Hz, 

3H), 1.62 (d, J = 1.4 Hz, 3H), 1.19 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 202.58, 143.40, 134.44, 132.97, 131.74, 128.65, 127.99, 

126.58, 119.42, 45.46, 34.97, 33.32, 26.07, 25.50, 21.93, 17.99. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C16H20O: 228.1514; found 228.1522.  

 

 

(E)-1-(dibenzo[b,d]furan-2-yl)-2,2-dimethylhept-4-en-1-one (IV-18) 

Light yellow oil, flash chromatography using 2% EtOAc/hexanes; 112.8 mg; 92% yield. 

1H NMR (400 MHz, CDCl3) δ 8.35 (d, J = 1.8 Hz, 1H), 7.98 (dt, J = 7.7, 1.1 Hz, 1H), 

7.88 (dd, J = 8.6, 1.9 Hz, 1H), 7.61 – 7.55 (m, 2H), 7.50 (ddd, J = 8.3, 7.2, 1.4 Hz, 1H), 7.38 

(td, J = 7.5, 1.0 Hz, 1H), 5.47 – 5.40 (m, 1H), 5.39 – 5.31 (m, 1H), 2.51 (dd, J = 7.1, 1.2 Hz, 

2H), 2.00 – 1.93 (m, 2H), 1.39 (s, 6H), 0.92 (t, J = 7.5 Hz, 3H). 
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13C NMR (126 MHz, CDCl3) δ 207.77, 157.45, 156.75, 136.11, 133.89, 127.78, 127.57, 

124.15, 124.08, 123.91, 123.20, 121.23, 120.87, 111.90, 111.07, 48.03, 44.17, 26.21, 25.68, 

13.87. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C21H22O2: 306.1620; found 306.1635.  

 

  

(S)-1-(5-bromothiophen-2-yl)-2-(cyclohex-2-en-1-yl)-2-methylpropan-1-one (IV-19) 

Light yellow oil, flash chromatography using 3% EtOAc/hexanes; 125.3 mg; quantitative 

yield. 

1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 4.1 Hz, 1H), 7.06 (d, J = 4.0 Hz, 1H), 5.77 

(ddd, J = 7.2, 5.3, 2.1 Hz, 1H), 5.49 (dt, J = 10.4, 1.9 Hz, 1H), 2.87 (ddt, J = 10.8, 5.4, 2.6 Hz, 

1H), 1.99 – 1.92 (m, 2H), 1.76 (dt, J = 12.6, 3.8 Hz, 1H), 1.63 (ddt, J = 8.0, 4.7, 2.5 Hz, 1H), 

1.47 (tdd, J = 13.3, 6.5, 4.3 Hz, 1H), 1.31 (s, 4H), 1.21 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 197.73, 144.48, 131.95, 130.81, 129.61, 126.87, 121.35, 

50.38, 43.44, 25.04, 24.28, 22.96, 22.40, 21.62. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C14H17BrOS: 312.0183; found 312.0172.  

 

 

(4E,8E)-1-(5-bromothiophen-2-yl)-2,2,5,9,13-pentamethyltetradeca-4,8,12-trien-1-

one (IV-20) 

Light yellow oil, flash chromatography using 5% EtOAc/hexanes; 157.3 mg; 90% yield. 

S
Br

O

19

S
Br

O

20



 

 265 

1H NMR (500 MHz, CDCl3) δ 7.54 (d, J = 4.1 Hz, 1H), 7.08 (dd, J = 4.1, 0.9 Hz, 1H), 

5.17 – 5.01 (m, 3H), 2.49 (d, J = 7.5 Hz, 2H), 2.03 (dddd, J = 29.7, 14.2, 8.0, 3.8 Hz, 8H), 

1.71 – 1.57 (m, 12H), 1.34 (s, 6H). 

 13C NMR (126 MHz, CDCl3) δ 197.55, 144.45, 138.35, 138.25, 135.24, 135.12, 131.96, 

131.55, 131.28, 130.74, 124.79, 124.40, 124.36, 123.97, 121.20, 119.35, 119.27, 48.03, 40.20, 

39.91, 39.72, 39.20, 32.00, 26.76, 26.61, 26.53, 26.32, 25.74, 25.72, 25.69, 25.61, 23.38, 

17.70, 17.64, 16.30, 16.24, 16.03. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C23H33BrOS: 436.1436; found 436.1422.  

