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1. General introduction 

1-1. Chemical kinetics and heterogeneous reactions 

In the synthesis of organic molecules, various analytical techniques play important roles.  A compound is 

weighed on a balance, an amount of solvent is measured by a syringe, a reaction temperature is controlled, a crude 

mixture is analyzed by NMR spectrometry, a molecular weight is determined by mass spectrometry, and a full 

spectroscopic information of an isolated compound is collected.  Moreover, analytical studies including chemical 

kinetics and detection of intermediates are indispensable for modern organic chemistry. 

The history of chemical kinetics goes back to the study of the inversion rate of sucrose by Wilhelmy in 1850.1  

His pioneering work was the first quantitative approach toward reaction rates.  In 1862 Berthelot and Saint-Gilles 

reported the study toward the reaction between ethanol and acetic acid to give ethyl acetate.  They were mainly 

focused on the equilibrium,2 whose experiment is nowadays common for students with educational purpose. 

AcOH + EtOH ⇄ AcOEt + H2O 

 

Guldberg and Waage’s investigation3 in late 1860s is important for the understandings of quantitative 

relationships between a reaction rate and an equilibrium, which is currently known as the law of mass action (Scheme 

1-1).  Guldberg was a mathematician while Waage was a chemist, and they carried out investigations in a 

collaborative way.  At the same time of Guldberg and Waage, independently, Harcourt and Esson investigated the 

reactions of hydrogen peroxide with hydrogen iodide and of potassium permanganate with oxalic acid in details.4,5  

They were also the combination of a chemist and a mathematician. 

Scheme 1-1. The law of mass action. 

If a chemical reaction ( aA + bB + ⋯ ⇄  cC + dD + ⋯) is under equilibrium, 

a value 𝐾 =
[A]a∙[B]b∙⋯

[C]c∙[D]d∙⋯
 is a constant. 

Later in 1889, Arrhenius proposed that an equilibrium existed between reactive state and unreactive state of a 

molecule in a reaction system to lead the famous equation ( 𝑘 = 𝐴e−
𝐸

RT ), which is known as Arrhenius equation 

today.6  Thanks to the great advance in physical and analytical chemistry, especially in spectrometry, chemical 

kinetics had a great progress at this age.  Contributions are also noted of van’t Hoff in the relation between a rate 

constant and an equilibrium constant,7 of Ostwald in the interpretation of catalysis by the velocity of reactions.8 

In early 20th century, statistical mechanics and quantum physics provided theoretical approaches toward 

chemical kinetics from two opposite viewpoints.  From a macroscopic viewpoint, a chemical reaction is interpreted 

by statistical mechanics to lead Transition State Theory.9,10  Quantum Mechanics, a microscopic approach toward a 

chemical reaction, explained the diagrams of potential surfaces versus reaction coordinates.11 

Laidler pointed out the significance of chemical kinetics with its relevancy in branches of science (Table 1-1).12  

The basis of chemical kinetics, statistical mechanics and quantum mechanics, is very fundamental in wide fields of 

science.  
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Table 1-1. Some branches of science to which kinetics is relevant (quoted from Chemical Kinetics)12 

Branch Applications of kinetics 

Biology 
Physiological processes (e.g., digestion and metabolism), 

bacterial growth 

Chemical engineering Reactor design 

Electrochemistry Electrode processes 

Geology Flow processes 

Inorganic chemistry Reaction mechanisms 

Mechanical engineering Physical metallurgy, crystal dislocation mobility 

Organic chemistry Reaction mechanisms 

Pharmacology Drug action 

Physics Viscosity, diffusion, nuclear processes 

Psychology Subjective time, memory 

 

For experimental investigations of chemical kinetics, a number of analytical techniques have been developed.  

Most rate measurements by determining the mass changes over time are based on the assumption that the reaction 

system is in thermal equilibrium.  Such a measurement is considered to be a “bulk” experiment to determine 

macroscopic kinetics.  On the contrary, the study of the behavior of molecules at a local region can be referred as 

microscopic kinetics.  Molecular dynamics like first-principle calculations are good examples of such an approach.  

For heterogeneous reactions, both macroscopic and microscopic viewpoints are very important toward further 

understandings of reaction mechanisms (Figure 1-1). 

 

Figure 1-1. Analytical study of heterogeneous reactions 

Heterogeneous reactions are classified in two manners; phases the reaction contains, a place where the reaction 

is proceeding.  A number of combinations of phases are possible; the three state of the matter, solid, liquid or gas, 

are combined each other to form a heterogeneous mixture.  Two or more liquids with different properties, like water 

and oil, form a heterogeneous system.  A combination of solids also forms a heterogeneous system in a similar way.  

On the other hand, the classification by a reaction environment is rather simple.  Heterogeneous reactions are 

allocated into three types: 

Heterogeneous 

mixture Macroscopic Microscopic 

Phase 1 

Phase 2 
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 One-phase (heterogeneous) reactions 

All the reagent/reactant exist in one phase, and the other phase works as “supporting” phase (e.g., removal 

of heat, relaxation of viscosity) 

 Interfacial reactions 

Reagent/reactant exist in different phases, and a reaction proceeds on the surface of phases 

 Extractive reactions 

Reagent/reactant exist in different phases, and one of the reagent/reactant is extracted into the other phase 

to proceed the reaction 

 

Among many types of heterogeneous reactions, a reaction on solid surface have been extensively studied for 

many years.  After the definition of catalyst by Berzelius in 1836,13–15 a number of chemical reactions on solid 

catalyst have been developed.  Heterogeneous reactions on solid catalysts are essential especially in industrial fields 

such as Haber-Bosch process to produce ammonia, ammonia oxidation to nitric acid, reforming of naphtha, sulfuric 

acid process and so on.  Nowadays Ca. 80% of industrial catalytic processes are under heterogeneous conditions.  

Reaction mechanism of surficial catalysis in gas phase is explained by an adsorption of molecules and bond 

dissociation-reorganization.  An adsorption of a gas molecule follows Langmuir isotherm, and simple gas-phase 

reactions with solid catalysts are described by Lindemann-Hinshelwood mechanism16–18 or Eley-Redeal 

mechanism.19 

Despite those extensive studies of heterogeneous reactions of gas phase, however, heterogeneous systems in 

other particular systems have not been investigated so much from a macroscopic viewpoint due to technical 

difficulties.  For example, a liquid-liquid heterogeneous mixture has some difficulty in separation of its phases, and 

optical spectroscopic analysis does not work well because of strong light scattering by heterogeneity.  Instead, an 

aliquot sample analysis is often employed to elucidate the degree of reaction progress;20,21 however, due to the large 

deviations of material ratio in a heterogeneous sample, a large number (or amount) of a sample is required to treat 

the data statistically. 

In order to address the heterogeneous issue, quite recently, some interesting approaches have been demonstrated 

from a microscopic viewpoint.  Enami et al. investigated Fenton chemistry at aqueous interfaces using mass 

spectrometry to have found high-valent ferryl (FeIV=O) species generated on a surface of microdroplet.22  Fita 

applied the surface second harmonic generation to a surface of phase transfer catalysis system to monitor the 

concentration of thymolphthalein on a surface of organic/aqueous boundary.23 

As heterogeneous reactions are a subject of great interest to chemists, there are big motivations to develop new 

methodology to address the reaction mechanism under heterogeneous conditions especially from macroscopic 

viewpoint.  Many scientists, including the author of this thesis, are interested in this problem. 
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1-2. Mass Spectrometry 

1-2-1. A brief history of mass spectrometry 

Mass spectrometry is a technique to determine mass to charge ratio of a certain cation or anion.  An original 

idea came from Wien’s experiment of kanalstrahlen (canal ray, or an anode ray) changing its direction by strong 

electric or magnetic fields.24  Thomson observed bent kanalstrahlen of neon showed one strong spot and the other 

weak spot on photographic plate.25  It was the first isolation of isotopes, 20Ne and 22Ne, following their mass-to-

charge ratio.  Based on these discoveries, Aston and Dempster established modern techniques of mass 

spectrometry.26–29 

The mechanisms of mass spectrometry are discussed separately into two steps; a detection and an ionization.  

A number of techniques have been developed until today for both steps.  A molecule is turned into charged particle 

under ionization conditions, and an ion is separated in order of their mass to charge ratio by electric or magnetic field 

under vacuum conditions.  For example of separation/detection techniques, sector instruments,30 time-of-flight,31 

quadrupole,32 Penning ion trap,33 orbitrap34 and Fourier transform ion cyclotron resonance35 are famous nowadays.  

The detail of each detection techniques are not described in this article; see references for details.  The other step, 

ionization, is rather essential to determine the property of mass spectrometry.  For example, original experiment in 

Crookes tube is regarded as glow discharge ionization.36  Glow discharge is generated at low pressure gas to give 

very high energy to gas molecules. 

An ionization of an organic molecule, whose atoms are connected together by covalent bonds, have been a great 

task after the invention of mass spectrometry.  Some of the early ionization techniques, such as EI or CI, are regarded 

as hard ionization.  Due to the high energy given to the molecule, a covalent bond of an organic molecule is easily 

scissored to give fragmented particles.  This fragmentation is quite unique to a functional group on a molecule, and 

fragmentation pattern has been used for the structural elucidation/characterization of a molecule.37,38  However, such 

a fragmented pattern is rather problematic in the analysis of mixed samples.  Another problem of hard ionization is 

applicability to large molecules. 

1-2-2. Soft ionization techniques 

There are two important methods of soft ionization on the history of mass spectrometry.  ESI, an electron spray 

ionization (Figure 1-2) have been developed by Fenn and Yamashita in 1984,39 ionizes the molecule by a “Coulomb 

explosion” of a charged droplet containing analyte molecules.  ESI is recognized as a very efficient and soft 

ionization suitable for a molecule with relatively high polarity.  An application of ESI demonstrated with 

biomolecules met a great surprise and praise.40 
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Figure 1-2. Original image of electrospray ionization (reprinted from Fenn and Yamashita39) 

 

MALDI, a matrix-assisted LASER desorption ionization (Figure 1-3), have been invented by Karas, Hllenkanp 

and coworkers in 1983.41  A LASER-absorbing molecule is desorbed and ionized firstly to assist an ionization of 

other non-LASER-absorbing molecules.  The breakthrough for large molecules came in 1988 by Tanaka of 

Shimadzu Co.42  They prepared a sample by the “ultra fine metal and liquid matrix method” to successfully show 

the detection of molecules up to 100 kDa. 

 

Figure 1-3. Original image of matrix-assisted LASER desorption ionization (reprinted from Tanaka et al.42) 
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1-2-3. Ambient ionization 

For the discussion of the development of ionization technologies, an “ambient ionization” is also an important 

concept.43  An analysis of a sensitive sample sometimes prefers less sample preparation.  A heterogeneous mixed 

sample have some difficulties to apply to the conventional ionization techniques.  For example, an analysis by ESI 

requires liquid sample diluted in polar and volatile solvent such as methanol or acetonitrile.  An ionization under 

MALDI requires sample preparation mixing with a matrix material.  In recent years, a number of application method 

is reported based on ESI technique or APCI (atmospheric pressure chemical ionization) technique.44 

ESI based alternatives employ various desorption techniques and an ESI ionization in a combination.  An 

extractive electrospray ionization (EESI) reported by Cooks employs dual solution nebulizer, one of which sprays a 

charged droplet for ionization, while the other nebulizes non-charged sample solution.45  Separation of ionization 

spray and sample nebulizer allowed to apply highly concentrated samples or heterogeneous mixtures like raw urine 

or milk.  Eberlin developed easy ambient sonic-spray ionization (EASI) employing no voltage, no discharge, no 

light irradiation or no high temperature.46  Solvent spray at ultrasonic speed attacks on a sample surface to ionize 

the molecules.  Electrospray-assisted LASER desorption ionization developed by Shiea is suitable technique to 

analyze a sample on solid surface.47  A sample is desorbed by LASER absorption, and small particle of sample is 

extracted into ESI droplet and then ionized. 

Some improved methods of APCIs are also noted.  ASAP, an atmospheric-pressure solid analysis probe 

developed by McEwen of DuPont Co. in 2005, employs hot nitrogen gas stream with discharge to ionize a sample 

on a melting point capillary as a sampling rod.48  Solid or some viscose liquid sample are applicable without any 

special sample treatment.  DBDI, a dielectric barrier discharge ionization was first demonstrated by Zhang et al. in 

2007.49  Dielectric current between a needle electrode flowing helium or other gases and a glass sample plate as the 

discharge barrier on plate electrode generates stable plasma to ionize a sample on a glass plate.  LTP, a low-

temperature plasma probe by Cooks, Zheng et al. is more sophisticated ionization method generating plasma 

separately from a sample ionization area.50  LTP do not expose any discharge or heat on sample, therefore the 

fragmentation tendency during ionization is sufficiently low. 

1-2-4. Direct analysis in real-time 

Direct analysis in real-time, called DART, is one of the most successful ambient and soft ion source developed 

by Cody et al. of JEOL USA Co.51  DART is regarded as an APCI technique.  Helium (or other gas) is activated 

by glow discharge to generate metastable species, and this metastable gas molecule activate a water molecule in air 

to form water-cluster cation as a soft protonation source.  A sample is analyzed under ambient conditions; open to 

air, no voltage, and no discharge.  DART ion source is commercially available from ionsence® Inc. and is possible 

to attach various MS analyzers. 



 

11 

 

 

Figure 1-4. A schematic image of DART ionization system (reprinted from http://www.jeolusa.com) 

 

An ionization process is considered as follows; 

He 
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→        He∗      (Activation of carrier gas by glow discharge) 

He∗ + H2O → He + H2O
+∙ + e−    (An electron removal from water molecule) 

H2O
+∙ + H2O → H3O

+ +OH∙    (Formation of oxonium cation with hydroxyl radical) 

H3O + nH2O → [(H2O)n+1 + H]
+    (Formation of water-cluster cation) 

[(H2O)n+1 + H]
+ +M → (n + 1)H2O + [M+ H]

+  (Protonation of analyte M by water-cluster cation) 

1-3. Isotopic indicators 

Isotopes, variants of an element which have different number of neutrons, have played important roles in 

analytical chemistry.  Radioactive isotopes such as 14C, 3H, 32P or 35S are easily detectable due to their high energy 

radiation on their decay.  George de Hevesy and Melvin Calvin have been awarded Nobel Prize for their 

contributions to disclose mechanisms of chemical/biochemical reactions, “For his work on the use of isotopes as 

tracers in the study of chemical processes” (Hevesy, 1943) and “For his research on the carbon dioxide assimilation 

in plants” (Calvin, 1961).  Such a use of isotopes as tracers are not limited to radioactive ones.  Stable isotopes are 

detectable by mass spectrometry, an analytical technique based on physical properties, while their chemical properties 

are almost identical.  Isotope-labelled internal standard is widely used to conduct quantitative analysis of wide 

variety of samples.52–56  In order to prepare an isotope-labelled internal standard for such an analysis of 

organic/bioorganic molecules, a reliable synthetic methodology is necessary.  Deuterium57 (2H) or 13C are often used 

for this purpose due to their availability.  Abundance ratio of deuterium is only 0.015%, however, due to the large 

mass difference to its isotope hydrogen, deuterium is easily separated by centrifugation.  13C is relatively abundant 

on the earth; its abundance is about 1.1%.  Some books58,59 or journals60 are available for this purpose. 

  

http://www.jeolusa.com/
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2. General aspects of quantitative monitoring using DART-MS 

2-1. Hypothesis for quantitative reaction monitoring 

The use of an isotopic indicator as an internal standard will lead good quantitativity on mass spectrometry 

(Figure 2-1).  The amount of “artificial” labeled internal standard is static during the reaction, while that of “natural” 

non-labeled reaction product increases.  In order to conduct the analysis under heterogeneous conditions, there are 

several requirements exist: 

(1) No reverse reaction / no decomposition of product 

If a chemical reaction has a reverse pathway or a decomposition pathway of a product, an internal standard could 

decompose as it is the same chemical as the reaction product.  In the monitoring study of a target reaction, the 

pathway must not exist, or at least must be ignorably slow. 

(2) Fast matter exchange between phases 

A reaction proceeds in limited area of a reaction mixture such as interface.  A matter exchange between phases 

is faster than a reaction to keep the ratio of isotopes uniform. 

(3) No reaction on ionization process 

Any further reaction after sampling must be avoided to maintain isotope ratio of a product.  An ionization 

process on mass spectrometry applies large energy to ionize a molecule, and this large energy sometimes induces 

unexpected chemical reactions.  An ionization method must be chosen carefully to keep an isotopic ratio during 

ionization on mass spectrometry. 

(4) Fast analysis without sample preparation 

In order to monitor a chemical reaction in real-time, a number of data points are required within small time lag.  

Each analysis must be conducted as quickly as possible.  Time-taking sample pretreatment must be avoided; in other 

word, direct analysis is highly desirable of a crude sample from a heterogeneous reaction mixture without any sample 

pretreatment.  An ionization method must be robust enough to analyze a heterogeneous mixture of solid, liquid and 

gas samples. 
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Figure 2-1. Hypothesis for quantitative monitoring using isotopic indicator 

 

Based on those requirements, DART-MS was chosen as the most appropriate ionization method for its soft and 

robust ionization.  In order to monitor an organic chemical reactions, an auto-sampler machine for DART-MS has 

been developed in our laboratory. 
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2-2. Monitoring system with auto-sampler and its evaluation 

On the sampling study using ambient ionization techniques of mass spectrometry, an accurate control over 

sample treatment is crucial for a stable detection of a peak with adequate intensity and reproducibility.  An ionization 

area of DART-MS is open to the air, and there is very high flexibility in holding a sample onto the area.  The use of 

mechanically controlled sampling-ionization sequences can address the issue to detect a sample with good 

reproducibility.  A semi-quantitative sampling/ionization have been demonstrated by using a robot arm auto-sampler 

with a glass rod for samples such as drugs in biological matrixes,61 allium chemistry,62 and additives in food 

packaging.63  An inexpensive auto-ionization system has been demonstrated with cotton buds attached on a N-scale 

model railroad.64–68  Surface contaminants,65 airborne-dispersed chemicals,66 or batch slurry reaction mixture68 were 

absorbed into a cotton bud head on a model train and was horizontally passed through an ionization area of DART-

MS at a steady speed. 

In our laboratory a new auto-sampler system was designed for the monitoring study of fine organic synthesis.  

A reaction vessel with precise condition control, and a robot arm auto-sampler were combined together.  A 

simplified image of an auto-sampler system is shown in Figure 2-2.  Pictures are shown in Figure 2-3 and Figure 

2-4.  A reaction is conducted in a glass vessel up to 15 mL scale under a positive flow of nitrogen.  A reaction 

temperature and a stirring speed are controlled accurately (-20 ~ +80 °C, 0 ~ 1500 rpm).  An auto-sampler takes a 

small aliquot sample from a vessel by the robot arm with a sample rod to send to an ionization area of DART-MS. 