 

  

(8aS)-6,7-dimethoxy-4a-methyl-8a-(3-methylbut-2-en-1-yl)-1,4,4a,8a-tetrahydro-

1,4-methanonaphthalene-5,8-dione (IV-21) 

Bright yellow oil, flash chromatography using 8% EtOAc/hexanes; 116.3 mg; 92% yield. 

1H NMR (400 MHz, CDCl3) δ 6.08 – 5.95 (m, 2H), 5.06 (ddp, J = 7.7, 5.9, 1.3 Hz, 1H), 

3.86 (d, J = 15.3 Hz, 6H), 3.10 – 2.94 (m, 2H), 2.76 – 2.66 (m, 1H), 2.43 – 2.32 (m, 1H), 1.79 

– 1.73 (m, 1H), 1.64 (t, J = 1.4 Hz, 3H), 1.56 (d, J = 1.4 Hz, 3H), 1.47 (s, 3H), 1.45 – 1.39 (m, 

1H). 

13C NMR (126 MHz, CDCl3) δ 198.85, 198.24, 150.79, 149.12, 137.96, 137.19, 134.45, 

119.83, 60.30, 59.95, 59.28, 56.07, 54.41, 53.10, 43.44, 36.09, 26.03, 23.38, 17.91. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C19H24O4: 316.1674; found 316.1658.  
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5-methyl-2-(4-morpholinophenyl)-1,2-diphenylhex-4-en-1-one (IV-22) 

Dark yellow oil, flash chromatography using 10% EtOAc/hexanes; 125.8 mg; 74% yield. 

1H NMR (400 MHz, CDCl3) δ 7.53 – 7.45 (m, 2H), 7.35 – 7.16 (m, 10H), 7.01 – 6.80 (m, 

2H), 4.89 (tt, J = 7.2, 1.6 Hz, 1H), 3.98 – 3.79 (m, 4H), 3.19 (t, J = 4.8 Hz, 4H), 3.10 (d, J = 

7.1 Hz, 2H), 1.51 (d, J = 1.6 Hz, 3H), 1.12 (d, J = 1.4 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 202.21, 142.35, 138.27, 134.68, 131.20, 130.30, 129.54, 

129.33, 127.96, 127.75, 126.64, 119.56, 115.25, 66.70, 64.10, 49.32, 38.76, 25.86, 17.53. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C29H32NO2: 426.2428; found 426.2426.  

 

 

(E)-2,5,9-trimethyl-2-(4-(methylthio)phenyl)-1-(pyridin-3-yl)deca-4,8-dien-1-one 

(IV-23) 

Light yellow oil, flash chromatography using 10% EtOAc/hexanes; 122.8 mg; 78% yield. 

1H NMR (400 MHz, CDCl3) δ 8.66 – 8.59 (m, 1H), 8.57 (dd, J = 4.9, 1.7 Hz, 1H), 7.72 

(dt, J = 8.1, 2.0 Hz, 1H), 7.26 – 7.15 (m, 5H), 5.01 (tq, J = 5.4, 1.5 Hz, 1H), 4.88 (ddq, J = 

8.2, 6.8, 1.5 Hz, 1H), 2.79 (dd, J = 14.4, 8.2 Hz, 1H), 2.66 (dd, J = 14.6, 6.5 Hz, 1H), 2.48 (s, 

3H), 2.02 – 1.88 (m, 4H), 1.67 (d, J = 1.4 Hz, 3H), 1.57 (d, J = 1.3 Hz, 3H), 1.53 (s, 3H), 1.37 

(d, J = 1.4 Hz, 3H). 
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13C NMR (126 MHz, CDCl3) δ 202.13, 151.81, 150.60, 139.52, 138.86, 137.61, 136.79, 

132.45, 131.44, 127.01, 126.87, 124.17, 123.01, 118.70, 54.91, 39.96, 37.53, 26.52, 25.73, 

23.67, 17.70, 16.07, 15.62. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C25H31NOS: 393.2126; found 393.2135.  

 

 

3-(4-fluorophenyl)-3,6-dimethylhept-5-en-2-one (IV-24) 

Colorless oil, flash chromatography using 3% EtOAc/hexanes; 92.8 mg; 99% yield. 

1H NMR (400 MHz, CDCl3) δ 7.22 – 7.16 (m, 2H), 7.03 (t, J = 8.7 Hz, 2H), 4.86 – 4.79 

(m, 1H), 2.65 (dd, J = 14.7, 7.6 Hz, 1H), 2.54 (dd, J = 14.8, 7.0 Hz, 1H), 1.90 (s, 3H), 1.64 (d, 

J = 1.5 Hz, 3H), 1.54 (s, 3H), 1.42 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 210.61, 162.96, 134.75, 128.12, 128.04, 119.22, 115.58, 

115.37, 55.64, 36.10, 25.95, 25.84, 21.56, 17.97. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C15H19FO: 234.1420; found 234.2412.  

 

 

(S)-2-((1-benzylpiperidin-4-yl)methyl)-5,6-dimethoxy-2-((2E,6E)-3,7,11-

trimethyldodeca-2,6,10-trien-1-yl)-2,3-dihydro-1H-inden-1-one (IV-25) 
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Yellow oil, flash chromatography using 5% MeOH/DCM; 205.5 mg; 88% yield. 

1H NMR (400 MHz, CDCl3) δ 7.29 – 7.07 (m, 6H), 6.86 – 6.75 (m, 1H), 5.11 – 4.62 (m, 

3H), 3.94 (d, J = 2.9 Hz, 3H), 3.89 (d, J = 2.5 Hz, 3H), 3.40 (s, 2H), 2.89 (s, 2H), 2.79 – 2.66 

(m, 2H), 2.26 (d, J = 7.3 Hz, 2H), 2.07 – 1.71 (m, 10H), 1.71 – 1.52 (m, 12H), 1.52 – 1.36 (m, 

4H), 1.32 – 1.19 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 209.73, 155.45, 149.34, 148.36, 138.36, 138.16, 138.04, 

135.04, 134.95, 131.47, 131.26, 129.74, 129.72, 129.21, 128.08, 126.87, 124.81, 124.35, 

124.01, 119.37, 119.28, 109.73, 107.22, 104.32, 63.36, 56.13, 56.02, 53.74, 53.68, 53.21, 

53.19, 43.79, 40.15, 39.88, 39.70, 36.96, 34.06, 33.53, 32.69, 31.89, 26.75, 26.64, 26.54, 

26.36, 25.92, 25.74, 25.71, 23.37, 22.46, 17.70, 17.64, 16.36, 16.31, 15.89. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C39H54NO3: 584.4098; found 584.4102.  

 

  

tert-butyl phenyl(2,2,5-trimethylhex-4-enoyl)carbamate (IV-26) 

Colorless oil, flash chromatography using 5% EtOAc/hexanes; 120.6 mg; 91% yield. 

1H NMR (400 MHz, CDCl3) δ 7.35 (dd, J = 8.4, 6.9 Hz, 2H), 7.29 – 7.23 (m, 1H), 7.19 – 

7.08 (m, 2H), 5.10 (ddt, J = 9.0, 7.5, 1.6 Hz, 1H), 2.30 (d, J = 7.5 Hz, 2H), 1.68 (d, J = 1.6 

Hz, 3H), 1.55 (d, J = 1.4 Hz, 3H), 1.45 (s, 9H), 1.22 (s, 6H). 

13C NMR (101 MHz, CDCl3) δ 184.53, 153.45, 138.89, 134.35, 128.90, 127.43, 127.19, 

119.95, 82.37, 48.05, 40.04, 28.00, 26.01, 25.59, 17.96. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C20H29NO3: 331.2148; found 331.2148.  

 

N

O

Boc

26



 

 269 

  

2,6-diallyl-2,6-dimethylcyclohexan-1-one (IV-27) 

Mixture of cis and trans isomer. Colorless oil, flash chromatography using 5% 

EtOAc/hexanes. 79.1 mg, 96% yield.  