 

Figure 2-2. A simplified image of an auto-sampler for DART-MS reaction monitoring system 
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Figure 2-3. Auto-sampler system 

 

Figure 2-4. Ionization by DART-MS with auto-sampler 
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In order to evaluate an auto-sampler system for its sampling ability, a standard solution of caffeine (400 ppm) 

in dichloromethane was analyzed repeatedly (Experiment 2-1, see experimental section for details).  

Experiment 2-1. Repetitive ionization experiment of caffeine using auto-sampler system 

 

The caffeine solution was analyzed 18 times in one measurement with approximately 1 minute intervals, and 

two sets of the measurement was conducted (Figure 2-5 and Figure 2-6).  Each peak intensities were quite excellent 

showing up to 7500 S/N ratio.  An integration of a peak area was obtained after the baseline correction following 

Sonneveld-Visser method.69  As a result, distributions of a peak area in repetitive measurements were relatively 

large.  Relative standard deviations of two sets were 19.2% and 17.6% each. 
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Figure 2-5. Selected ion chromatogram (m/z = 195.00-195.50) of experiment 3-1 (1) 

 

Figure 2-6. Selected ion chromatogram (m/z = 195.00-195.50) of experiment 3-1 (2) 

 

An ionization on DART-MS with the auto-sampler system included relatively large random error.  The error 

was attributed to two steps; a sampling and an ionization.  Firstly a sampling step of an auto-sampler was evaluated 

by the ICP-AES and NMR spectrometry analyses (Experiment 2-2 and Experiment 2-3). 
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Experiment 2-2. Calibration of auto-sampler by ICP-AES 

 

A saturated CuSO4 aqueous solution was placed in a reaction vessel and an aliquot sample was taken by an auto-

sampler with a closed-end melting point tube (φ = 1.8 mm) as a sampling rod.  The sample taken was dipped into 

100 mL of an aqueous sulfuric acid (2%), and the solution was analyzed by ICP-AES.  The analysis was repeated 

for 10 times.  As a result, an average amount of Cu2+ in the solution was determined as 0.182 ppm with 53.8% 

relative standard deviation for 10 repetitive measurements.  This large distribution is supposedly due to a high 

surface tension of an aqueous sample (γ = 72.8 mN/m, pure water).70 

Experiment 2-3. Calibration of auto-sampler by NMR 

 

Anhydrous DMSO was chosen as an analyte of a calibration experiment using NMR spectrometry for its low 

volatility.  Surface tension of DMSO (γ = 42.9 mN/m) is more similar to that of dichloromethane (γ = 27.9 mN/m) 

than that of water.70  DMSO was placed in a reaction vessel and an aliquot sample was taken by an auto-sampler 

with a closed-end melting point tube (φ = 1.8 mm) as a sampling rod.  The sample taken was dipped into 0.5 mL 

CDCl3 containing 4.9 mg tetrachloroethane as an internal standard, and the amount of DMSO was determined by 1H-

NMR analysis.  10 times of repetitive measurements revealed an average of the DMSO taken by melting point tube 

was 0.35 mg with 22.2% relative standard deviation.   
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These two independent sampling experiments using ICP-AES and NMR spectrometry indicated that the amount 

of sample taken by an auto-sampler has already distributed largely.  An ionization experiment was conducted again 

with homoallylalcohol 12b using auto-sampler DART-MS system for large number (N = 47) of repetitive 

measurement to show a structure of a distribution in a histogram (Experiment 2-4). 

Experiment 2-4. Ionization experiment with readily sample-soaking materials 

 

A solution of tertiary alcohol 12b in DCM (2.8 mg in 4 mL) was used as an ionization sample for the evaluation 

of a structure of a distribution.  The alcohol 12b easily loses its hydroxyl group to give a dehydrated cation during 

ionization under DART-MS conditions.  For the measurement this dehydrated peak on m/z = 159 was chosen.  A 

sample was taken by an auto-sampler with closed-end melting point tube (φ = 1.8 mm) as a sampling rod, and ionized 

by DART-MS (He as carrier gas, 200 °C).  A histogram of the result is shown in Figure 2-7. 

 

Figure 2-7. A histogram for ionizations of alcohol 12b (N = 47) 

Obviously a Poisson distribution was observed with large a distribution width.  Judging from these experiments, 

direct quantification requires a number of a repetitive measurement with such a largely distributing auto-sampler 

system.  To conduct a quantitative analysis of a certain chemical species, the use of an internal standard is necessary 

for an auto-sampler DART-MS system.  
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3. Monitoring study of chemical reaction under micellar conditions 

3-1. Introduction 

Organic materials are often immiscible with water, and the organic chemical reactions in water are 

heterogeneous.  In the presence of a surfactant, organic materials form colloidal dispersion called micelle.  The 

boundary of organic materials and water are greatly extended, and surficial reactions are enhanced.  Kobayashi and 

coworkers have discovered that the combination of a water-stable Lewis acid and a surfactant moiety works as an 

efficient catalyst in water.71–73  Transition metal catalyzed novel bond-forming reactions in water with functional 

surfactants are also noted.74,75 

The reactions in micellar conditions are regarded as heterogeneous; conventional analytical method such as 

transmission spectrometry (NMR, IR) are highly problematic, and aliquot sampling study requires relatively large 

volume of a sample or repetitive sampling.  Therefore, a new and practical reaction monitoring method is highly 

desired.  As is already described in the previous section, the use of an isotopic indicator allows us to quantify a 

chemical species quite accurately even under heterogeneous conditions.  The principle of an isotopic indicator is 

general to any kind of mass spectrometry.  

The aldol reaction, that is a nucleophilic addition of an enol/enolate to a ketone or an aldehyde, is a highly useful 

carbon-carbon bond forming reaction.76–80  A number of nucleophiles can be employed in this reaction including 

synthetic equivalents of carbonyl compounds such as silicon enolates81–84 or boron enolates.85–87  These pre-formed 

enolate species made it possible to control the reaction in high chemo-, diastereo- and enantioselective way.  The 

reaction of silicon enolates with aldehydes are nowadays called Mukaiyama aldol reaction named from its pioneer.  

However, those enolate species or Lewis acids employed as activators are often sensitive toward water and it was 

difficult to conduct the reaction under aqueous conditions.  Even with relatively stable silicon enolates, although the 

reactions were reported to be enhanced under aqueous conditions,88,89 enantioselective reactions were considered to 

be problematic.  The use of water-stable Lewis acid was a major breakthrough of this problem.  Kobayashi et al. 

discovered that lanthanide trifluoromethanesulfonates were water-compatible Lewis acids and accelerated the 

Mukaiyama aldol reactions in aqueous media (water/organic solvents).90  One great challenge to Mukaiyama aldol 

reactions was to conduct the reaction in 100% water system.  The possible approach was to enhance hydrophobicity 

of reaction environments to suppress hydrolysis of enolate species.  Catalytic amount of anionic or non-ionic 

surfactants led significant rate enhancement of the reactions.91  And more, Lewis-Acid-Surfactant Combined 

catalysts (LASC), in which counter-anions of Lewis acids were replaced with surfactants, were found to be more 

efficient catalysts forming hydrophobic environments tightly surrounded by Lewis acid moieties.92  LASC catalysts 

effectively worked in pure water to catalyze Mannich-type reactions,93 Mukaiyama aldol reactions,71 Diels-Alder 

reactions71 and Michael addition reactions.94enantioselective Mukaiyama aldol reactions in water were achieved by 

combination of chiral ligands and Lewis acids of LASC catalysts in 2008.95  Later in 2010, it was found that 

combination of LASC and chiral ligands could catalyzeenantioselective direct-type aldol reactions in water.96  

Direct-type aldol reactions and Mukaiyama aldol reactions started from different substrates to yield the same products.  

Representative two examples employed similar scandium/N-oxide ligand 3 complexes as catalysts, but their reaction 
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outcome was different (Scheme 3-1, DS = DodecylSulfate).  The report showed that it was necessary to employ a 

catalytic amount of base to enhance the yield and the selectivity of the direct-type reactions with N-oxide ligand.96   

Scheme 3-1. Comparison of direct-type/Mukaiyama aldol reactions 

  

 

On the other hand, 2,2’-bipyridine ligand97,98 could promote the direct-type aldol reactions without additional 

use of base.  Mukaiyama aldol reactions were also catalyzed by scandium/2,2’-bilpyridine ligand 5 complex to 

furnish the product in good yield with slightly diminished enantioselectivity (Scheme 3-2).  These slightly modified 

conditions were selected for the monitoring study of target reactions due to their high comparability.  Under these 

conditions 1.5 equivalents of surfactant assisted the formation of small particles of organic materials (See picture in 

Scheme 3-2; light scattering was observed).  Due to the formation of good dispersion, high reproducibility of 

reaction rate was expected. 
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Scheme 3-2. Modified reaction conditions for direct-type/Mukaiyama aldol reactions 
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3-2. Direct-type catalytic asymmetric hydroxymethylation reactions in water 

3-2-1. Synthesis of internal standard 

Scheme 3-3. Synthesis of deuterium-labeled product 2-d4 

 

An isotope-labeled internal standard material 2-d4 was synthesized following reported a synthetic method of 

non-labeled 2-methylindanone 1.99  Unfortunately at the initial trial, the D-H exchanged compound 1 was obtained 

with TfOH as a solvent because the reaction condition was acidic enough to protonate the aromatic rings.  In order 

to prepare a fully deuterated compound, the reaction was conducted with the deuterated acid 6-d1 and TfOD.  The 

desired 1-d4 was obtained in 85% yield and was converted into internal standard 2-d4 under standard conditions of 

direct-type aldol reactions (Scheme 3-2). 

 

3-2-2. Monitoring trial and condition optimizations 

Scheme 3-4. Initial monitoring trial 

 

The reaction monitoring trial of a direct-type aldol reaction was conducted in the presence of isotope labeled 

compound 2-d4 (Scheme 3-4).  The reaction was conducted under the conditions indicated in Scheme 3-4 using a 

10 mL vessel of auto-sampler machine.  Small amount of samples were taken from a reaction mixture by the auto-

sampler with closed end of a φ 1.8 mm melting point tube to send to ionization area of DART-MS.  As an initial 

condition of DART, helium gas at 200 °C was selected as the carrier gas.  As a result, however, no peak was observed 

with enough intensity at m/z = 177 or 181 (protonated cations of 2 and 2-d4, respectively) while strong peaks were 

observed at m/z = 147 (substrate 1) and 329 (ligand 5).  By increasing gas temperature to 400 °C, some peaks were 
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observed at m/z = 177, though its S/N ratio was not enough to check the quantitativity from the ratio of isotopes.  

During the monitoring, the peak at m/z = 147 (substrate 1-d0) was quite strong, but no signal was detected at 151 

(decomposed internal standard 1-d4).  This indicates that the internal standard 2-d4 was not decomposed into 1-d4 

under reaction or ionization conditions.  The retro aldol reaction commonly occurs but these control reactions show 

that it proceeds at such a slow rate, which is probably due to the reactivity of the formaldehyde.  Its overall effect 

to the decomposition of internal standard 2-d4 is negligible. 

In order to detect compound 2 from the reaction mixture using DART-MS, optimization of detection conditions 

was conducted by analysis of a mixture without Sc(DS)3.  In the presence of SDS, a 100/1 ratio of substrate 1 and 

internal standard 2-d4 were well dispersed and 5 equivalent of formaldehyde was added.  The mixture was analyzed 

under various DART conditions as shown in Scheme 3-5. 

Scheme 3-5. Optimization of monitoring conditions 

 

Entry Gas Gas temp. (°C) 2 (intensity) 2-d4 (intensity) S/N of 2-d4 peak 

1 He 200 3222 7592 19 

2 N2 200 ND 1210 88 

3 N2 400 707 3889 140 

4 N2 100 ND 887 45.5 

 

In the absence of the catalyst, desired peaks of 2 were observed at m/z = 177, 181 by using helium as a carrier 

gas (entry 1).  Absolute intensities of the peaks were strong, however, S/N ratio was very poor due to the strong 

background noise.  It is generally considered that helium is much more suitable carrier gas than nitrogen, but 

surprisingly, the S/N ratio of the peak for 2-d4 was increased fourfold by using nitrogen gas at 200 °C (entry 2).  

Further improvement was observed for S/N ratio at 400 °C (entry 3).  However, 2-d0 was also detected at this 

temperature, which indicates heat-induced hydroxymethylation reaction of 1-d0 proceeded during ionization.  

Finally the optimized ionization temperature was determined as 200 °C. 

Then the reaction monitoring was conducted with the optimized conditions from Scheme 3-2 and with modified 

DART-MS conditions (N2, 200 °C).  As expected, peaks were observed at m/z = 177 and 181 successfully with the 

high S/N ratio.  The corresponding MS yield calculated from the ratio of those peak areas showed good linear 

reaction profile (Figure 3-1). 
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Figure 3-1. Monitoring trial of direct-type aldol reactions. Raw SICs are in experimental section. 

 

In order to verify the result obtained by mass spectrometry, comparative experiments were conducted with NMR 

spectrometry.  Although direct monitoring by NMR spectrometry is not possible due to the heterogeneity, the yield 

of the product 2 can be easily determined from crude 1H-NMR analysis after quenching the reaction mixture.  The 

reactions were conducted in the presence of internal standard 2-d4 at small scale.  Crude NMR yields were 

determined by using 1,1,2,2-tetrachloroethane as an internal standard and MS yields were determined from the 

isotope ratio of product 2.  The reactions were conducted in several different reaction times to compare NMR yield 

and MS yield in wide range (Scheme 3-6). 
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Scheme 3-6. Comparative experiments between MS and NMR (1) 

 

The results showed good relationships beteween MS and NMR, however, the relationship was not in 1:1 ratio 

(Scheme 3-6, detailed data are given in experimental section).  In some reactions the product 2 was isolated by 

preparative TLC and isolated yields were more corresponding to NMR yields than MS yields.  If internal standard 

2-d4 were to decompose during the reaction, the yield calculated from isotope ratio would appear larger than true 

value.  Fortunately, no peak of 1-d4 (m/z = 151) was detected during crude DART-MS analysis of any experiment, 

which means there were no retro aldol process to decompose 2-d4.  In order to disprove some other decomposition 

pathways of the internal standard, another set of expeiment was conducted with a modified procedure avoiding an 

internal standard being compromised during the reaction conditions. 

The reactions were conducted in the absence of internal standard 2-d4 and quenched following the standard 

reaction procedure.  After quenching internal standard 2-d4 was added and then DART-MS and 1H-NMR analyses 

were conducted as previous set of experiments.  The results are shown in Scheme 3-7. 
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Scheme 3-7. Comparative experiments between MS and NMR (2): Late-stage addition of internal standard 

 

 

As a result, linear relationships between NMR and MS were observed with similar slope to previous experiment.  

The slopes 1.42 and 1.45 were in good agreement; Student t-test100 of two dataset resulted t = 0.125, which is much 

smaller than the limit value of 99% confidence interval, 2.92.  These statistics suggested these two experiment set 

showed the same result.  It is concluded that there were no decomposition of internal standard during the reaction. 

No decomposition of 2-d4 during reaction means that the compound can be used as internal standard, and 

disagreement of yields calculated by MS and NMR were to be reasoned for some other issues.  There are two 

possible hypothesis for MS/NMR deviation: Natural isotope distributions (especially carbon), contamination of 

proton during the synthesis of internal standard 2-d4.  Probably this disagreement are caused by multiplex reasons, 

but the quantification would be practically possible with calibration between MS and NMR yield. 

A calibration experiment was conducted by mixing compounds 2 and 2-d4 in several different ratios.  Aqueous 

solutions of compound 2-d4 (5.055 g/L, 72.0 μL, 2.02 μmol as content) and 0.500, 1.00, 2.00, 5.00 and 10.00 mL of 

compound 2 solution in water (1.384 g/L) were mixed and analyzed by DART-MS.  Each solutions were analyzed 

6 times and averages were taken for the calibration curve. 
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Figure 3-2. A calibration curve of the yield derived from isotope ratio 

 

In order to confirm the advantage of this method, the reaction was then directly monitored by DART-MS and 

by aliquot NMR analysis simultaneously (Scheme 3-8).  The reaction was conducted in a large scale (0.8 mmol, 

total 1.6 mL reaction mixture), then the analytical sample was taken by an auto-sampler with capillary for DART-MS 

analysis, and 0.20 mL of aliquot was taken by syringe for NMR analysis.  MS yield was determined by the isotope 

ratio of compound 2 with calibration given from Figure 3-2, NMR yield was determined by the ratio of starting 

material 1 and product 2. 
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Scheme 3-8. Direct comparison of MS reaction profile and NMR profile 

 

As a result, reaction profile by MS showed much better linearity than NMR.  As mentioned above, an aliquot 

sample taken from the heterogeneous mixture do not reflect original molar ratio.  Therefore, the result of NMR had 

some difficulties for quantitativity.  Excellent linearity clearly demonstrated the advantage of MS monitoring 

method using isotope labelled internal standard. 
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3-2-3. Reaction kinetics of direct-type hydroxymethylation reaction 

Kinetic analysis of the enantioselective hydroxymethylation reaction was then conducted based on this 

established method using DART-MS with internal standard.  Following the standard procedure, initial velocity 

assays were conducted by changing the concentrations of each component.  Initially dependency of the formation 

rate of product 2 on substrate 1 was investigated.  The loading of 1 was changed from 0.320 to 1.20 mmol while 

those of catalyst complex and formaldehyde were kept constant.  As a result, first order dependency was observed 

on the substrate 1 loading (Scheme 3-9). 

Scheme 3-9. Kinetic study on indanone 1 
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Then the dependency on the chiral Sc catalyst complex was investigated.  The loading of Sc(DS)3 and 2,2’-

bipyridine ligand 4 was varied from 0.0160 to 0.120 mmol while those of the substrate and formaldehyde were kept 

constant.  The initial rate showed first-order dependency on the catalyst complex (Scheme 3-10). 

Scheme 3-10. Kinetic study on scandium complex 
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On the other hand, an investigation toward formaldehyde revealed a different tendency.  Concentration of 

formaldehyde was varied from 0.250 to 2.5 mol/L while those of substrate and catalysts remained constant, and as a 

result each experiments showed almost similar reaction profiles in moderate reproducibility (Scheme 3-11).  

Therefore, the rate dependency was regarded as 0th order on formaldehyde.  No dependency on formaldehyde for 

reaction rate indicated that formaldehyde molecule was not concerning to the rate determining step of this reaction. 

Scheme 3-11. Kinetic study on formaldehyde 
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3-2-4. Feedback of kinetic analysis to organic synthesis 

The 0th order dependency on formaldehyde suggests the possibility that the amount of formaldehyde could be 

reduced.  A simple control experiment showed it possible. 