1H NMR (400 MHz, CDCl3) δ 5.74 – 5.53 (m, 2H), 5.10 – 4.95 (m, 4H), 2.46 – 2.28 (m, 

2H), 2.22 – 2.05 (m, 2H), 1.85 – 1.62 (m, 4H), 1.59 – 1.52 (m, 2H), 1.08 (d, J = 16.2 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 219.44, 218.67, 134.60, 134.42, 117.99, 47.60, 47.56, 

43.96, 43.93, 36.40, 35.92, 26.11, 25.06, 17.41, 17.37. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C14H22O:206.1671; found 206.1681.  

 

 

2-allyl-1-(4-bromophenyl)-2-methylpent-4-en-1-one (IV-28) 

Colorless oil, flash chromatography using 2% EtOAc/hexanes; 111.4 mg; 95% yield. 

1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 1.3 Hz, 4H), 5.68 (ddt, J = 17.4, 10.2, 7.3 Hz, 

2H), 5.08 – 4.96 (m, 4H), 2.64 – 2.54 (m, 2H), 2.41 – 2.32 (m, 2H), 1.27 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 206.83, 138.05, 133.42, 131.39, 129.24, 125.63, 118.67, 

51.29, 43.17, 22.73. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C15H17BrO: 292.0463; found 292.0468.  
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1-(6-bromopyridin-3-yl)-5-methyl-2,2-bis(3-methylbut-2-en-1-yl)hex-4-en-1-one 

(IV-29) 

White solid, flash chromatography using 4% EtOAc/hexanes; 103.4 mg; 64% yield. 

1H NMR (500 MHz, CDCl3) δ 8.56 (d, J = 2.5 Hz, 1H), 7.68 (dd, J = 8.2, 2.5 Hz, 1H), 

7.52 (d, J = 8.2 Hz, 1H), 5.03 – 4.94 (m, 3H), 2.41 (d, J = 7.0 Hz, 6H), 1.67 (d, J = 1.8 Hz, 

9H), 1.53 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ 207.08, 148.60, 143.87, 137.33, 134.95, 134.92, 127.63, 

118.68, 55.99, 33.05, 26.04, 17.99. 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C22H31BrNO: 404.1589; found 404.1590.  

 

 

(4-(1-methyl-1H-indol-5-yl)phenyl)(1-methylcyclopentyl)methanone (IV-41) 

Light yellow solid, flash chromatography using 5% EtOAc/hexanes; 99 mg; 78% yield. 

1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.5 Hz, 2H), 7.89 (d, J = 1.7 Hz, 1H), 7.71 (d, 

J = 8.5 Hz, 2H), 7.51 (dd, J = 8.5, 1.8 Hz, 1H), 7.40 (d, J = 8.5 Hz, 1H), 7.10 (d, J = 3.1 Hz, 

1H), 6.56 (dd, J = 3.1, 0.9 Hz, 1H), 3.84 (s, 3H), 2.51 – 2.25 (m, 2H), 1.72 (tdt, J = 10.4, 7.4, 

5.0 Hz, 6H), 1.48 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 205.95, 145.92, 136.65, 134.08, 131.54, 129.79, 129.76, 

129.01, 126.78, 121.24, 119.70, 109.64, 101.56, 54.77, 38.09, 32.99, 27.46, 25.40. 

HRMS (ESI-TOF) m/z: [M]+ calcd for C22H23NO: 317.1780; found 317.1783.  
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2-((2E,6E,10E,14E,18E,22E)-3,7,11,15,19,23,27-heptamethyloctacosa-

2,6,10,14,18,22,26-heptaen-1-yl)-3-methylnaphthalene-1,4-dione--ethane (1/1) (MK-7) 

1H NMR (400 MHz, CDCl3): δ 8.08 (ddt, J = 4.7, 3.1, 2.0 Hz, 2H), 7.68 (dd, J = 5.8, 3.3 

Hz, 2H), 5.15 – 4.98 (m, 7H), 3.37 (d, J = 7.0 Hz, 2H), 2.19 (s, 3H), 2.11 – 1.89 (m, 24H), 

1.79 (s, 3H), 1.68 (s, 3H), 1.59 (s, 12H), 1.56 (s, 6H). 

13C NMR (101 MHz, CDCl3): δ 185.4, 184.5, 146.1, 143.3, 137.5, 135.2, 134.9, 134.9, 

134.9, 133.3, 133.3, 132.2, 132.1, 131.2, 126.3, 126.2, 124.4, 124.2, 124.1, 123.8, 119.0, 39.7, 

39.7, 26.7, 26.7, 26.6, 26.5, 26.0, 25.7, 17.7, 16.4, 16.0, 16.0, 16.0, 12.7. 

 

  

2-methyl-3-((2E,6E,10E,14E,18E,22E,26E,30E)-3,7,11,15,19,23,27,31,35-

nonamethylhexatriaconta-2,6,10,14,18,22,26,30,34-nonaen-1-yl)naphthalene-1,4-dione--

ethane (1/1) (MK-9) 

1H NMR (400 MHz, CDCl3): δ 8.08 (ddt, J = 4.8, 3.2, 2.0 Hz, 2H), 7.73 – 7.63 (m, 2H), 

5.17 – 4.98 (m, 9H), 3.37 (d, J = 6.9 Hz, 2H), 2.19 (s, 3H), 2.12 – 1.91 (m, 32H), 1.80 (d, J = 

1.3 Hz, 3H), 1.68 (d, J = 1.4 Hz, 3H), 1.63 – 1.54 (m, 24H). 

13C NMR (101 MHz, CDCl3): δ 185.4, 184.5, 146.1, 143.3, 137.5, 135.2, 134.9, 134.9, 

134.9, 133.3, 133.2, 132.2, 132.1, 131.2, 126.3, 126.2, 124.4, 124.3, 124.2, 124.2, 124.1, 

123.8, 119.1, 39.7, 39.7, 39.7, 29.7, 26.7, 26.7, 26.7, 26.6, 26.5, 26.0, 25.7, 17.7, 16.4, 16.0, 

16.0, 16.0, 12.7. 
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6,7-dimethoxy-4a-methyl-8a-((2E,6E,10E,14E,18E,22E,26E,30E)-

3,7,11,15,19,23,27,31,35-nonamethylhexatriaconta-2,6,10,14,18,22,26,30,34-nonaen-1-

yl)-1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-5,8-dione (IV-36) 

1H NMR (500 MHz, CDCl3) δ 6.09 – 6.02 (m, 2H), 5.16 – 5.00 (m, 9H), 3.90 (s, 2H), 

3.88 (s, 2H), 3.09 (q, J = 1.8, 1.3 Hz, 1H), 3.01 (q, J = 2.3, 1.8 Hz, 1H), 2.75 (dd, J = 15.2, 

7.7 Hz, 1H), 2.47 – 2.37 (m, 1H), 2.05 (q, J = 6.7, 5.7 Hz, 16H), 2.01 – 1.91 (m, 18H), 1.81 – 

1.71 (m, 2H), 1.68 (q, J = 1.4 Hz, 3H), 1.59 (dd, J = 9.3, 1.2 Hz, 26H), 1.51 – 1.44 (m, 4H). 

13C NMR (126 MHz, CDCl3) δ 198.84, 198.22, 150.82, 149.14, 138.05, 137.98, 137.19, 

135.39, 135.03, 134.96, 134.94, 134.92, 134.90, 134.87, 131.22, 124.42, 124.28, 124.27, 

124.26, 124.25, 124.23, 124.13, 123.76, 119.63, 60.27, 60.03, 59.33, 56.07, 54.46, 53.15, 

43.47, 39.95, 39.75, 39.72, 36.06, 26.77, 26.73, 26.72, 26.69, 26.68, 26.53, 25.69, 23.38, 

17.68, 16.39, 16.03, 16.00. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C59H88O4Na: 883.6590; found 883.6572. 

 

  

2,3-dimethoxy-5-methyl-6-((2E,6E,10E,14E,18E,22E,26E,30E)-

3,7,11,15,19,23,27,31,35-nonamethylhexatriaconta-2,6,10,14,18,22,26,30,34-nonaen-1-

yl)cyclohexa-2,5-diene-1,4-dione--ethane (1/1) (CoQ9) 

36
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1H NMR (500 MHz, CDCl3) δ 5.15 – 5.03 (m, 9H), 4.93 (tq, J = 7.1, 1.4 Hz, 1H), 3.99 (s, 

3H), 3.97 (s, 3H), 3.18 (d, J = 7.1 Hz, 2H), 2.05 (q, J = 6.2, 4.8 Hz, 16H), 2.01 (s, 3H), 2.00 

– 1.91 (m, 16H), 1.73 (d, J = 1.3 Hz, 3H), 1.67 (d, J = 1.4 Hz, 3H), 1.62 – 1.55 (m, 24H). 