Scheme 3-12. Trial to decrease the amount of formaldehyde 

 

Entry x (equiv.) yield (%) 

1 5.0 90 

2 1.5 85 

3 1.2 82 

4 1.2 (paraformaldehyde) 64 

 

As a result, 1.5 equivalents of formaldehyde gave the desired product in high yield (entry 2).  Furthermore, 1.2 

equivalents of formaldehyde proved to be enough to promote the reaction in 82% yield (entry 3).  The product was 

obtained in relatively high yield (62%) with 1.2 equivalents of paraformaldehyde as an alternate source of 

formaldehyde (entry 4). 
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3-3. Mukaiyama-type catalytic asymmetric hydroxymethylation reactions in water 

3-3-1. Monitoring trial and detection of intermediate 

In order to confirm that the monitoring principle would work or not for the Mukaiyama aldol reaction, a detection 

check experiment was conducted for a reaction under modified conditions (Scheme 3-2).  An analytical mixture 

was prepared following a standard reaction procedure in the absence of formaldehyde to avoid the formation of 2, 

and a deuterium labelled reaction product 2-d4 was added (Scheme 3-13).  The mixture was analyzed under the 

optimized monitoring conditions of DART-MS for a direct-type aldol reaction (N2 as carrier gas, 250 °C) to 

successfully detect a desired peak of an internal standard 2-d4 at m/z = 181.  No peak was observed at m/z = 177, 

corresponding to a non-deuterated reaction product 2. 

Scheme 3-13. A detection check for Mukaiyama aldol reactions 

 

 

Based on the success of the detection check experiment, a monitoring trial was conducted for Mukaiyama aldol 

reactions (Scheme 3-14).  In the presence of internal standard 2-d4 the reaction was conducted, and was monitored 

by an auto-sampler DART-MS system using a glass capillary as a sampling rod.  Gratifyingly, an isotope ratio of 

2/2-d4 showed the good reaction profile with a small dispersion of data.  The reaction profile (calibrated by Figure 

3-2. A calibration curve of the yield derived from isotope ratio) showed that the reaction have stopped at around 40 

minutes with approximately 60 to 70% yield, which was corresponding to 65% isolated yield of the product 2 after 

the monitoring study. 
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Scheme 3-14. Reaction monitoring trial of Mukaiyama-type aldol reactions 

 

 

 

A careful data mining of the obtained mass spectra found that new peaks appeared on m/z = 249 and 253 during 

the reaction monitoring.  Both of them are assigned as the silylated reaction product 6 and 6-d4, respectively 

(Scheme 3-15).  Those SICs are shown in Figure 3-3 and Figure 3-4.  There are three possibilities to generate 6; 

(1) from 4 and formaldehyde as an intermediate of silyl migration pathway under reaction conditions, (2) from 

product 2 with some silyl source as a side product under reaction conditions, and (3) from product 2 with some silyl 

source during ionization (Scheme 3-16). 

Scheme 3-15. A possible structure of silylated reaction product 6 

 

 

  

y = 1.6676x - 0.739

R² = 0.9749
0

20

40

60

80

100

0 20 40 60 80

y
ie

ld
 (

d
0
/d

4
)

time (min)



 

36 

 

Figure 3-3. Selected ion chromatogram of m/z = 249 – 249.5 

 

Figure 3-4. Selected ion chromatogram of m/z = 253 – 253.5 
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Scheme 3-16. Possibility of the reaction intermediate 

 

From TIC (Total Ion Current) of Scheme 3-14, SICs of product 2, substrate 4 and silylated product 6 were 

extracted.  The standardized peak intensities of substrate 4 at m/z = 219 and silylated compound 6 at m/z = 249 

were plotted as bar graphs versus time over the reaction profile of 2 obtained in Scheme 3-14 (Figure 3-5).  3-Point 

moving averages of 4 and 6 are given as dotted lines with each corresponding color. 

 

Figure 3-5. Intensity – time plot of substrate 4, silylated reaction product 6 and reaction profile of product 2 
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A linearly increasing feature of the reaction product 2 and a decreasing feature of starting material 4 were in a 

good agreement.  The peak intensity of 6 was first increased and then showed decreasing feature.  From such a 

tendency it is easy to jump into a hasty conclusion that 6 is an intermediate of this Mukaiyama aldol reaction.  

However, this match is a coincidence and does not deny the possibility that 6 was generated from 2 during ionization 

on DART-MS.  If 6 were to be generated under reaction conditions, the observed reaction rate of 2 would contain 

hydrolysis rate of 6 (Scheme 3-16).  In the other case, an observed reaction rate of 2 is probably the “real” rate of 

catalytic reactions. 

Under anhydrous conditions, Mukaiyama aldol reactions are generally considered to yield a silylated alcohols 

as products.101–104  However, a trimethylsilyl ether of a simple primary hydrocarbon is easily hydrolyzed under 

slightly acidic reaction conditions.105  Some articles indicate that under aqueous conditions Mukaiyama aldol 

reactions proceed a desilylative activation of a silyl enol ether, and a silylated alcohol do not exist as an intermediate 

during the catalytic pathway.106–108  Indeed, no silylated product 6 was isolated from reaction mixtures of any stage 

of its progress by column chromatography.  In order to elucidate the source of the peaks of 6 and 6-d4 on m/z = 249 

(and 253), several control experiments were conducted (Scheme 3-17, Scheme 3-18). 

Scheme 3-17. Control experiment 1: Reaction condition without HCHO 

 

A mixture of silyl enol ether 4 (0.4 mmol), internal standard 2-d4 (4 μmol), scandium dodecylsulfate (20 μmol), 

2,2’-bipyridine ligand 5 (24 μmol) and sodium dodecylsulfate (NaDS, 0.6 mmol) in water (4 mL) was prepared.  

The composition of the mixture is similar to the standard reaction condition but formaldehyde, so any non-deuterated 

compound 2 or 6 is generated from 4.  As a result of the DART-MS analysis under standard conditions (N2 as carrier 

gas, 250 °C), a new peak was observed at m/z = 253, which is corresponding to the silylated internal standard 6-d4.  

This result, silylation of an internal standard 2-d4, indicates that the reaction product 2 can also be silylated under a 

reaction conditions or an ionization conditions. 

In the next experiment, catalysts and a surfactant were removed from a mixture and an ionization was conducted 

under standard ionization conditions (N2 as carrier gas, 250 °C, Scheme 3-18). 

Scheme 3-18. Control experiment 2: Silylation reaction under DART conditions 

 

A mixture of silyl enol ether 4 (0.4 mmol) and non-deuterated reaction product 2 (0.133 mmol) were vigorously 
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mixed in water (4.0 mL).  The mixture was analyzed by DART-MS to detect the peak of 6 on m/z = 249. 

In the absence of Lewis acid, no silyl transfer from silyl enol ether 4 to alcohol 2 would proceed under reaction 

conditions.  Therefore, in this control experiment a peak of 6 observed on DART-MS analysis was originated from 

2 and 4 during ionization.   

At this stage there were no direct evidence to deny the formation of 6 under catalytic reaction conditions, but 

the possibility is low.  No disturbance on the reaction profile of 2 determined from its isotope ratio suggests the peak 

of 2 on MS is generated only from 2 in reaction.  The rate of the formation of 2 includes not only catalytic reactions 

but also hydrolysis of 6, if silyl ether 6 were to exist as an intermediate. 

Scheme 3-19. A possible generation pathway of silyl ether 6 
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3-3-2. Reaction kinetics 

Based on the established monitoring conditions, the kinetics experiments of Mukaiyama aldol reaction in water 

were conducted.  Following the standard procedure, initial velocity assays were conducted by changing the 

concentration of each component. 

Firstly a dependency of the formation rate of product 2 on chiral scandium catalyst was investigated.  A loading 

of scandium tris(dodecylsulfate) was changed from 0.0020 to 0.040 mmol and 2,2’-bipirydine ligand 5 were changed 

from 0.0024 to 0.048 while those of substrate 4 and formaldehyde were kept constant.  Interestingly, an initial 

velocity assay revealed 0th order dependency of this reaction onto catalyst even though this is catalytic reaction 

(Scheme 3-20). 

Scheme 3-20. Kinetic study on catalyst 
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Next, an initial velocity assay on loading of substrate 4 was then conducted.  Although the data distribution 

was relatively wide, positive correlation was apparently observed between reaction rate and loading of substrate 4.  

With an assumption of Gaussian distribution, slope of log-log plot was determined as 0.9±0.26 in 95% confidence 

interval. 

Scheme 3-21. Kinetic experiment on silyl enol ether 4 
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On the other hand, the reaction showed interesting kinetics on the concentration of formaldehyde.  An initial 

velocity assay on formaldehyde was conducted by changing the concentration of formaldehyde from 0.050 to 0.50 

M.  The plot was not linear, rather was showing curved structure with saturation (Scheme 3-22).  This obtained 

kinetics had some similarity to enzymatic ones, so the obtained data was plotted again in double reciprocal manner.  

As a result, excellent linear relationships were observed between the inverse of formaldehyde concentration and the 

inverse of the reaction rate. 

Scheme 3-22. Kinetic experiment on formaldehyde 
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3-4. Mechanistic considerations 

3-4-1. Mechanistic considerations of direct-type aldol reactions 

A revealed first-order rate dependency of indanone 1 and chiral Sc catalyst complex while a 0th order dependency 

on formaldehyde represents an overall experimental rate-law of: 

Initial Reaction Rate = 𝑘[𝟏]0
1[Sc]0

1[HCHO]0
0
 

 

During the course of the reaction, scandium catalyst and two carbonyl species (indanone 1, formaldehyde) are 

expected to form an intermediate complex.  Judging from 0th order dependency of formaldehyde, however, the 

complex that contains formaldehyde is not the species at the rate determining step.  A possible rate determining step 

other than carbon-carbon bond formation is the enolate formation step with deprotonation.  After coordination of 

the scandium species, the scandium enolate will be formed with water or dodecylsulfate anion as a proton scavenger.  

The basicity of those species is not high, so the rate of enolate formation step could be slow enough to limit whole 

reaction rate. 

Scheme 3-23. Considerable rate determining step 

 

With these considerations and our previous studies,109 here the reaction mechanism is assumed as follows.  To 

a catalyst complex A, indanone 1 is coordinated and make intermediate complex B.  Following slow deprotonation 

from B leads to active complex C and this species interacts with formaldehyde and following deprotonation gives 

product complex D. (Scheme 3-24) 
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Scheme 3-24. Assumed catalytic cycle 
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3-4-2. Mechanistic considerations of Mukaiyama aldol reactions 

Obtained data indicated following results; 0th order on catalyst, 0.9th (or probably 1st) order on enolate, and 

Michaelis-Menten type kinetics on formaldehyde.  An overall experimental rate-law is described as: 

Initial Reaction Rate = 𝑘1[𝟒]0
0.9[Sc]0

0 [HCHO]0
𝑘2[HCHO]0 − 𝑘3

 

 

The reaction condition is employing micellar system, which is surely heterogeneous.  Moreover, an initial rate 

of Mukaiyama aldol reactions is nearly 10 times faster than that of direct-type aldol reactions.  For such a rapid 

reactions under heterogeneous conditions, it is required to consider not only “chemical” rates of reactions but also 

“physical” rates such as a diffusion or a permeation through the surfactant layer.  Whole reaction system including 

diffusion step is assumed in Scheme 3-25. 

Scheme 3-25. Assumed reaction pathway including diffusion of substrate on micelle 

 

 

The reaction probably takes place on the surface of micelle, as an enolate 4 exists in micelle and population of 

formaldehyde is considered to be greater in an aqueous phase.  The surface of micelle is covered by surfactant 

molecules, and hydrophilic molecules such as formaldehyde have some difficulties to permeate through.  Therefore, 

permeation of formaldehyde is possibly ignored, rather of enolate is to be considered. 
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On the other hand, zero-order rate law on catalyst could not be explained from estimated reaction rate equation 

containing catalyst concentration as a factor.  It is possible that an amount of actual “active” scandium species is not 

proportional to corresponding catalyst loading.  In other word, active species are saturated and limited amount of 

scandium are working as a catalyst (Scheme 3-26). 

Scheme 3-26. Saturation of real active catalyst species 

 

 

3-5. Conclusion 

In Chapter 3, the direct reaction monitoring of heterogeneous reactions under micellar conditions was achieved 

using DART-MS with an isotope-labelled internal standard.  An internal standard 2-d4 was successfully designed 

for the monitoring of direct-type aldol reactions of ketone 1 with formaldehyde catalyzed by scandium 

tris(dodecylsulfate) – 2,2’-bipyridine complex in water.  2-d4 was also applicable to the monitoring of Mukaiyama 

aldol reactions in water catalyzed by the same scandium complex.  As an extensive applications of the monitoring 

methodology, kinetic analyses were conducted and overall experimental rate-laws are described: 

For direct-type aldol reactions, 

Initial Reaction Rate = 𝑘[𝟏]0
1[Sc]0

1[HCHO]0
0
 

And for Mukaiyama aldol reactions, 

Initial Reaction Rate = 𝑘1[𝟒]0
0.9[Sc]0

0 [HCHO]0
𝑘2[HCHO]0 − 𝑘3

 

The completely different rate-laws suggest distinct roll of catalyst complex in each reaction mechanisms.  0th 

Order on formaldehyde in direct-type reaction is probably due to the slow deprotonation of 1, however, it is difficult 

to explain another 0th order on scandium complex in Mukaiyama aldol reaction.  The saturation of scandium species 

was suggested, but the true reason for this unusual kinetics is remain unknown.  The elucidation of true catalyst 

species for Mukaiyama aldol reaction in water is highly desired in future. 
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4. Monitoring study of liquid-liquid heterogeneous reactions: 1,4-addition/ 

enantioselective protonation reactions in water 

4-1. Introduction 

It is important to show further applications toward various heterogeneous reaction systems to establish the 

monitoring strategy.  In chapter 3, the monitoring strategy using DART-MS with an isotope-labelled internal 

standard was applied for the direct-type aldol reactions and Mukaiyama aldol reactions under micellar conditions to 

show successful reaction profiles.  As the third example of the monitoring study, a heterogeneous reaction in the 

absence of surfactant was selected.  Water-insoluble organic materials form large droplets under vigorous stirring 

during reactions, and reactions proceed in one phase of the mixture via an extractive manner or on the surface of the 

droplet.  An important example is phase transfer catalysis110–112 employing water/organic solvent biphasic systems 

and ionic organic materials as intermediate transfer catalysts.  If phases of heterogeneous reactions are easily 

separated when the stirring is stopped, ordinary aliquot-taking analysis is possible without any sample treatment.20,21  

However, such a phase separation is not always promising.  High viscosity of the phase or existence of an emulsifier 

would inhibit efficient phase separation for direct observation of the reaction system. 

Scandium-catalyzed 1,4-addition/enantioselective protonation reactions were selected as good examples of non-

micellar type catalytic reaction systems113 (Scheme 4-1). 

Scheme 4-1. Scandium-catalyzed 1,4-addition/enantioselective protonation reactions 

Stereoselective 1,4-addition reactions are highly important for the formation of complex molecules.114–116  In 

the selected examples, thia-Michael addition reactions were conducted in pure water with water-soluble scandium 

triflate as a catalyst.  2,2’-Bipyridine ligand 5 created an efficient chiral environment and 1,4-addition products were 

obtained with high enantioselectivities.  Achiral enolate intermediate is expected in 1,4-addition reactions when 

substrate has same substituent on β-position, however, in this reaction the products are obtained with high 

enantioselectivity (Scheme 4-2).  Such selective protonation reactions under highly protic conditions are quite rare 

and interesting.117  Of this great interest, this particular reaction was selected as a representative example. 

Scheme 4-2. 1,4-Addition/enantioselective protonation reactions 
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4-2. Initial trials 

Deuterium labelled internal standard 8a-d5 was prepared from commercial benzene-d6 as follows (Scheme 4-3).  

Friedel-Crafts acylation reaction under anhydrous condition was conducted to form propiophenone-d5 (9a-d5), which 

was converted into α-methyl substituted enone 7a-d5.118  Under standard reaction conditions deuterium-labelled 

product 8a-d5 was obtained in high yield with high deuterium purity.  Obtained product was used after 

recrystallization. 

Scheme 4-3. Preparation of deuterium-labelled internal standard 

 

A synthesized internal standard 8a-d5 was then used for the monitoring study.  Due to its poor solubility in 

water, internal standard 8a-d5 was added to a reaction vessel as a stock solution in ethyl acetate.  After removal of 

solvent under continuous nitrogen flow, Sc(OTf)3, 2,2’-bipyridine ligand 5 and water was added.  After 1 hour of 

catalyst preparation, enone 7a and benzyl mercaptan were successively added.  The reaction was conducted in fume 

hood to avoid an odor of thiol and a small aliquot sample was taken by a glass capillary to bring DART ionization 

area manually.  An ionization was conducted under standard DART-MS conditions previously determined in chapter 

3 (Scheme 4-4, N2 as carrier gas, 200 °C). 

Scheme 4-4. Initial monitoring trial under standard reaction conditions 

 

As a result, a peak intensity of a product 8a at m/z = 271 gradually increased as the reaction proceeded, however, 

that of an internal standard 8a-d5 at m/z = 276 was crucially low even after a long reaction time.  In order to conduct 

a quantitative monitoring by the ratio of isotopes, an improvement of peak intensity was required.  Monitoring 
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conditions of DART-MS were optimized for better detections.  Starting material 7a, benzyl mercaptan and 

deuterated internal standard 8a-d5 was mixed in water and the mixture was analyzed by various conditions of DART-

MS (Scheme 4-5). 

Scheme 4-5. Monitoring conditions optimizations 

 

Entry DART gas DART temp. (°C) m/z = 271 (8a) m/z = 276 (8a-d5) 

1 N2 200 ND Weak 

2 He 200 ND Weak 

3 He 400 Detected Detected 

4 He 100 ND ND 

5 N2 400 Detected Detected 

 

As a result, unfortunately, no good conditions were established.  N2, used in standard conditions in chapter 3, 

is generally considered to be a less efficient carrier gas of DART-MS than He.51,119  However, at 200 °C neither N2 

nor He ionized a deuterium labelled compound 8a-d5 efficiently (entries 1, 2).  At 400 °C by using He or N2 as a 

carrier gas, the deuterium labelled compound 8a-d5 was detected with acceptable peak intensity.  But 

disappointingly, non-deuterium labelled compound 8a was also detected in both case (entries 3, 5).  It indicates that 

thia-Michael addition reaction was promoted under ionization conditions.  This undesired reaction during ionization 

violated the ionization rules for quantitative monitoring, so those conditions were not applicable for reaction 

monitoring. 
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4-3. Substrate scope for good detection 

The low peak intensity of internal standard 8a-d5 was probably due to an ion suppression effect caused by 

reaction components such as starting material 7a or catalysts.  An ionization tendency on DART-MS depends on 

desorption easiness and proton affinity of a molecule.  In other word, a compound with lower boiling point and 

higher basicity is ionized better.  In order to control the ionization properties of a reaction mixture, several types of 

the substrates were examined. 