13C NMR (126 MHz, CDCl3) δ 184.75, 183.90, 144.39, 144.25, 141.68, 138.85, 137.62, 

135.24, 134.99, 134.94, 134.92, 134.91, 134.89, 134.87, 131.22, 124.42, 124.29, 124.28, 

124.26, 124.25, 124.16, 123.86, 118.87, 61.12, 61.11, 39.75, 39.73, 39.71, 26.78, 26.72, 

26.71, 26.70, 26.68, 26.63, 26.52, 25.69, 25.31, 17.67, 16.34, 16.04, 16.02, 16.00, 11.93. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C54H82O4Na: 817.6111; found 817.6114. 

4.5.11. References 
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4.5.12. NMR spectra 

1H NMR and 13C NMR for compound S3 
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1H NMR and 13C NMR for compound IV-5 
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1H NMR and 13C NMR for compound IV-6 
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1H NMR and 13C NMR for compound IV-7 
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1H NMR and 13C NMR for compound IV-8 
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1H NMR and 13C NMR for compound IV-9 
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1H NMR and 13C NMR for compound IV-10 
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1H NMR and 13C NMR for compound IV-11 
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1H NMR and 13C NMR for compound IV-12 
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1H NMR and 13C NMR for compound IV-13 
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1H NMR and 13C NMR for compound IV-14 

 

 

��������������������������������������������	��	��
��
����������������������
�������

��������

�

�������

�������

�������

�������

�������

	������


������

�������

�������

��������

��������

��������

��������

��������

��������

�	������

�
������

��������

��������

��������
������������������

��
�

��
��
��
�
�

��
�
�

�
��
	

��
�
�

��
�
	

��
�
�

��
�
�

��
�
�

��
�
�

��
	
�

��
	
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
	

��
�



��
�
�

��
�



��
�



��
�



��
�
�

��
�
�

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
�	
��
�	
��
�

��
�

��
��
��
��
��
	
	

��
	
	

��
	
	

��
	



��
	
�

��
	
�

��
	
�

��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
�
��
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�

��
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
��

�
�
�


�
�
�


�
�
�


�
�
�


�
�
�


�
�
�

����������������	�
�������������������������	��
����������
�������

�������

�

������

�������

�������

�������

�������

�������

�������

�������

�������

�������

�������

�������

�������

	������

	������


��������������	�������������

��
��
	

�	
�	
�

��
�

�

�
�
��
	

�
�
��
�

��
��
�

��

�
�	

��

�
��

��
��
�
�

��
��
�	

��
�
��
�

��
�
��



��
�
��
�

O

14

O

14



 

 285 

1H NMR and 13C NMR for compound IV-15 
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1H NMR and 13C NMR for compound IV-16  
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1H NMR and 13C NMR for compound IV-17 
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1H NMR and 13C NMR for compound IV-18 
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1H NMR and 13C NMR for compound IV-19 
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1H NMR and 13C NMR for compound IV-20  
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1H NMR and 13C NMR for compound IV-21 
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1H NMR and 13C NMR for compound IV-22 
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1H NMR and 13C NMR for compound IV-23 
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1H NMR and 13C NMR for compound IV-24 
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1H NMR and 13C NMR for compound IV-25 
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1H NMR and 13C NMR for compound IV-26 
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1H NMR and 13C NMR for compound IV-27 
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1H NMR and 13C NMR for compound IV-28 
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1H NMR and 13C NMR for compound IV-29 
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1H NMR and 13C NMR for compound IV-41 
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1H NMR and 13C NMR for compound MK-7 
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1H NMR and 13C NMR for compound MK-9 
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1H NMR and 13C NMR for compound CoQ9 
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1H NMR and 13C NMR for compound IV-36 
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