Scheme 4-6. Detection check with several substrates 

 

Entry Substrate (Ar) DART condition Detection of 8a-d Product 

1 7a (Ph) Positive, He, 200 °C No 8a 

3 7b (4-(OMe)C6H4) Positive, He, 200 °C Good 8b 

4 7c (4-ClC6H4) Positive, He, 200 °C Good 8c 

5 7d (4-(OH)C6H4) Negative, He, 200 °C Good 8d 

 

The reactions were conducted with substrates and the mixture was analyzed at early stage of the reaction under 

indicated conditions of DART-MS (Scheme 4-6).  Applicability of substrates were judged from detections of each 

desired products 8a-d at early reaction stages (within 10 minutes).  As a result, products 8b and 8c were detected 

from corresponding reaction mixtures containing substrates 7b and 7c (Entries 2, 3).  Acidic functional groups are 

often detected as its anion form under negative mode DART-MS.  4-Hydroxy substituted substrate 7d was 

successfully applied to give the peak of desired product 8d under negative mode at early stage of the reaction (entry 

5).  Among these 3 success, 4-methoxy substituted substrate 7b was selected from viewpoint of synthetic availability.  

For the monitoring study, an internal standard 8b-d3 was synthesized by following procedure (Scheme 4-7).   
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Scheme 4-7. Preparation of deuterium labelled internal standard 8b-d3 

 

Methanol-d4 was tosylated under basic conditions and obtained tosylmethane-d3 was used as the reagent to 

introduce CD3 group to 4-hydroxypropiophenone 9d.  After methylation reaction under basic conditions, 9b-d3 was 

obtained in high yield.  α,β-Unsaturated enone 7b-d3 prepared by a methylenation reaction from 9b-d3 was 

submitted to 1,4-addition/protonation reactions to afford the desired deuterated internal standard 8b-d3. 

Scheme 4-8. Monitoring trial with methoxy-substituted compounds 

 

The reaction monitoring was then conducted with a newly prepared internal standard 8b-d3 by manual sampling.  

Both the peaks of internal standard 8b-d3 and reaction product 8b were observed successfully with high S/N.  

Obtained SICs of m/z = 304 – 304.5 (Figure 4-2) and 301 – 301.5 (Figure 4-3) are shown in next page.  The reaction 

profile of product 8b was determined from the integrations of the peaks (Figure 4-1).  A rapid increment of non-

deuterated compound 8b was suggested from the ratio of isotopes.  As the reaction was considered to be too fast to 

determine its initial velocity, monitoring experiments were conducted for 3 times in larger amount of solvent to find 

more suitable reaction conditions (Scheme 4-9). 
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Figure 4-1. Reaction profile of Scheme 4-8 
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Figure 4-2. SIC of 8b-d3 (m/z = 304.0 – 304.5) 

 

Figure 4-3. SIC of 8b (m/z = 301.0 – 301.5) 
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Scheme 4-9. Reaction monitoring trials under diluted conditions 

 

 

 

A moderate reaction rate has some technical advantages.  A number of data point per the reaction progress is 

increased, and local deviation range of material is minimized.  In the presence of 1.6 mL of water (twice amount to 

the original conditions), the reaction proceeded slowly and the yield of 8b reached 50 (d0/d3) at around 40 minutes.  

Under 5 times diluted conditions to the original, the reaction was more sluggish and a good linearity was observed 

on its profile.  In order to conduct the reaction under diluted conditions, the details of reaction outcomes were 

examined extensively. 
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4-4. Condition optimizations for reproducibility 

Scheme 4-10. Condition optimizations under diluted conditions 

 

Entry X (mL) Yield (%) ee (%) 

1 0.8 85 54 

2 1.6 93 45 

3 4.0 89 21 

4 4.0 80 28 

5 4.0 82 28 

 

It is reported that with the substrate 7b the desired product 8b was obtained in 85% yield with 54% ee (entry 

1).113  At lower concentration the product 8b was obtained in high yield, though low selectivity was observed 

(entries 2 – 5).  In the presence of 1.6 mL of water, the product 8b was obtained in 93% yield with 45% 

enantioselectivity (entry 2).  When the reaction was conducted in 4.0 mL of water, enantioselectivity was dropped 

to 21% (entry 3).  This low ee was unfortunately reproducible in two replications (entries 4, 5).  It was suggested 

that a background reaction were competitive to decrease the selectivity. 
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Scheme 4-11. Reaction monitoring in the absence of catalyst and base 

 

 

 

In order to confirm the background pathway, the reaction was conducted in the absence of catalyst and base.  

However, the reaction did not proceed in the absence of scandium triflate, ligand 5 and base (Scheme 4-11).  The 

reaction was monitored for 2 hours by DART-MS using 8b-d3 as an internal standard, and less than 0.5 (d0/d3) of the 

product 8b formation was observed.  After 18 hours the reaction was quenched and its crude mixture was analyzed 

by 1H-NMR with tetrachloroethane as an internal standard to detect 2.4% of the product (assumed to be a mixture of 

8b and 8b-d3).  The low enantioselectivity observed at low concentration in Scheme 4-10 was therefore not due to 

the background reaction.  The reaction was considered to be sensitive toward pH value of the reaction mixture 

because a stereo-determining step of this reaction is a protonation of an enolate intermediate. 
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Scheme 4-12. Reaction profiles with various base loadings 

 

Entry Y (mol%) Yield (%) ee (%) Initial rate 

1 5 81 68 2.20 

2 5 - - 1.74 

3 5 - - 1.51 

4 10 89 65 1.66 

5 20 - - 1.95 

6 20 - - 1.36 

7 20 - - 1.20 

8 20 - - 1.22 

9 30 - - 0.53 

10 40 85 65 0.13 

11 40 - - 0.67 

 

The amount of solvent was fixed to 0.8 mL to avoid the decrease of enantioselectivity, and then the base loading 

was changed to confirm its influence to a reaction rate and enantioselectivity of the product 8b (Scheme 4-12).  In 

the presence of 5 mol% of pyridine, the reaction started rapidly to show linear initial reaction rate (Entries 1-3, Figure 

4-4 as a representative; region from 0 to 20 min was used as its initial rate).  On the other hand, 40 mol% of pyridine 

made the reaction rather sluggish and nearly 1 h of induction period was observed (Entries 10 and 11, Figure 4-5 as 

a representative; linear region after induction period was used as its initial rate).  Interestingly, with different base 

loading the reaction rate was significantly changed without loss of enantioselectivity.  The reactions were further 

monitored at 20 and 30 mol% base loading.  In the presence of 20 mol% pyridine the monitoring was conducted 4 

times to check the reproducibility of the reaction profile (Figure 4-6).  Unfortunately, the reproducibility of the 

reaction profile was not excellent.  Monitoring results of 11 initial reaction rates with different base loadings were 

summarized in Figure 4-7. 

Additionally, it was found that the monitoring accuracy suddenly dropped around 50 (d0/d3) of the reaction 

progress in most cases.  The reaction product 8b is a solid while substrate 7b and benzyl mercaptan are liquids.  

The solidification of product 8b probably interfered the fast matter exchange between phases to keep an isotopic ratio 

homogeneous. 
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Figure 4-4. Entry 1, pyridine 5 mol% 

 

 

Figure 4-5. Entry 10, pyridine 40 mol% 
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Figure 4-6. Reaction profiles of entries 5 – 8 (20 mol%) 

 

 

Figure 4-7. Reaction rate versus pyridine loading (Scheme 4-12) 
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Scheme 4-13. Enantioselective thia-Michael reactions with sodium hydroxide as a base 

 

Entry X (mol%) Initial rate Yield (%) ee (%) 

1 2 1.09 78 54 

2 2 1.05 - - 

3 2 1.08 - - 

4 2 0.96 - - 

5 2 1.11 - - 

6 5 1.15 96 59 

7 10 0.96 97 57 

8 15 ~12 Quant. Rac. 

 

 

 

In the course of extensive optimizations of conditions, it was found possible to catalyze the reaction well under 

diluted conditions by using sodium hydroxide as a base instead of pyridine (Scheme 4-13).  The 0.4 mmol scale 

reaction was conducted with 4.0 mL water in the presence of 5 mol% of Sc(OTf)3, 6 mol% of ligand 5 and 2 mol% 

of NaOH to furnish 78% yield of the product with 54% enantioselectivity (entry 1).  An initial reaction rate was 
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rather sluggish than that of pyridine, but showed better reproducibility for 5 times trials (entries 1-5).  Interestingly, 

reaction rate was constant while the loading of NaOH was changed from 2 mol% to 10 mol% (entries 6 and 7).  With 

>15 mol% of NaOH, a reaction rate increased dramatically and enantioselectivity of the product was completely lost 

(entry 8).  A test paper indicated that the pH value of reaction mixture after monitoring was larger than 7.  It is 

assumed that Lewis acidic scandium catalyst was completely neutralized by NaOH and slight excess hydroxide 

worked as a base catalyst to promote 1,4-addition reaction of thiolate anion. 

4-5. Reaction profiles and pH measurement 

The thia-Michael reaction proceeds via addition step of thiol/thiolate to enone and following protonation step 

of enolate intermediate.  Concentration of proton (pH of solution, in other word) can affect these two factors; 

deprotonation of thiol, protonation of product.  The effect of pH value to the reaction rate was investigated by 

monitoring the reaction profile and pH profile simultaneously (Scheme 4-14).  Horiba ToupH electrode was used 

for the real-time measurement of pH value.  To avoid pH change by CO2, the reaction was conducted under argon 

atmosphere.  Aliquot sample for reaction monitoring by DART-MS was taken by glass capillary, which was led into 

flask by piercing septa with needle.  See figure below the scheme for the details of the reaction set-up. 

Monitoring results of reaction progress and pH value are shown in the bottom graph.  On the very early stage 

of the reaction, a small induction period (less than 1 min) was observed.  The similar induction periods have been 

observed in all the previous reaction monitorings.  This induction period is in good agreement with the pH shift 

from 5 to 4.7.  The pH change is probably induced by the change of catalyst structure, which is associated with the 

change of reactivities. 

Additionaly, from 17 to 20 min a small disturbment of pH measurement was observed.  Formation of a solid 

material observed at this period was presumably the reason of a disturbment. 
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Scheme 4-14. Simultaneous monitoring of reaction and pH profiles 
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4-6. Conclusion 

In chapter 4, the conditions of direct monitoring of heterogeneous reactions of organic materials in water were 

established.  A slight modification of substrate structure was crucial to detect the desired peaks of an analyte and an 

internal standard with sufficient intensities.  By using methoxy-substituted internal standard 8b-d3, a reaction profile 

was obtained with low deviation of data.  The monitoring study revealed a negative dependency of the reaction rate 

to a pyridine loading and an independent manner of that to a loading of NaOH.  A relationship between the reaction 

rate and the pH of the mixture was also pointed out. 
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5. Monitoring study of liquid-liquid-solid tri-phasic heterogeneous reactions: 

Indium(0) catalyzed allylation reactions in water 

5-1. Introduction 

Organic reactions promoted by solid catalysts have great attention nowadays for their robustness, reusability, 

and easy handlings.  There are a number of examples of organic reactions in/on water with solid catalysts such as 

zeolites,120 silica,121 clay, or metal/organocatalyst on solid supports.  Organic materials are immiscible with water 

to create a biphasic system, and solid catalysts do not dissolve in both phases.  So the reaction proceeds under a tri-

phasic heterogeneous system: Organic phase, aqueous phase, and solid phase.  Mechanistic analysis toward such a 

complicated system is highly problematic, especially a quantitative approach toward a water-organic-solid 

heterogeneous system has not been established well. 

Scheme 5-1. Catalytic use of indium(0) for carbon-carbon bond transformations in water 

 

In this section, an indium-catalyzed allylation reaction in water (Scheme 5-1) was selected as an example of tri-

phasic heterogeneous organic reactions.122  Allylation reactions of simple ketones with allylboronates are promoted 

by indium(0) metal as a catalyst.  In the representative example, acetophenone 10a is allylated with pinacol 

allylboronate 11a to furnish the desired homoallyl alcohol 12a in high yield.  It was reported that indium metal was 

aggregated during the reaction, but that it remained as a metal form.  ICP-AES analysis after the reaction excluded 

the formation of soluble indium species.  It is considered that the reaction is proceeding on the surface of indium 

metal, or isolated indium particles catalyze the reaction and go back to a bulk state (Figure 5-1). 

 

Figure 5-1. Surficial catalysis and isolated particle catalysis 

Some control experiments reinforced surficial reaction mechanism.  The reaction was conducted with indium 

metal wire by avoiding physical contact to a stirring bar (Scheme 5-2).  Yield of the allylated product was low, but 

the reaction was surely promoted. 
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Scheme 5-2. Indium “wire” catalyzed reaction. 

 

 

The reaction without a stirring bar promoted by vial shaking indicated that there were no aggregation without 

scratching force on indium metal (Scheme 5-3, Figure 5-2 and Figure 5-3).  Indium powder purchased from Sigma-

Aldrich® is ~60 mesh spherical particle (Figure 5-2, left) and its shape and size did not change during the reaction 

(Figure 5-2, right).  Particle crushing and aggregation was observed in the presence of stirring bar (Teflon).  Indium 

is a quite soft metal. 
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Scheme 5-3. Allylation reaction without stirring bar 

 

  

Figure 5-2. Indium powder. Before the reaction (left) and after the reaction (right) 

 

Figure 5-3. With stirring bar 
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5-2. Initial trials 

In order to confirm that the monitoring strategy by using an isotope-labelled internal standard is applicably or 

not, the detection trial was conducted with a mixture of acetophenone, allylboronate and a trace amount of a reaction 

product in water.  Firstly the detection of the reaction product 12a in the mixture was examined.  The mixture of 

starting material 10a, allylboronate 11a and a small amount of 12a was placed in the reaction vessel on an auto-

sampler and was analyzed by DART-MS with several detection conditions (Scheme 5-4). 

Scheme 5-4. Ionization trials on DART-MS 

 

Entry Gas Temp. (°C) Sampling rod [12a+H]+ [(12a+H2O)+H]+ [(12a-H2O)+H]+ 

1 N2 200 Glass tube (φ = 1.8 mm) ND ND ND 

2 N2 200 Capillary ND ND ND 

3 He 200 Glass tube (φ = 1.8) ND ND Detected 

4 He 200 Capillary ND Detected Detected 

5 He 400 Glass tube (φ = 1.8) ND Detected Detected 

 

The conditions determined for Mukaiyama aldol reactions in chapter 3 (N2 as carrier gas, 200 °C) was firstly 

employed (entries 1, 2).  A small aliquot sample was taken by closed end of a melting point tube (φ = 1.8 mm) or a 

glass capillary; however, no peak was observed of compound 12a.  It was suggested that nitrogen was not suitable 

carrier gas for the detection of compound 12a.  On the other hand, a corresponding peak of a dehydrated product of 

12a ([(12a-H2O)+H]+) was observed by using helium as a carrier gas (entries 3, 4).  The detection of simple proton 

adduct ([12a+H]+) was not stable under the conditions (entry 3).  Detection of dehydrated cation of 12a is reasonable 

due to the stability of tertiary cation species.  At 400 °C gas temperature both the protonated and dehydrated cation 

was detected.  The dehydrated cation was detected with the higher intensity as an elimination of the hydroxyl group 

was smoother at the high temperature (entry 5). 

Toward the monitoring study, the deuterium-labelled compound 12a-d3 was synthesized by simple reactions 

(Scheme 5-5).  A proton on methyl group of acetophenone 10a was exchanged into deuterium under basic conditions, 

and deuterated acetophenone 10a-d3 was then allylated with commercial allylmagnesium bromide solution to furnish 

the labelled compound 12-d3 in 44% yield. 
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Scheme 5-5. Preparation of an internal standard 12a-d3 

 

The synthesized internal standard 12a-d3 was then used for the monitoring study (Scheme 5-6).  The internal 

standard 12a-d3 was introduced to a flask as a methanol solution and the solvent was removed under N2 flow.  The 

indium powder, water, acetophenone 10a and allylboronate 11a were successively added and then the reaction was 

monitored by DART-MS (He, 200 °C). 

Scheme 5-6. Monitoring trial of the allylation reaction 
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The dehydrated peaks of the product 12a and the internal standard 12a-d3 were successfully observed with high 

peak intensities.  However, the isotope ratio of 12a/12a-d3 showed random result.  A disturbance by background 

reaction under ionization conditions was highly doubted, so control experiment was conducted in the absence of 

indium catalyst. 

Acetophenone 10a, allylboronate 11a, reaction product 12a and internal standard 12a-d3 were mixed in pure 

water at 30 °C and the mixture was ionized on DART-MS to conduct a repetitive analysis (Scheme 5-7: He as carrier 

gas, 200 °C).  In the absence of the indium catalyst, the allylation reaction of 10a with 11a do not proceed and ratio 

of isotopes of product 12a/12a-d3 is kept constant during the measurement.  If the background reaction were not to 

proceed during the ionization, the detected ratio of 12a/12a-d3 would be stable. 

Scheme 5-7. The ionization experiment of 12a/12a-d3 in the mixture 

 

 

Entry Solutions Average peak intensity of 12a (m/z = 145) Average 12a ratio (d0/d3) RSD (%) 

1 None 1688 0.363 11.4 

2 Pure water 3194 0.374 12.9 

3 HClaq. (0.1 M) 4480 0.393 7.8 

4 HClaq. (1.0 M) 5427 0.466 26.8 

5 NH3aq. (1.0 M) 5749 0.471 21.6 

 

The result, however, showed a randomness indicating that the background reaction proceeded during the 

ionization (entry 1).  The ratio of product 12a/12a-d3 was not stable at all to show RSD = 11.4% within 18 repetitive 

ionizations by auto-sampler.  In order to avoid the background reaction during the ionization, the ionization 

environment was modified.  The ionization tendency of DART-MS is known to be dependent on the moisture around 
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the ionization region.  Water was placed below ionization area and the same ionization experiment of the mixture 

was conducted (entry 2).  As a result, an average ion intensity of desired product 12a was increased; however, still 

the isotope ratio of 12a/12a-d3 was not stable.  An aqueous HCl was then examined for its volatility and the 

protonation ability, to find no stabilization effect (entries 3, 4).  Finally an aqueous NH3 was examined as organic 

compounds are sometimes detected as an ammonium adduct cation ([M+NH4]+) on DART-MS analysis (entry 5).  

Unfortunately any expected ammonium adduct of 12a was not observed, and the isotope ratio of 12a/12a-d3 was not 

stable at all. 

 

5-3. Reagent scope for detection conditions 

From the control experiments in previous section, it is concluded that the combination of acetophenone 10a and 

allylboronate 11a was not suitable for DART-MS monitoring.  In order to establish the monitoring conditions for 

the indium catalyzed allylation reactions, alternative substrates were examined extensively.  The original article 

showed that various aromatic ketones and aliphatic ketones were applicable for the reactions.122  The scope was 

conducted by ionizing a mixture of various ketones and allylboronates in water under standard DART conditions.  

The detection of 12 is undesirable in the absence of the indium catalyst to avoid the background reaction during 

ionization under DART-MS conditions.  Firstly the scope of ketone was conducted with allylboronate 11a (Scheme 

5-8). 

Scheme 5-8. Reagent scope of ketone for the detection conditions 

 

Entry Ketone [12+H]+ [12+H3O]+ [12+NH4]+ [12-OH]+ 

1  (10a) - (ND) - - + (detected) 

2  (10b) - - - + 

3  (10c) + + + + 
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4  (10d) - + - + 

5  (10e) + + + + 

6  (10f) + + + + 

7  (10g) - - + + 

8  (10h) + + + - 

 

As a result, in all cases any starting material 10 and allylboronate 11a mixture gave protonated ([M + H]+), 

hydrated ([M + H3O]+), dehydrated cation ([M - OH]+) or ammonium adduct ([M + NH4]+) peaks of 12; no ketone 

was found applicable for reaction monitoring.  At this stage, it was concluded that the allylboronate 11a was reactive 

enough toward any ketones under DART ionization conditions to proceed the allylation reaction on a gas phase. 

Secondary an allylboronate was examined.  As a less reactive boronate than 11a, α-methylallylboronate 11b 

was chosen and ionization test was conducted with acetophenone 10a. 

Scheme 5-9. No background reaction of α-methylallylboronate under MS conditions 

 

As a result, none of the protonated, hydrated, dehydrated cation or ammonium adduct peak of the product 12b 

was observed, which indicated the background reaction of acetophenone 10a and α-methylallylboronate 11b did not 

take place.  Internal standard 12b-d3 was synthesized from labelled acetophenone 10-d3 following reaction 

conditions of indium catalyzed allylation reactions (Scheme 5-10). 
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Scheme 5-10. Synthesis of 12b-d3 

 

Synthesized internal standard 12b-d3 was then used for the monitoring study of allylation reaction using α-

methylallylboronate 11b (Scheme 5-11).  As the yield was relatively low in the internal standard preparation, 

reaction was expected to be slow and the monitoring was conducted with 5 minutes interval. 

Scheme 5-11. Monitoring trial of allylation reaction using α-methylallylboronate 

 

 

 

Interestingly, the resulted reaction profile of product 12b indicated that the reaction was finished within 20 

minutes.  After that the ratio of isotopes 12b/12b-d3 were stable to show 50 to 60% yield of the product.  The 

change of allylboronate structure was promising for the control of the reactivity under ionization conditions.  

Generally allylboronates with 5-membered ring protecting groups are more reactive than those with 6-membered 

ones under reaction conditions both in organic solvents and in water.123,124  For the indium catalyzed allylation 

reactions, 6-membered allyl boronates were found applicable.  Yield of the desired products 12a/12b were not 

satisfactory with neopentylglycol allylboronate 11c or α-methylallylboronate 11d, while pinacol allylboronate 11a 

and α-methylallylboronate 11b furnish the products in high yields with excellent selectivity (Scheme 5-12). 
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Scheme 5-12. Allylation reactions with allylboronates 11a-11d 

 

Entry Boronate R PG Temp. (°C) Yield (%) syn/anti 

1 11a H Pinacol 30 Up to 86% - 

2a 11b Me Pinacol 30 99 98/2 

3 11c H Neopentylglycol 30 63b - 

4 11c H Neopentylglycol 40 69b - 

5 11d Me Neopentylglycol 40 61 94.5/5.5 

a Reported results. b Determined by crude 1H-NMR analysis with 4-dimethoxybenzene as an internal standard. 

 

In the presence of 5 mol% indium metal, pinacol allylboronate 11a gave the desired product up to 86% and α-

methylallylboronate 11b yielded the product quantitatively with 98/2 syn selectivity (entries 1, 2).  On the other 

hand, neopentylglycol allylboronate 11c gave the product only in 63% yield (entry 3).  Yield was slightly improved 

to 69% at 40 °C.  The conversion of acetophenone 10a was not high with neopentylglycol α-methylallylboronate 

11d and the product 12b was obtained in moderate yield with high selectivity (entry5). 

The same tendency was expected in gas phase, so several other allylboronates including 6-membered protecting 

groups were examined for their reactivities during ionization under the DART-MS conditions (Scheme 5-13). 

Scheme 5-13. The reaction monitoring study with various allylboronates 

 

Entry Boronate  Entry Boronate 

1  (11a, allyl-pin)  3  (11c, allyl-npg) 

2  (11b, α-methyl-pin)  4  (11d, α-methyl-npg) 
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As expected, the reaction of α-methylallylboronate 11c was successfully monitored to show a curved reaction 

profile (entry 3).  6-Membered allylboronate 11b and α-methylallylboronate 11d were also applicable.  These 

allylboronates did not react during ionization under gas phase to disturb the isotope ratio of the product 12a/12b. 

5-4. Conclusion 

In this chapter the application of the real-time monitoring strategy using an isotope-labelled internal standard 

was shown for the indium catalyzed allylation reaction of a ketone as the representative examples.  The background 

reaction of pinacol allylboronate 11a with acetophenone 10a under gas phase during ionization was problematic, but 

the problem was solved by using neopentylglycol allylboronate 11c as an alternative reagent.  Further improvement 

of reaction conditions for the reaction using 11c was also shown. 
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6. Organosuperbase-catalyzed 1,4-addition reactions of sulfonylimidates 

6-1. Introduction 

A catalytic carbon-carbon bond forming reaction by proton transfer is a highly efficient and atom-economical 

method for the construction of organic molecules.76,125–132  Deprotonation at α-position of carbonyl group to form 

enolate species is one of the most important preparation methods of carbon nucleophiles for the building of complex 

structure.  However, especially in the case of simple alkyl esters having no activation group on its α-position, 

catalytic direct-type reactions are limited due to their less reactive -protons.  To the best of our knowledge, there 

is only one example of a base-catalyzed direct-type 1,2-addition reaction of simple alkyl esters.133  To address the 

issue of high pKa value of α-position on simple esters, some ester equivalents bearing no activation group on their α-

positions have been developed such as trichloromethylketones,134,135 thioamides,136 (N-boc)acylanisidides137 and 

sulfonylimidates138–144 (Scheme 6-1). 

Scheme 6-1. Ester equivalents for catalytic carbon-carbon bond forming reactions 

 

 

Successful utilizations of sulfonylimidates as nucleophiles have been shown in catalytic carbon–carbon bond-

forming reactions, such as Mannich-type reactions with imines in the presence of DBU138,139,141 or alkaline earth 

metal alkoxides or amides as catalysts,141,142 allylic substitution reactions of allyl carbonates,140 allyl acetates140 or 

allylic alcohols with palladium catalysts.143  Most recently, it was found that phosphorous-containing 

organosuperbases145 such as phosphazenes146–148 (e.g. tert-butylimino-tri(pyrrolidino)phosphorane, BTPP) and 

proazaphosphatranes149–152 (e.g. N,N',N''-triisobutyl-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]undecane, iBu-PAP) 

(Scheme 6-2) were surprisingly efficient catalysts for Mannich-type reactions of sulfonylimidates with imines.144  A 

unique reaction kinetics of an iBu-PAP catalysis was revealed. 

Scheme 6-2. Organosuperbases (pKBH are values in MeCN151) 
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Michael addition reactions are among the most important and useful methods for carbon–carbon bond 

formation.114–116  Up to now, numerous examples of stereo-selective reactions, including asymmetric variants, have 

been reported.153–159  However, catalytic reactions using simple esters without an activation group or their 

equivalents are very limited.  One example of DBU catalyzed 1,4-addition reaction of sulfonylimidate was 

reported138 in our laboratory (Scheme 6-3).  However, its entire reactivity or generality were still unknown. 

Scheme 6-3. DBU-catalyzed 1,4-addition reaction of sulfonylimidate138 

 

 

In this chapter, organosuperbase-catalyzed Michael addition reactions of sulfonylimidates with ,-unsaturated 

esters and thioesters are described in a detail.  The reaction showed excellent reactivity and diastereoselectivity in 

low-polarity solvents such as toluene. 
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6-2. 1,4-Addition reactions of sulfonylimidates with acrylates and analogues 

Scheme 6-4. Investigations of 1,4-addition reactions of sulfonylimidates using acrylates and analoguesa 

 

Entry Acceptor Base Time (h) Conversionb (%) Isolated yield (%) 

1 15a (R = OEt) DBU 3 11 12 (16a) 

2 15a DBU 24 44 43 

3 15a BTPP 3 full 92 

4 15a P2-Et 1.5 full 75 (16a) + 19 (17) 

5 15a iBu-PAP 3 < 30 12 

6 15a iBu-PAP 24 < 40 18 

7 15b (R = OtBu) BTPP 3 94 90 (16b) 

8 15c (R = Me) BTPP 3 > 95 53 (16c) 

9 15d (R = N(OMe)Me) BTPP 24 full 45 (16d) 

a The reaction of sulfonylimidate 14a (0.300 mmol) with acrylate (or analogues) 15 (0.450 mmol) was performed at room 

temperature in the presence of a catalytic amount of a base (0.015 mmol, used as a stock solution in DMF) unless 

otherwise noted. b Determined by 1H-NMR analysis of the crude reaction mixture. 

 

Control experiments with 5 mol% of DBU showed that the reactions of sulfonylimidate 14a and ethyl acrylate 

15a were proceeded sluggishly to afford the desired adduct 16a in 12% yield after 3 h or 43% yield after 24 h (Scheme 

6-4, entries 1, 2).  Preliminary investigations of phosphazene bases as catalysts showed excellent reactivity to 

achieve full conversion of 14a in a very short time, yielding the adduct 16a in higher yields (entries 3, 4).  While 

BTPP base afforded 16a in 92% yield, P2-Et base gave 16a in 75% yield with 19% yield of bis-adduct 17.  According 

to the strong basicity of proazaphosphatrane, high yield of the reaction was expected by employing iBu-PAP as a 

catalyst.  However, the dimerization (or polymerization) reaction of acrylate160 took place to suppress the formation 

of the desired adduct (entries 5, 6). 

Other α,β-unsaturated carbonyl compounds were applicable for the reaction.  tBu acrylate 15b successfully 

yielded the desired product 16b in excellent yield (entry 7).  Methyl vinyl ketone 15c and Weinreb amide 15d gave 

moderate yields of the products 16c and 16d, respectively (entries 8, 9). 

6-3. 1,4-Addition reactions of sulfonylimidates with crotonates and analogues 

With the success of the reactions using acrylates in hand, ethyl crotonate 18a was then chosen as a Michael 
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acceptor; however, the addition reaction of 14a with 18a did not proceed (Scheme 6-5, entries 1, 2).  Further 

investigations showed that the substituents on sulfonylimidates, the ester part of the crotonate, and the basicity of the 

catalyst had a strong effect on reactivity.  2,5-Xylyl sulfonylimidate 14b was more reactive than 14a to give the 

adduct 19ba in moderate yield (entry 3), and methyl crotonate 18b could react with 14a to afford 19ab (entry 4) with 

iBu-PAP as a catalyst.  By employing sulfonylimidate 14b and methyl crotonate 18b, 78% yield of the adduct 19bb 

was obtained with moderate stereoselectivity (entry 5, syn/anti = 61/39).  Interestingly, in contrast to the reactions 

with acrylates in Scheme 6-4, iBu-PAP catalyzed the desired reaction most effectively without promoting 

dimerization of crotonate esters (entries 5–7). 

Scheme 6-5. Condition optimizations of 1,4-addition reactions to crotonates (1)a 

 

Entry Sulfonylimidate Acceptor Base Conversionb (%) Isolated yield (%) drb (syn/anti) 

1 14a (Ar = 4-tolyl) 18a (R = Et) BTPP NR - - 

2 14a 18a iBu-PAP NR - - 

3 14b (Ar = 2,5-xylyl) 18a iBu-PAP 41 37 (19ba) 63/37 

4 14a 18b (R = Me) iBu-PAP 66 59 (19ab) 57/43 

5 14b 18b iBu-PAP 84 78 (19bb) 61/39 

6 14b 18b BTPP NR - - 

7 14b 18b P2-Et 60 60 (19bb) 61/39 

a The reactions of sulfonylimidate 14 (0.300 mmol) with ester 18 (0.360 mmol) was performed at room temperature in the 

presence of a catalytic amount of a base (0.015 mmol, used as a stock solution in DMF). b Determined by 1H-NMR 

analysis of the crude reaction mixture. The details of the determination of relative stereoconfigurations are shown in 0. 

 

In order to improve the diastereoselectivity of the product, less polar solvents were examined; however, the 

reaction did not proceed well in THF (Scheme 6-6, entries 1–3).  After investigations, thioester 18c was found to be 

a good Michael acceptor to give the desired adduct 19bc in high yield with good diastereoselectivity in toluene (entry 

4).  At the lower temperature, the more improved yield and selectivity were observed (entries 5, 6), and at –20 C 

the product 19bc was obtained in 99% yield with good diastereoselectivity (entry 6, syn/anti = 85/15).  The reaction 

was sluggish at much lower temperature (–40 C) to furnish the product in only 10% yield (entry 7). 

Judging from the results in DMF in Scheme 6-5, bulkiness of the arylsulfonyl groups on sulfonylimidates were 

considered to be effective on the diastereoselectivity of products.  For further improvement of the selectivity, the 

structure of the sulfonylimidates was again investigated in toluene with thioester 18c.  As expected, bulkiness of the 

arylsulfonyl group showed a significant effect on the selectivity.  Compared with 2,5-xylyl sulfonylimidate 14b, the 

less bulky 4-tolyl 14a gave the product in lower selectivity (entry 8), and the more bulky mesityl 14c (entry 9) or 

duryl 14d (entry 10) showed higher selectivity.  Moreover, 1-naphthyl 14e and 2-naphthyl 14f were examined with 
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expectation of high diastereoselectivity; however, the selectivities were not satisfactory (entries 11, 12). 

Scheme 6-6. Condition optimizations of 1,4-addition reactions to crotonate/thiocrotonate (2)a 

 

Entry Acceptor Sulfonylimidate solvent Temp. (C) Isolated yield (%) Drb (syn/anti) 

1 18b (R = OMe) 14b (Ar = 2,5-xylyl) THF rt 11 (19bb) 72/28 

2 18b 14b THF 50 9 65/35 

3c 18b 14b THF rt trace – 

4 18c (R = StBu) 14b toluene rt 88 (19bc) 78/22 

5 18c 14b toluene 0 97 83/17 

6 18c 14b toluene –20 99 85/15 

7 18c 14b toluene –40 10 85/15 

8 18c 14a (Ar = 4-tolyl) toluene –20 87 (19ac) 72/28 

9 18c 14c (Ar = 2,4,6-Me3C6H2) toluene –20 87 (19cc) 88/12 

10 18c 14d (Ar = 2,3,5,6-Me4C6H) toluene –20 88 (19dc) 93/7 

11 18c 14e (Ar = 1-naphthyl) toluene –20 90 (19ec) 78/22 

12 18c 14f (Ar = 2-naphthyl) toluene –20 99 (19fc) 76/24 

a The reaction of sulfonylimidate 14 (0.300 mmol) with ester/thioester 18 (0.360 mmol) was performed in the presence of a 

catalytic amount of iBu-PAP (0.015 mmol, used as a stock solution in the corresponding solvent) unless otherwise noted.  
b Determined by 1H-NMR analysis of the crude reaction mixture. c P2-Et phosphazene was used instead of iBu-PAP. 
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6-4. Substrate scope 

The substrate scope was then surveyed under the optimized conditions (Scheme 6-7).  Aliphatic substituted 

thioesters 18d and 18e gave the products 19dd and 19de, respectively, in good to high yields with high 

diastereoselectivities (entries 2, 3).  However, as the reactivity was low because of the bulkiness of the substituent 

at the R1 position, a longer reaction time (entry 2) or higher catalyst loading (entry 3) was required.  Aromatic 

substituted thioesters, regarded as cinnamic acid derivatives, were also successfully employed.  A simple phenyl 

18f (entry 4), electron-donating group substituted 18g and 18j thioesters (entries 5, 8), electron-withdrawing group 

substituted 18h and 18i thioesters (entries 6, 7) yielded the corresponding products in high yields with good 

selectivities.  Sulfonylimidate 14g also reacted to afford the desired Michael adduct 19gc (entry 9). 

Scheme 6-7. Substrate scopea 

 

Entry Thioester Sulfonylimidate Isolated yield (%) drb (syn/anti) 

1 18c (R1 = Me) 14d (R2 = Me) 88 (19dc) 93/7 

2c 18d (R1 = CH2
iPr) 14d 77 (19dd) 93/7 

3d 18e (R1 = iPr) 14d 60 (19de) 94/6 

4e 18f (R1 = Ph) 14d 89 (19df) 93/7 

5 18g (R1 = m-CH3C6H4) 14d quant. (19dg) 89/11 

6 18h (R1 = p-BrC6H4) 14d 96 (19dh) 91/9 

7f 18i (R1 = p-NO2C6H4) 14d 92 (19di) 87/13 

8 18j (R1 = ) 14d 96 (19dj) 91/9 

9 18c 14g (R2 = Et) 56 (19gc) 88/12 

a The reaction of 14 (0.300 mmol) with 18 (0.360 mmol) was performed in the presence of a catalytic amount of iBu-PAP 

(0.015 mmol, used as a stock solution in the corresponding solvent) unless otherwise noted. b Determined by 1H-NMR 

analysis of the crude reaction mixture. c 48 h. d 10 mol%. e 48 h. f 0 C. 
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6-5. Further conversions of sulfonylimidate 1,4-adducts 

Sulfonylimidate is a versatile ester surrogate and various conversion reactions are known.138,140–143  The 

Michael reaction product 19dc was successfully converted to the corresponding amino alcohol 20 and ester 19db.  

Product 19dc was treated with lithium aluminum hydride (LAH) in THF to afford an amino alcohol 20 in quantitative 

yield without loss of stereoselectivity, and obtained amino alcol 20 was successfully cyclized into dimethylpiperidine 

21 under Mitsunobu conditions (Scheme 6-8).  Methanolysis of the thioester moiety of product 19dc was performed 

selectively using NaOMe with tolerance of the imidate moiety.  It is considered that the syn-isomer of 19dc reacted 

dominantly to afford the desired product 19db in 70% yield with high diastereoselectivity (Scheme 6-9). 

Scheme 6-8. Conversion to amino alcohol 20, piperidine derivative 21 (Ar = duryl) 

 

Scheme 6-9. Conversion to methyl ester (Ar = duryl) 
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6-6. Determination of stereochemistry 

Relative stereoconfiguration of 19dh was determined by X-ray single crystallographic analysis.  Relative 

stereoconfigurations of other aromatic substituted compounds 19df, 19dg, 19di, and 19dj were assigned by analogy 

of 1H-NMR spectrometry. 

Relative stereoconfiguration of 19dc was assumed from the configuration of 21.  Relative stereoconfigrations 

of the other products were 19dd, 19de, 19gc, 19ba, 19ab, 19bb, 19bc, 19ac, 19cc, 19dc, 19ec, and 19fc were 

assigned by analogy of 1H-NMR spectrometry. 

Figure 6-1. X-ray single crystal structure of 19dh161 

 

 

6-7. Conclusion 

In summary, highly diastereoselective Michael addition reactions of sulfonylimidates were developed using 

organosuperbases as highly efficient catalysts.  ,-Unsaturated thioesters were found to be suitable Michael 

acceptors to achieve highly stereoselective reactions in low-polarity solvents such as toluene.  The 

diastereoselectivity of the products was successfully controlled by the steric bulkiness of the Ar group on the 

sulfonylimidates.  The obtained products were successfully converted into an amino alcohol and an ester.  
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7. Summary and perspectives 

 

In this thesis, a novel real-time monitoring method for heterogeneous reactions and organosuperbase-catalyzed 

1,4-addition reactions of sulfonylimidates with thioesters have been described. 

Organic chemical reactions under heterogeneous conditions have been developed for years; however, detailed 

mechanistic studies have not been investigated enough due to technical problems of heterogeneity.  To address the 

issue, a new monitoring method employing an auto-sampler DART-MS system with an isotope-labelled internal 

standard was established.  In chapter 2, evaluations of an auto-sampler system were conducted to show its sampling 

ability with moderate reproducibility.  For the quantitative monitoring study of heterogeneous reactions, an idea of 

isotope-labelled internal standard was introduced in this chapter. 

An advantage of isotope-labelled internal standard was confirmed in chapter 3.  Deuterium-labelled compound 

2-d4 was synthesized and the monitoring study of direct-type aldol reactions in water was successfully conducted 

(Scheme 7-1).  The same compound was applicable to the monitoring study of Mukaiyama aldol reactions in water. 

Scheme 7-1. Real-time monitoring study of direct-type aldol reaction and Mukaiyama aldol reaction 
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Kinetics studies of direct-type aldol reactions and Mukaiyama aldol reactions were also shown in chapter 3.  

As a result of investigations, rate-laws of the reactions were determined as follows; 

for direct-type aldol reactions, Initial Reaction Rate = 𝑘[𝟏]0
1[Sc]0

1[HCHO]0
0
 

for Mukaiyama aldol reactions, Initial Reaction Rate = 𝑘1[𝟒]0
0.9[Sc]0

0 [HCHO]0

𝑘2[HCHO]0−𝑘3
 

With these results in hand, reaction mechanisms of aldol reactions were discussed in details. 

In chapter 4, a real-time monitoring method was applied for 1,4-addition/enantioselective protonation reactions 

as an example of liquid-liquid heterogeneous reactions.  Slight modifications of monitoring conditions or substrate 

structure were required for the quantitative monitoring study.  By using methoxy-substituted compound 8b, desired 

peaks of 8b and 8b-d3 were observed with good intensities to give the smooth reaction profile (Scheme 7-2).  The 

monitoring study revealed the existence of induction period, which was associated with the change of the pH value 

of reaction mixture by dual monitoring of reaction progress and the pH value of a reaction mixture. 

Scheme 7-2. Real-time monitoring study of 1,4-addition/enantioselective protonation reactions in water 

 

 

In chapter 5, a further application of the monitoring strategy was shown for indium(0) catalyzed allylation 

reactions in water as an example of a liquid-liquid-solid tri-phasic heterogeneous reaction.  In the initial study, 

background reactions of acetophenone 10a and pinacol allylboronate 11a during ionization to prevent quantitative 

monitoring.  Ketones and allylboronates were extensively examined to find α-methylallylboronate 11b and 6-

membered allylboronates 11c, 11d were effective for the quantitative reaction monitoring (Scheme 7-3). 
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Scheme 7-3. Real-time monitoring study of indium(0) catalyzed allylation reactions in water 

 

 

Finally in chapter 6, highly diastereoselective Michael addition reactions of sulfonylimidates were developed 

using organosuperbases as highly efficient catalysts (Scheme 7-4).  ,-Unsaturated thioesters were found to be 

suitable Michael acceptors to achieve highly stereoselective reactions in low-polarity solvents such as toluene.  The 

diastereoselectivity of the products was successfully controlled by the steric bulkiness of the Ar group on the 

sulfonylimidates.  The obtained products were successfully converted into an amino alcohol and an ester. 

Scheme 7-4. Organosuperbase-catalyzed 1,4-addition reactions of sulfonylimidates 
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8. Experimental 

 

General 

1H and 13C NMR spectra were recorded on JEOL JNM-ECX400, JNM-ECA500, and JNM-ECX600 

spectrometers in CDCl3 unless otherwise noted.  Tetramethylsilane (TMS) and trace CHCl3 in CDCl3 served as 

internal standard (δ = 0, 7.26) for 1H NMR, and CDCl3 served as internal standard (δ = 77.0) for 13C NMR.  IR 

spectra were measured on a JASCO FT/IR-610 spectrometer.  High Resolution Mass Spectra (HRMS) were 

recorded using a JEOL JMS T100TD spectrometer.  Inductively Coupled Plasma (ICP) analyses were conducted 

with a SHIMADZU ICPS-7510 sequential plasma spectrometer.  Preparative thin-layer chromatography (pTLC) 

was carried out using a plate with Wakogel B-5F.  Caffeine, P1-tBu and P2-Et phosphazene bases were purchased 

from Aldrich Co., Ltd. and iBu-PAP base was prepared following reported method.162  All solvents were purchased 

from Wako Pure Chemical Industries as dry solvents.  Deionized water from a MILLIPORE MilliQ machine 

(Gradient A10) was used as solvent without further treatment. 

 

2. General aspects of quantitative monitoring using DART-MS 

Experiment 2-1. Repetitive ionization experiment of caffeine using auto-sampler system 

Standard solution of caffeine (400 ppm, 4 mL) in DCM was set into the reaction vessel on auto-sampler machine.  

Under standard conditions of DART-MS (Helium as carrier gas, 250 °C), ionization was conducted by using closed-

end of glass tube (1.8 mm) as a sampling rod.  Measurement was conducted for 18 times in each 2 set of experiments.  

Selected ion chromatograms of m/z = 195.00-195.50 (corresponding to [caffeine+H]+ ion) were collected (Figure 

2-5, Figure 2-6). 

1st set 2nd set 

Peak area [Intens. • sec] Peak area [Intens. • sec] 

187535.5 222198 

202305 139013.8 

200832.2 227026.2 

204362.9 184267.7 

154393.5 199940.4 

315669.3 247348.7 

260854.7 185022.4 

246503.4 243320.9 

245727.5 237234.4 

238123.3 231811.4 

271915.6 203970.3 

243750.1 297203.9 

242721.4 252941.1 

252604 229058.6 

209949.7 258794.7 

203605.8 310424.1 

141266.8 267398.7 

187764.9 241028.5 

Average 222771.4 

Standard deviation 42775.63 

RSD (%) 19.2 
 

Average 232111.3 

Standard deviation 40843 

RSD (%) 17.6 
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Experiment 2-2. Calibration of auto-sampler by ICP-AES 

Saturated aqueous CuSO4 solution (4.0 mL) was placed in reaction vessel and auto-sampler was operated at 

25 °C.  The aliquot sample taken by closed-end of glass rod (1.8 mm) was sent to flask and diluted with 2 wt% 

aqueous sulfuric acid to 50.0 mL.  Diluted sample was analyzed by ICP-AES to determine the concentration of Cu2+ 

to check the amount of sample taken by glass rod.  As a result, the average amount of Cu2+ was determined as 0.182 

ppm with 53.8% relative standard deviation for 10 repetitive measurements. 

Results (ppm) 

0.367218 

0.190772 

0.140753 

0.096196 

0.109810 

0.122200 

0.121096 

0.129329 

0.347566 

0.194950 

Average 0.182 ppm 

Standard deviation 0.0980 

RSD (%) 53.8 
 

 

Experiment 2-3. Calibration of auto-sampler by NMR 

Pure anhydrous dimethylsulfoxide (4.0 mL) was placed in a reaction vessel and an aliquot sample was taken by 

closed-end of glass rod (φ = 1.8 mm) into NMR tube containing 4.9 mg of tetrachloroethane in chloroform-d1.  The 

amount of DMSO was determined by peak area of DMSO (2.62 ppm) relative to tetrachloroethane (5.91 ppm) as 1.  

10 times of repetitive measurement revealed the average of the DMSO taken was 0.35 mg with 22.2% relative 

standard deviation. 

Integrations of DMSO (2.62 ppm)

Integrations of (CHCl2)2 (5.91 ppm)
  

0.3941 

0.5258 

0.3895 

0.4003 

0.7164 

0.4276 

0.4489 

0.4773 

0.4476 

Average relative peak area 0.459 

Standard deviation 0.102 

RSD 22.2% 

 

Experiment 2-4. Ionization experiment with readily sample-soaking materials 

Tertiary alcohol 12b in DCM (2.8 mg in 4 mL) was placed in a reaction vessel and an aliquot sample was taken 

by closed-end of a glass rod (φ = 1.8 mm) to bring into ionization area of DART-MS (Helium as carrier gas, 250 °C).  



 

88 

 

Raw data of peak area (m/z = 159.00 – 159.50) [Intensity * sec] for Figure 2-7 are shown in table. 

29800.62 7122.23 31257.23 11918.9 7942.55 5556.45 19791.41 11292.14 

28231.21 27858.2 10844.4 22644.98 8515.15 14518.79 12499.48 7054.44 

7352 12455.9 10105.96 30723.48 10539.23 13480.55 13308.26 22402.88 

19670.25 10363.66 8488.66 8086.68 33032.13 23030.12 9002.6 94734.64 

12911.64 17364.42 8636.16 5845.13 14809.6 8783.6 26004.35 36471.33 

10529.52 10915.33 57553.73 13132.62 9349.07 19752.28 9279.51  

Average = 17977.95, standard deviation = 15206.1, RSD = 84.6%. 

 

3. Monitoring study of chemical reaction under micellar conditions 

Ketone 1, silyl enol ether 4, 2,2’-bipyridine ligand 5 were prepared following reported methods.95,97–99,163 

2-methylindan-1-one (1)99 

1H-NMR (600 MHz): δ = 1.30 (3H, d, J = 7.5 Hz), 2.67 – 2.73 (2H, m), 3.36 – 3.40 (1H, m), 7.35 

(1H, dd, J = 6.9, 8.2 Hz), 7.44 (1H, d, J = 8.2 Hz), 7.57 (1H, dd, J = 7.6, 6.9 Hz), 7.74 (1H, J = 7.6 

Hz); 13C-NMR (125 MHz): δ = 16.1, 34.7, 41.8, 123.7, 126.4, 127.1, 134.5, 136.1, 153.3, 209.2. 

2-methyl-1-trimethylsilyloxyind-1-ene (4)164 

1H-NMR (500 MHz): δ = 0.27 (9H, s), 1.97 (3H, s), 3.18 (2H, s), 7.12 (1H, dd, J = 7.4, 5.7), 7.18 

(1H, d, J = 7.4), 7.24 (1H, dd, J = 5.7, 7.4), 7.31 (1H, d, J = 7.4); 13C-NMR (125 MHz): δ = 0.7, 

12.4, 38.4, 117.2, 120.1, 123.3, 124.0, 125.9, 140.8, 142.7, 147.5. 

(S,S)-6,6'-Bis(1-hydroxy-2,2-dimethylpropyl)-2,2'-bipyridine (5)97,98,163 

1H-NMR (400 MHz): δ = 0.97 (18H, s), 4.41 (2H, br s), 7.23 (4H, d, J = 7.3 Hz), 

7.79 (2H, t, J = 7.8 Hz), 8.31 (2H, d, J = 7.8 Hz); 13C-NMR (100 MHz): δ = 25.9, 

36.3, 80.2, 119.6, 123.1, 136.6, 153.8, 159.3. HPLC (OD, hexanes/iPrOH = 19/1, 1.0 

mL/min; tR = 49.2 min (S,S), ND for (R,R) isomer) 

Representative procedures of direct-type aldol reactions and Mukaiyama aldol reactions under modified 

conditions (Scheme 3-2) 

Modified procedure of direct-type aldol reaction 

To a reaction vessel Sc(DS)3 (33.6 mg, 0.0400 mmol), NaDS (173 mg, 0.600 mmol), 2,2’-bipyridine ligand 5 

(15.7 mg, 0.0480 mmol) and water (0.63 mL) were added and stirred vigorously at 30 °C for an hour.  Ketone 1 

(58.5 mg, 0.400 mmol) and formaldehyde (35% aqueous solution, 167 μL) were added successively.  After 42 hours 

the reaction was quenched by adding DCM, aq. NaHCO3 solution and brine.  The mixture was extracted with DCM 

and dried over anhydrous Na2SO4.  After removal of solvent under vacuum condition, a crude mixture was purified 

over preparative TLC (hexanes/ethyl acetate = 2/1) to afford the desired product 2 (69.2 mg, 0.392 mmol, 98%, 49% 

ee).   
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Modified procedure of Mukaiyama aldol reaction 

To a reaction vessel Sc(DS)3 (33.6 mg, 0.0400 mmol), NaDS (173 mg, 0.600 mmol), 2,2’-bipyridine ligand 5 

(15.7 mg, 0.0480 mmol), and water (1.83 mL) were added and stirred vigorously at 20 °C for an hour.  Silyl enol 

ether 4 (87.3 mg, 0.400 mmol) and formaldehyde (35% aqueous solution, 167 μL) were added successively.  After 

an hour the reaction was quenched by adding DCM, aq. NaHCO3 solution and brine.  The mixture was extracted 

with DCM and dried over anhydrous Na2SO4.  After removal of solvent under vacuum condition, a crude mixture 

was purified over preparative TLC (hexanes/ethyl acetate = 2/1) to afford the desired product 2 (54.1 mg, 0.307 mmol, 

77%, 87% ee). 

2-(hydroxymethyl)-2-methylindan-1-one (2)95,96 

The enantiomeric excess was determined by chiral HPLC analysis (OB-H, hexanes/iPrOH = 

100/1, 1.0 mL/min. tmajor = 41.0 min, tminor = 50.1 min).  1H-NMR (500 MHz): δ = 1.24 (3H, 

s), 2.48 (1H, br s), 2.89 (1H, d, J = 17.6 Hz), 3.26 (1H, d, J = 17.0 Hz), 3.62 (1H, dd, J = 10.8, 

4.0 Hz), 3.83 (1H, dd, J = 10.2, 6.8 Hz), 7.34 – 7.38 (1H, m), 7.46 (1H, d, J = 7.4 Hz), 7.60 (1H, t, J = 7.4 Hz), 7.73 

(1H, t, J = 7.1 Hz); 13C-NMR (500 MHz): δ = 20.6, 37.8, 50.9, 67.6, 123.7, 126.2, 126.8, 134.6, 153.2, 211.2. 

Synthesis of 2-d4. 

Pentadeuterated compound 1-d4 was synthesized by following Olah’s method with slight modification.99  

Triflic anhydride (40 mL, 244 mmol) and water-d2 (4.4 mL, 244 mmol) was mixed in a 100 mL round bottom flask 

and the mixture was heated at 90 °C for 2 hours under argon atmosphere.  After the mixture became single phase, 

the mixture was allowed to room temperature and then benzene-d6 (5.31 mL, 60 mmol) and methacrylic acid (2.53 

mL, 30 mmol; treated with water-d2 three times before use) were subsequently added.  After stirring the mixture at 

75 °C for overnight, the mixture was cooled to room temperature and poured into ice/water.  The mixture was 

extracted with DCM (50 mL for 3 times) and combined organic phase was washed with saturated aq. NaHCO3 until 

aqueous phase became basic.  The organic phase was further washed with brine (30 mL, once) and dried over 

anhydrous Na2SO4.  After removal of solvent under vacuum, the mixture was poured into 1N aq. KOH/MeOH 

mixture (1/9, 10 mL) to stir for 10 min at room temperature.  The mixture was acidified with saturated aq. NH4Cl 

solution and extracted with DCM then dried over anhydrous Na2SO4.  This base treatment was conducted 3 times 

for full D-H exchange of carbonyl α-position.  After the removal of solvent, the desired compound 1-d4 was obtained 

(3.86 g, 25.8 mmol, 86%).  Obtained compound was used in next step after distillation (0.53 mmHg, 93 – 97 °C).  

Compound 2-d4 was obtained following modified procedure of direct-type aldol reactions described above. 

2-methylindan-1-one-4,5,6,7-d4 (1-d4) 

1H-NMR (500 MHz): δ = 1.31 (3H, d, J = 7.4 Hz), 2.66-2.74 (2H, m), 3.39 (1H, m), 7.35 

(<0.01H), 7.44 (<0.01H), 7.57 (<0.01H), 7.74 (<0.01H), 13C-NMR (500 MHz): δ = 16.1, 34.7, 

123.4 (t, J = 25 Hz), 126.0 (t, J = 24.4 Hz), 126.7 (t, J = 24.4 Hz), 134.0 (t, J = 23.8 Hz), 136.1, 

153.2, 209.3. 
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2-hydroxymethyl-2-methylindan-1-one-4,5,6,7-d4 (2-d4) 

1H-NMR (500 MHz): δ = 1.21 (3H, s), 2.78 (1H, br s), 2.88 (1H, d, J = 17.6 Hz), 3.27 

(1H, d, J = 17.0 Hz), 3.60 (1H, d, J = 10.7 Hz), 3.81 – 3.85 (1H, m), 7.34 (trace) 7.45 

(trace) 7.59 (trace) 7.70 (trace); 13C-NMR (125 MHz): δ = 20.6, 37.7, 50.9, 67.6, 

123.7 (t, J = 26.2 Hz), 126.2 (t, J = 23.8 Hz), 134.6 (t, J = 23.8 Hz), 135.6, 153.2, 

211.2. 

Raw SICs of Figure 3-1. Monitoring trial of direct-type aldol reactions 

SIC of m/z = 181.005 – 181.402 (2-d4) 

 

Time (min) Integration [Intens. • sec]   (continue)  (continue) 

0.88 5380.35  67.83 2360.42  130.02 1802.57 

5.66 3404.75  72.62 2545.49  134.79 2452.86 

10.44 2815.55  77.4 2086.96  139.59 1984.13 

15.22 2679.48  82.19 1747.43  144.37 2043.92 

20.02 3771.12  86.98 2719.86  149.15 1712.26 

24.79 2661.25  91.74 2565.91  153.93 1985.81 

29.58 2412.68  96.54 2278.01  158.71 2064.17 

34.35 3378.44  101.32 2428.63  163.51 1592.98 

39.13 2948.9  106.1 1676.33  168.27 1661.16 

48.71 2345.05  110.88 1882.69  173.07 1426.01 

53.47 2122.8  115.65 1890.01  177.85 1656.47 

58.27 2113.54  120.44 1680.85    

63.05 2621.55  125.23 2161.47    
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SIC of m/z = 177.000 – 177.397 (2) 

 

Time (min) Integration [Intens. • sec]   (continue) 

0.88 496.76  101.32 29826.96 

5.66 1493.89  106.1 25561.68 

10.44 2387.77  110.88 29551.6 

15.22 2992.99  115.65 30317.78 

20.02 6680.07  120.44 31640.96 

24.79 5637.1  125.23 37941.77 

29.58 8057.34  130.02 36440.3 

34.35 10332.67  134.79 41041.43 

39.15 10694.6  139.59 36015.46 

48.71 11526.18  144.37 34542.22 

53.49 14936.73  149.15 33463.36 

58.27 16152.35  153.93 35842.54 

63.05 13653.17  158.73 36005.95 

67.83 17772.2  163.51 38724.74 

72.62 22959  168.29 37070.39 

77.4 18854.82  173.07 40472.98 

82.19 18886.77  177.85 33047.43 

86.98 26057.01    

91.76 24992.08    

96.54 27713.88    
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Scheme 3-6. Comparative experiments between MS and NMR (1) 

Detailed data of Scheme 3-6 

Entry Time (h) NMR yield (%) MS yield (%, estimated from d0/d4 ratio) isolated yield 

1 0.5 9.6 10.1  

2 0.5 8.1 9.9  

3 0.5 10.4 12.8  

4 1.0 11.6 15.5  

5 1.0 8.2 17.5  

6 1.0 11.5 14.1 13 

7 2.0 34.1 39.0  

8 2.0 35.9 37.7  

9 2.0 31.0 30.9  

10 3.0 34.2 45.9 32 

11 3.0 27.3 38.8 23 

12 3.0 40.3 51.3 41 

13 12 85.0 122 82 

14 12 84.6 121  

15 12 88.7 124  

 

Scheme 3-7. Comparative experiments between MS and NMR (2): Late-stage addition of internal standard 

A modified procedure of Scheme 3-7. 

1. A reaction was conducted in the ABSENCE of an internal standard 2-d4 at 0.2 mmol scale for indicated time. 

2. A reaction was quenched by adding saturated aq. NaHCO3 solution and brine, then a solution of an internal 

standard 2-d4 (1 mol%) was added to a mixture.  The mixture was extracted with dichloromethane (10 mL) 

for three times and the extract was dried over anhydrous Na2SO4. 

3. The crude mixture was analyzed by NMR and MS following a standard procedure. 

Detailed data of Scheme 3-7. 

Entry Time (h) NMR yield (%) MS d0/d4 (yield, estimated) 

1 0.5 6.9 8.6 

2 0.5 7.7 8.3 

3 0.5 6.7 7.5 

4 1.0 15.7 15.7 

5 1.0 12.4 12.7 

6 1.0 13.9 14.0 

7 2.0 27.3 33.9 

8 2.0 24.5 29.9 

9 2.0 29.0 33.2 

10 3.0 49.7 52.0 

11 3.0 36.3 45.9 

12 3.0 41.5 44.3 

13 12 89.7 124 

14 12 90.1 121 

15 12 84.7 133 
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Figure 3-2. A calibration curve of the yield derived from isotope ratio 

A calibration experiment was conducted by mixing compound 2 and 2-d4 in several different ratios.  An 

aqueous solution of compound 2-d4 (5.055 g/L, 72.0 μL, 2.02 μmol as content) and 0.500, 1.00, 2.00, 5.00 and 10.00 

mL of compound 2 solution in water (1.384 g/L) were mixed and analyzed by DART-MS (He as carrier gas, 200 °C).  

Each solution mixtures were analyzed 6 times and an average were taken for the calibration curve.  Detailed data 

are shown in following table. 

Molar ratio of 2/2-d4 MS ratio of 2/2-d4 Standard deviation of MS ratio 

1.947 2.096 0.011442 

3.893 4.390 0.117915 

7.786 9.503 0.127548 

19.47 25.19 0.343818 

38.93 55.14 2.966017 

 

Raw data of Scheme 3-9. Kinetic study on indanone 

Reaction profiles (calibrated) 

 

 

Loading of 1 Rate [yield/min] Rate [mmol/h] 

0.320 0.0526 0.026496 

0.640 0.0793 0.03648 

0.800 0.1132 0.05184 

1.20 0.1434 0.07776 
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Raw data of Scheme 3-10. Kinetic study on scandium complex 

 

Loading of Sc(DS)3 Rate [yield/min] Rate [mmol/h] 

0.016 0.0183 0.00912 

0.04 0.0625 0.03168 

0.08 0.1073 0.05184 

0.12 0.1345 0.07008 

 

Raw data of Scheme 3-11. Kinetic study on formaldehyde 

HCHO [mol/L-1] Rate [yield/min] Rate [mmol/h] 

0.25 0.0965 0.0480 

0.25 0.0921 0.0459 

0.5 0.0771 0.0384 

0.5 0.1124 0.0560 

0.75 0.0829 0.0413 

1 0.1425 0.0710 

1 0.1229 0.0612 

1.25 0.1091 0.0543 

1.5 0.0954 0.0475 

1.5 0.1291 0.0643 

2.5 0.1040 0.0518 

2.5 0.1019 0.0508 
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Raw data of Scheme 3-14. Reaction monitoring trial of Mukaiyama-type aldol reactions, Figure 3-3, 

Figure 3-4 and Figure 3-5 

 

Retention time (min) m/z = 181 m/z = 177 m/z = 219 m/z = 249 

0.76 2909.36 6873.64 19200.84 1221.11 

2.26 1675.89 7715.37 15726.58 1219.47 

3.73 1155.78 7985.79 33036.8 3466.03 

5.22 952.24 11035.48 26759.08 2944.57 

6.71 2129.66 27653.01 17708.38 5642.63 

8.19 1178.11 22096.6 22462.67 6168.52 

9.67 1432.17 31564.3 14263.59 6476.15 

11.16 822.55 21127.9 27103.08 7635.83 

12.64 450.82 14256.54 31978.94 5677.63 

14.1 779.41 24755.57 30894.09 9287.71 

15.6 970.3 35218.38 13839.78 7431.34 

17.09 1450.86 50524.53 6881.12 7432.77 

18.57 383.56 18330.47 34944.84 8593.84 

20.05 697.89 30288.31 19582.53 9474.98 

21.53 711.45 40374.37 20904.89 11072.14 

23.02 983.14 52134.55 9358.05 8289.7 

24.5 944.7 53994.72 10892.39 9180.81 

25.98 1067.97 64409.61 5239.05 7102.55 

27.47 810.9 58014.41 6203.93 6600.77 

28.95 921.28 77216.93 2106.43 4146.18 

30.43 740.89 56908.83 7486.19 8647.92 

31.91 1090 79561.87 945.55 1818.97 

33.41 923.07 69320.47 3079.26 4741.47 

34.88 918.64 71091.18 4351.13 6789.95 

36.36 582.84 54725.59 2355.77 3093.73 

37.84 1127.73 101380.6 1410.77 3417.18 

39.33 870.37 77298.12 5637.12 7743.71 

40.83 1172.39 104375.4 1291 3153.14 

42.29 1202.39 111291 1638.79 4330.27 

43.77 1059.64 98812.7 1642.1 3205.61 

45.27 782.26 70203.01 483.25 1893.49 

48.24 1105.02 95557.51 560 1439.22 

49.71 1148.73 100984.6 576.43 963.09 

51.19 1258.78 105463.2 473.85 1117.84 

52.69 919.03 76738.61 102.89 244.93 

54.17 756.91 64362.1 326.96 718.46 

55.64 847.96 76524.19 306.51 692.77 

58.6 997.91 82943.77 236.36 884.1 

60.1 1177.68 113214.3 402.82 1323.6 

61.58 1063.92 104894.1 198.43 750.82 

63.07 1437.34 126943.3 149.55 1171.74 

64.53 872.25 84258.59 259.69 539.6 

67.5 738.64 74418.43 257.99 548.61 

69 948.31 89549.5 215.9 565.54 

70.48 1002.95 95999.63 408.35 1194.68 
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Raw data of Scheme 3-20. Kinetic study on catalyst 

Loading of Sc(DS)3 (mmol) Rate [yield/min] Rate [mmol/h] 

0.02 1.6589 0.398136 

0.02 1.6676 0.400224 

0.02 2.067 0.49608 

0.016 1.7202 0.412848 

0.012 2.0225 0.4854 

0.04 1.8137 0.435288 

0.004 1.4021 0.336504 

0.004 1.5105 0.36252 

0.002 1.7159 0.411816 

0.008 1.7891 0.429384 

 

Raw data of Scheme 3-21. Kinetic experiment on silyl enol ether 4 

Loading of 4 (mmol) Rate [yield/min] Rate [mmol/h] 

0.4 1.2436 0.298464 

0.3 1.1965 0.28716 

0.2 1.1785 0.28284 

0.1 0.4087 0.098088 

0.2 1.0224 0.245376 

0.4 1.6589 0.398136 

0.4 1.6676 0.400224 

0.4 2.067 0.49608 
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Raw data of Scheme 3-22. Kinetic experiment on formaldehyde 

HCHO [mol/L] Rate [yield/min] Rate [mmol/h] 

0.5 1.6589 0.398136 

0.5 1.6676 0.400224 

0.5 2.067 0.49608 

0.1 1.0022 0.240528 

0.2 1.224 0.29376 

0.3 1.1852 0.284448 

0.05 0.5932 0.142368 

0.3 1.7768 0.426432 

0.4 1.734 0.41616 
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4. 1,4-additionenantioselective protonation reactions in water 

Ketones 7a – 7d were synthesized following reported procedure.118  The standard reaction procedure for 

monitoring study was followed by the reported one.113  Internal standard 8a-d5 and 8b-d3 were synthesized as 

follows. 

Synthesis of 8a-d5. 

To a dried 200 mL 2-neck flask anhydrous AlCl3 (10.0 g, 75 mmol) and 50 mL of DCM was placed under argon 

atmosphere.  The mixture was cooled down to 0 °C and benzene-d6 (4.43 mL, 50 mmol) was slowly added.  After 

addition of the reagent, the mixture was stirred at room temperature for overnight.  The reaction was poured into 

ice/water mixture and extracted with DCM (100 mL x 3).  Combined organic layer was washed with saturated aq. 

NaHCO3 solution (50 mL x 2), water (50 mL) and brine (30 mL).  After dryness over anhydrous Na2SO4 solvent 

was removed under reduced pressure.  Crude mixture was directly distilled to afford the desired propiophenone-d5 

(9a-d5, 4.89 g, 35 mmol, 70%) which was successfully converted into ketone 7a-d5 and internal standard 8a-d5 

following reported procedures. 

Synthesis of 8b-d3. 

4-Hydroxypropiophenone 9d (3.73g, 24.8 mmol) was treated with tosylmethane-d3 (3.92g, 20.7 mmol) prepared 

from methanol-d4 and anhydrous K2CO3 (8.58g, 62.1 mmol) in 80 mL of acetonitrile at room temperature for 

overnight.  To a mixture 100 mL of water was added and the phase was separated.  Aqueous phase was extracted 

with ethyl acetate (50 mL x 3) and combined organic phase was washed with brine.  After dryness over anhydrous 

Na2SO4 the solvent was removed in vacuo.  Further purification over silica gel column chromatography 

(hexanes/ethyl acetate = 9/1  5/1) afforded the desired product 9b-d3 (3.03 g, 19.7 mmol, 95% based on TsOCD3) 

which was further converted into 7b-d3 and 8b-d3 following reported procedures. 

1-Phenyl-2-methylprop-2-en-1-one (7a)113 

1H-NMR (400 MHz): δ = 2.07 (3H, s), 5.62 (1H, s), 5.91 (1H, s), 7.42 (2H, dd, J = 7.3, 7.3 Hz), 7.52 (1H, t, J = 7.3 

Hz), 7.73 (2H, d, J = 7.3 Hz); 13C-NMR (100 MHz): δ = 18.6, 127.0, 128.1, 129.3, 131.9, 137.6, 143.7, 198.2. 

1-(Phenyl-d5)-2-methylprop-2-en-1-one (7a-d5) 

1H-NMR (500 MHz): δ = 2.07 (3H, s), 5.62 (1H, s), 5.91 (1H, s), 7.42 (trace), 7.52 (trace), 7.73 (trace, <0.03H); 13C-

NMR (125 MHz): δ = 18.6, 127.0, 127.6 (t, J = 24.4 Hz), 128.9 (t, J = 25.6 Hz), 131.4 (t, J = 23.8 Hz), 137.4, 143.7, 

198.3. 

1-(4-methoxyphenyl)-2-methylprop-2-en-1-one (7b)113 

1H-NMR (400 MHz): δ = 2.06 (3H, s), 3.85 (3H, s), 5.53 (1H, s), 5.79 (1H, s), 6.91 (2H, d, J = 6.9 Hz), 7.78 (2H, d, 

J = 6.9 Hz); 13C-NMR (100 MHz) δ = 18.9, 55.2, 113.3, 124.6, 129.8, 131.7, 143.7, 162.9, 196.9. 

1-(4-methoxyphenyl)-2-methylprop-2-en-1-one (7b) 

1H-NMR (500 MHz): δ = 2.06 (3H, s), 3.85 (trace), 5.53 (1H, s), 5.79 (1H, s), 6.91 (2H, d, J = 6.9 Hz), 7.78 (2H, d, 

J = 6.9 Hz); 13C-NMR (100 MHz) δ = 19.0, 54.6 (tt, J = 21.5, 21.5), 113.4, 124.6, 129.9, 131.8, 143.9, 163.0, 197.1. 

1-(4-chlorophenyl)-2-methylprop-2-en-1-one (7c)113 
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1H-NMR (400 MHz): δ = 2.03 (3H, s) 5.56 (1H, s) 5.88 (1H, s) 7.37 (2H, d, J = 8.4), 7.66 (2H, d, J = 8.4 Hz); 13C-

NMR (100 MHz): δ = 18.6, 127.0, 128.5, 130.8, 135.9, 138.4, 143.6, 197.0. 

1-(4-hydroxyphenyl)-2-methylprop-2-en-1-one (7d)99 

1H-NMR (400 MHz): δ = 2.07 (3H, s), 5.57 (1H, s), 5.83 (1H, s), 6.92 (2H, d, J = 6.9 Hz), 7.74 (2H, d, J = 6.9 Hz); 

13C-NMR (100 MHz) δ = 19.1, 115.3, 125.7, 129.1, 132.5, 143.6, 160.9, 198.8. 

propiophenone-d5 (9a-d5)165 

1H-NMR (500 MHz): δ = 1.22 (3H, t, J = 7.4 Hz), 2.99 (2H, q, J = 7.4 Hz), 7.44 (trace), 7.53 (trace), 7.96 (trace, 

<0.03H); 13C-NMR (125 MHz): δ = 8.1, 31.6, 127.4 (t, J = 24.4 Hz), 127.9 (t, J = 25.0 Hz), 132.2 (t, J = 24.4 Hz), 

136.6, 200.6. 

4-methoxypropiophenone-d3 (9b-d3)166 

1H-NMR (500 MHz): δ = 1.21 (3H, t, J = 7.4 Hz), 2.95 (2H, q, J = 7.4 Hz), 6.92 (2H, d, J = 9.1 Hz), 7.93 (2H, d, J 

= 9.1 Hz); 13C-NMR (125 MHz) δ = 8.40, 31.4, 113.6, 130.0, 130.2, 163.3, 199.4. 

3-benzylthio-2-methyl-1-phenylpropan-1-one (8a)113 

1H-NMR (600 MHz): δ = 1.10 (3H, d, J = 6.9 Hz), 2.47 (1H, dd, J = 6.9, 13.1 Hz), 2.88 (1H, dd, J = 6.9, 13.1 Hz), 

3.48 (1H, ddt, J = 6.9, 6.9, 6.9 Hz), 3.65 (2H, s), 7.18 – 7.24 (5H, m), 7.38 (2H, dd, J = 7.6, 6.9 Hz), 7.49 (1H, t, J = 

6.9 Hz), 7.79 (2H, d, J = 7.6 Hz); 13C-NMR (150 MHz) δ = 17.6, 34.6, 37.2, 41.0, 127.0, 128.2, 128.4, 128.6, 128.8, 

133.0, 136.1, 138.4, 202.7. 

3-benzylthio-2-methyl-1-(phenyl-d5)propan-1-one (8a-d5) 

1H-NMR (600 MHz): δ = 1.10 (3H, d, J = 6.9 Hz), 2.47 (1H, dd, J = 6.9, 13.1 Hz), 2.88 (1H, dd, J = 6.9, 13.1 Hz), 

3.48 (1H, ddt, J = 6.9, 6.9, 6.9 Hz), 3.66 (2H, s), 7.18 – 7.24 (5H, m), 7.38 (trace), 7.49 (trace), 7.79 (trace); 13C-

NMR (150 MHz) δ = 17.6, 34.7, 37.2, 41.0, 127.0, 127.6 – 128.4 (multiplets), 128.5, 128.8, 133.0 (t, J could not be 

determined), 136.0, 138.4, 202.7. 

3-benzylthio-2-methyl-1-(4-methoxyphenyl)propan-1-one (8b)113 

1H-NMR (400 MHz): δ = 1.20 (3H, d, J = 6.9 Hz), 2.51 (1H, dd, J = 6.8, 12.8 Hz), 2.92 (1H, dd, J = 6.9, 12.8 Hz), 

3.49 (1H, dd, J = 6.9, 14.2 Hz), 3.70 (2H, s), 3.86 (3H, s), 6.91 (2H, d, J = 9.2 Hz), 7.22 – 7.30 (5H, m), 7.83 (2H, d, 

J = 9.2 Hz); 13C-NMR (100 MHz) δ = 17.8, 34.9, 37.2, 40.6, 55.4, 113.7, 126.9, 128.5, 128.8, 129.1, 130.6, 138.5, 

163.5, 201.2. 

3-benzylthio-2-methyl-1-(4-methoxy-d3-phenyl)propan-1-one (8b-d3) 

1H-NMR (400 MHz): δ = 1.20 (3H, d, J = 6.9 Hz), 2.51 (1H, dd, J = 6.8, 12.8 Hz), 2.91 (1H, dd, J = 6.9, 12.8 Hz), 

3.49 (1H, dd, J = 6.9, 14.2 Hz), 3.70 (2H, s), 3.86 (trace), 6.90 (2H, d, J = 9.2 Hz), 7.22 – 7.30 (5H, m), 7.84 (2H, d, 

J = 9.2 Hz); 13C-NMR (100 MHz) δ = 17.7, 34.9, 37.2, 40.6, 54.6 (t, J = 21.6 Hz), 113.7, 126.9, 128.4, 128.8, 129.1, 

130.5, 138.4, 163.5, 201.2. 
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Raw data of Scheme 4-8. Monitoring trial with methoxy-substituted compounds, Figure 4-1, Figure 4-2 and 

Figure 4-3 

Time (min) m/z = 304 m/z = 301 

1.18 141.24 1693.41 

1.68 294.2 2599.04 

2.61 2258.23 8190.89 

7.86 429.83 20962.13 

11.91 730.35 40666.48 

18.82 2229.94 136166.6 

23.97 479 34530.94 

27.52 12927.02 367848.6 

 

Raw data of Scheme 4-9. Reaction monitoring trials under diluted conditions 

   X = 1.6 mL   X = 4.0 mL 

Time (min) m/z = 304 m/z = 301  Time (min) m/z = 304 m/z = 301 

0.68 1605.98 296.5  1.88 14721.37 4826.4 

1.55 2853.11 2892.73  4.02 11867.66 10296.74 

3.83 1231.05 12742.91  9.02 11930.34 78660.29 

7.84 1878.66 36805.32  11.97 12350.12 69394.56 

17.16 2039.97 91796.6  15.4 10541.94 72156.96 

26.15 9646.01 353533.9  20.02 8138.98 95508.59 

35.65 3890.19 188382.5  26.18 1878.61 36373.26 

42.74 876.06 45560.75  36.94 7449.91 152103.8 

    48.17 6580.64 160735.8 

    64.75 3260.33 132264.3 

    78.89 884.65 83320.8 

    91.4 1375.33 54572.69 

    101.93 560.01 85128.1 

 

Raw data of Scheme 4-11. Reaction monitoring in the absence of catalyst and base 

Time (min) m/z = 304 m/z = 301 

0.53 42536.75 526.06 

1.63 51702.98 453.91 

2.58 187523.7 2108.28 

3.15 95844.64 2929.49 

8.89 77577.85 1600.62 

22.89 184318.4 4005.62 

31.73 53420.98 3914.12 

43.05 69400.5 4593.54 

64.52 48607.18 5375.56 

71.9 83909.6 14092.4 

81.93 51575.79 13988.14 

109.22 116294 44651.76 
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Raw data of Figure 4-4. Entry 1, pyridine 5 mol% 

Time (min) m/z = 304 m/z = 301 

0.48 21535.19 2976.44 

1.16 17802.8 10918.01 

1.61 12894.08 2941.23 

2.18 17450.26 21422.57 

2.61 13877.65 39070.3 

3.16 9906.04 38134.77 

3.63 18347.88 88798.7 

4.23 36570.61 211886.6 

5.06 51971.22 243715.9 

6.94 40230.6 280985.3 

11.64 33652.83 547785.2 

16.14 27423.27 688371.5 

19.04 17191.63 497915.5 

23.99 20717.39 651061.1 

28.3 19799.14 702429.6 

38.58 15935.69 690480 

 

Raw data of Figure 4-5. Entry 10, pyridine 40 mol% 

Time (min) m/z = 304 m/z = 301 

0.38 22986.85 276.23 

1.01 37673.21 955.56 

1.54 83220.65 2396.48 

2.48 51076.31 2744.43 

3.13 7665.44 1276.45 

4.13 53044.02 8689.27 

5.23 28250.44 7709.02 

5.84 52514.31 27178.95 

6.41 83316.33 38452.54 

8.44 25116.77 22909.89 

10.09 18431.31 11788.58 

12.61 21697.8 28723.98 

14.05 35706.93 50855.05 

15.94 36088.9 60965.96 

19.75 46499.94 110407.3 

23 19158.25 66485.29 

28.15 49383.39 186238.2 

32.26 63485.95 296332.6 

36.73 28363.1 164727.9 

41.86 13147.67 116896.7 

46.82 38470.33 372187.7 

50.64 35789.59 369147.9 

55.54 36427.61 482894.3 

66.77 40214.11 747927.5 

86.57 46546.53 1264215 

99.08 22498.84 729783.8 

115.83 25121.42 1024288 
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Raw data of Figure 4-6. Reaction profiles of entries 5 – 8 (20 mol%) 

        Trial 1          Trial 2 

Time (min) m/z =304 m/z = 301  Time (min) m/z =304 m/z = 301 

0.6 12883.22 564.69  0.38 9790.42 1557.87 

1.05 24232.21 2823.07  1.01 6026.35 736.31 

1.63 21582.93 5621.36  1.71 2471.78 1607.3 

2.18 5592.69 8362.88  2.16 20695.94 31231.91 

2.78 9607.4 25372.13  2.81 6075.8 17611.34 

3.43 9371.2 41736.22  3.36 11583.6 41861.86 

4.06 5737.25 31813.13  3.97 16504.4 43815.93 

5.08 16940.62 110869.6  4.67 8484.46 39091.66 

6.53 8885.32 88213.55  5.89 14096.45 57316.54 

7.04 7054.3 79678.64  6.39 8848.38 71602.09 

7.58 6397.28 71290.76  7.64 17476.43 151363.2 

9.16 4914.41 75585.81  8.67 12671.13 129669.6 

9.68 4743.89 77720.38  9.47 15749.34 176262.4 

11.09 851.2 18552.78  10.77 22100.31 302599.4 

12.81 10524.01 204418.2  11.89 11224.29 142775.9 

14.87 10626.02 247001.5  14.35 7108.05 125545.2 

16.44 32923.06 569190.6  15.92 11066.58 199592.1 

18.91 9028.88 267144  17.42 8340.44 174949.3 

21.42 11326.54 307846.5  19.85 917.6 42036.53 

24.15 1221.63 40371.67  21.72 8467.87 179890.7 

27.49 6807.33 211607.5  23.7 1742.08 78657.07 

30.08 6490.52 272142.9  25.22 6385.08 186879.2 

32.85 6526.03 329060.9  27.4 11436.77 393210.1 

    29.96 5222.6 219628.1 

    32.65 9824.71 397613.8 

    35.54 18986.03 832463.1 

    38.81 20806.28 821568.7 

    42.56 5013.54 161310.3 

    46.57 11703.69 571560.7 

    53.1 24864.32 560434.2 

 

   Trial 3     Trial 4 

Time (min) m/z = 304 m/z = 301  Time (min) m/z = 304 m/z = 301 

0.88 18777.88 14839.19  0.48 26181.74 -372.3 

1.54 17336.37 2508.66  0.88 49862.98 1684.35 

2.44 14911.54 9975.51  1.53 32867.61 12764.22 

3.02 4460.7 5431.82  2.23 35336.97 40874.22 

3.59 22809.57 39484.55  3.37 30137.95 70503.33 

4.51 6868.49 19853.9  4.25 39822.02 124258.8 

5.71 10363.47 45651.08  5.46 32362.61 169548 

6.97 34410.09 191694.3  6.8 54879.91 345338 

8.22 6835.88 53657.47  8.06 55860.36 440048.5 

9.54 11935.26 113240.4  9.51 58286.59 591216.6 

11.59 24595.55 261794  10.83 17494.4 227626.6 

13.77 16984.37 236601.3  12.59 21749.61 368723.9 
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 (trial 3 continue)    (trial 4 continue)  

16.05 12632.26 210151.8  14.68 22175.43 423066.2 

18.52 12794.53 264118  17.24 23733.77 562836.3 

21.37 17239.67 377688.5  19.11 16265.75 399437.8 

23.67 11362.36 312380.7  21.12 18357.21 465343.4 

27.33 5845.8 184213.8  23.24 22323.62 668304.6 

31.43 5748.45 219961  25.57 43848.69 953876.7 

37.04 12562.6 471311.4  28.69 38942.38 1466337 

41.82 17895.03 640127.3  31.95 28580.14 1219059 

46.81 4783.79 194498  34.32 23178.95 981186 

51.25 22341.57 755441.8     

57.73 18710.04 626549.5     

65.1 14962.81 523120.2     

76.03 9794.55 471491     

84.09 6177.94 421260.8     

92.22 913.01 67728.09     

97.17 6656.73 391000.8     

109.23 4405.19 355155.4     

113.51 24059.39 1115986     

 

Raw data of Scheme 4-14. Simultaneous monitoring of reaction and pH profiles 

Reaction profile 

Time (min) m/z = 304 m/z = 301 

0.62 8041.28 1607.04 

1.7 10583.39 13546.03 

2.75 18483.59 47350.85 

3.75 8918.38 26585.46 

4.86 10328.77 57122.3 

6.2 16168.23 143939.3 

8.1 11524.31 119164.5 

9.46 30433.27 350675.3 

15.78 20496.62 421373.1 

18.34 17232.49 437586 

21.34 24148.63 657952.1 

 

pH profile 

Time (min) pH  (continue)  (continue)  (continue)  (continue)  (continue) 

0.00  4.801  5.08  4.678  10.17  4.686  15.25  4.695  20.33  4.697  25.42  4.697 

0.08  4.751  5.17  4.678  10.25  4.686  15.33  4.694  20.42  4.697  25.50  4.697 

0.17  4.725  5.25  4.678  10.33  4.686  15.42  4.695  20.50  4.697  25.58  4.697 

0.25  4.712  5.33  4.678  10.42  4.686  15.50  4.694  20.58  4.697  25.67  4.697 

0.33  4.705  5.42  4.679  10.50  4.686  15.58  4.695  20.67  4.697  25.75  4.697 

0.42  4.7  5.50  4.679  10.58  4.686  15.67  4.694  20.75  4.697  25.83  4.697 

0.50  4.697  5.58  4.679  10.67  4.686  15.75  4.694  20.83  4.696  25.92  4.698 

0.58  4.694  5.67  4.679  10.75  4.687  15.83  4.694  20.92  4.696  26.00  4.697 

0.67  4.692  5.75  4.679  10.83  4.687  15.92  4.694  21.00  4.697  26.08  4.697 

0.75  4.691  5.83  4.68  10.92  4.686  16.00  4.694  21.08  4.697  26.17  4.697 

0.83  4.69  5.92  4.679  11.00  4.687  16.08  4.694  21.17  4.697  26.25  4.697 
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0.92  4.689  6.00  4.68  11.08  4.687  16.17  4.695  21.25  4.696  26.33  4.697 

1.00  4.688  6.08  4.679  11.17  4.688  16.25  4.694  21.33  4.697  26.42  4.697 

1.08  4.686  6.17  4.681  11.25  4.687  16.33  4.695  21.42  4.696  26.50  4.697 

1.17  4.687  6.25  4.68  11.33  4.687  16.42  4.694  21.50  4.697  26.58  4.697 

1.25  4.686  6.33  4.681  11.42  4.688  16.50  4.695  21.58  4.696  26.67  4.697 

1.33  4.686  6.42  4.68  11.50  4.688  16.58  4.695  21.67  4.696  26.75  4.697 

1.42  4.684  6.50  4.681  11.58  4.688  16.67  4.695  21.75  4.696  26.83  4.697 

1.50  4.683  6.58  4.681  11.67  4.688  16.75  4.695  21.83  4.696  26.92  4.697 

1.58  4.683  6.67  4.682  11.75  4.687  16.83  4.695  21.92  4.696  27.00  4.697 

1.67  4.682  6.75  4.681  11.83  4.691  16.92  4.695  22.00  4.696  27.08  4.697 

1.75  4.682  6.83  4.682  11.92  4.692  17.00  4.696  22.08  4.696  27.17  4.697 

1.83  4.682  6.92  4.682  12.00  4.692  17.08  4.696  22.17  4.696  27.25  4.697 

1.92  4.685  7.00  4.681  12.08  4.692  17.17  4.695  22.25  4.696  27.33  4.697 

2.00  4.679  7.08  4.682  12.17  4.692  17.25  4.696  22.33  4.696  27.42  4.697 

2.08  4.679  7.17  4.682  12.25  4.692  17.33  4.696  22.42  4.696  27.50  4.697 

2.17  4.678  7.25  4.682  12.33  4.692  17.42  4.696  22.50  4.696  27.58  4.697 

2.25  4.678  7.33  4.682  12.42  4.692  17.50  4.697  22.58  4.696  27.67  4.697 

2.33  4.678  7.42  4.682  12.50  4.692  17.58  4.697  22.67  4.696  27.75  4.697 

2.42  4.678  7.50  4.683  12.58  4.692  17.67  4.695  22.75  4.696  27.83  4.697 

2.50  4.678  7.58  4.682  12.67  4.692  17.75  4.695  22.83  4.696  27.92  4.697 

2.58  4.678  7.67  4.682  12.75  4.692  17.83  4.688  22.92  4.696  28.00  4.697 

2.67  4.678  7.75  4.682  12.83  4.693  17.92  4.693  23.00  4.696  28.08  4.697 

2.75  4.677  7.83  4.683  12.92  4.693  18.00  4.693  23.08  4.696  28.17  4.697 

2.83  4.678  7.92  4.682  13.00  4.693  18.08  4.693  23.17  4.697  28.25  4.696 

2.92  4.678  8.00  4.682  13.08  4.692  18.17  4.694  23.25  4.696  28.33  4.697 

3.00  4.678  8.08  4.682  13.17  4.694  18.25  4.692  23.33  4.696  28.42  4.697 

3.08  4.677  8.17  4.683  13.25  4.693  18.33  4.694  23.42  4.696  28.50  4.697 

3.17  4.678  8.25  4.683  13.33  4.693  18.42  4.692  23.50  4.696  28.58  4.697 

3.25  4.677  8.33  4.683  13.42  4.693  18.50  4.692  23.58  4.696  28.67  4.697 

3.33  4.677  8.42  4.683  13.50  4.693  18.58  4.691  23.67  4.696  28.75  4.697 

3.42  4.677  8.50  4.683  13.58  4.694  18.67  4.691  23.75  4.696  28.83  4.697 

3.50  4.676  8.58  4.683  13.67  4.693  18.75  4.689  23.83  4.696  28.92  4.697 

3.58  4.678  8.67  4.683  13.75  4.693  18.83  4.69  23.92  4.696  29.00  4.697 

3.67  4.677  8.75  4.683  13.83  4.693  18.92  4.69  24.00  4.696  29.08  4.697 

3.75  4.677  8.83  4.683  13.92  4.693  19.00  4.689  24.08  4.696  29.17  4.696 

3.83  4.677  8.92  4.686  14.00  4.693  19.08  4.69  24.17  4.696  29.25  4.697 

3.92  4.677  9.00  4.685  14.08  4.693  19.17  4.69  24.25  4.696  29.33  4.696 

4.00  4.677  9.08  4.685  14.17  4.693  19.25  4.69  24.33  4.696  29.42  4.697 

4.08  4.677  9.17  4.685  14.25  4.694  19.33  4.69  24.42  4.696  29.50  4.696 

4.17  4.677  9.25  4.685  14.33  4.693  19.42  4.69  24.50  4.696  29.58  4.697 

4.25  4.677  9.33  4.685  14.42  4.693  19.50  4.69  24.58  4.696  29.67  4.696 

4.33  4.678  9.42  4.684  14.50  4.694  19.58  4.694  24.67  4.697  29.75  4.696 

4.42  4.676  9.50  4.685  14.58  4.693  19.67  4.698  24.75  4.696  29.83  4.696 

4.50  4.677  9.58  4.684  14.67  4.694  19.75  4.697  24.83  4.695  29.92  4.696 

4.58  4.677  9.67  4.684  14.75  4.693  19.83  4.698  24.92  4.697  30.00  4.696 

4.67  4.677  9.75  4.684  14.83  4.693  19.92  4.698  25.00  4.698    

4.75  4.677  9.83  4.686  14.92  4.693  20.00  4.697  25.08  4.697    

4.83  4.678  9.92  4.686  15.00  4.693  20.08  4.698  25.17  4.698    

4.92  4.678  10.00  4.686  15.08  4.694  20.17  4.697  25.25  4.697    

5.00  4.678  10.08  4.686  15.17  4.694  20.25  4.697  25.33  4.698    
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5. Indium(0) catalyzed allylation reactions in water 

Ketone 10a-d3, Allylboronate 11a – 11d were prepared following reported method.123,167–170  Ketones 10a – 

10h were purchased from TCI Co., LTD.  Indium powder was purchased from Aldrich Co.  Internal standard 12a-

d3 was synthesized as follows.  Internal standard 12b-d3 was synthesized following reported standard reaction 

procedure. 

Preparation of 12a-d3. 

To a solution of acetophenone-d3 (10a-d3; 1.23 g, 10 mmol) in anhydrous THF, a commercial allylmagnesium 

bromide solution (Aldrich; 1M, 12 mL) was added dropwise at 0 °C.  The mixture was stirred 3 hours at room 

temperature and then was quenched with 1N aq. HCl solution.  The mixture was extracted with ethyl acetate and 

combined organic layer was washed with brine.  After dryness over Na2SO4 the material was purified over silica 

gel column chromatography to afford the target compound 12a-d3 (730 mg, 4.42 mmol, 44%). 

Phenylpent-4-en-2-ol (12a-d3) 

1H-NMR (400 MHz): δ = 1.55 (trace), 2.08 (1H br s), 2.51 (1H, dd, J = 8.4, 13.2 Hz), 2.70 (1H, dd, J = 6.5, 13.2 Hz), 

5.11-5.16 (2H, m), 5.57-5.70 (1H, m), 7.20-7.45 (5H, m); 13C-NMR (100 MHz): δ = 30.0 (multiplet), 48.4, 73.6, 

119.4, 124.7, 126.6, 128.1, 133.6, 147.6. 

3-Methyl-2-phenyl-4-penten-2-ol (12b-d3) 

(syn isomer) 1H-NMR (500 MHz): δ = 0.85 (3H, d, J = 6.8 Hz), 1.50 (trace), 1.86 (1H, br s), 2.51 – 2.61 (1H, m), 

5.09 – 5.13 (2H, m), 5.77 – 5.85 (1H, m), 7.22 – 7.25 (1H, m), 7.33 – 7.43 (4H, m); 13C-NMR (125 MHz): δ = 14.7, 

48.8, 75.6, 116.6, 124.8, 126.5, 127.9, 139.8, 146.9. 

 

Raw data of Scheme 5-6. Monitoring trial of the allylation reaction 

Time (min) m/z = 148 m/z = 145 

0.83 36945.29 84579.88 

4.13 36881.84 56384.04 

7.41 44969.61 56855.06 

10.67 55614.67 76799.11 

12.65 2738.14 16112.49 

17.55 4405.37 3562.82 

23.6 12032.63 4765.67 

34.05 19515.2 8510.26 

44.69 8404.11 98102.53 

53.59 9552.75 11575.37 

82.81 1501.28 5702.57 

96.55 5845.2 13117.95 
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Raw data of Scheme 5-11. Monitoring trial of allylation reaction using α-methylallylboronate 

Time (min) m/z = 162 m/z = 159 

0.94 146244.6 6343.66 

6.76 169771.5 3630286 

12.51 79691.72 4161838 

18.3 80518.28 4022886 

24.08 69690.97 3629325 

29.9 67762.27 3579593 

35.65 61689.11 3187996 

41.38 12263.23 689872.5 

47.22 77877.12 3936027 

53 64283.79 3657826 

58.79 71449.87 3754863 

64.55 49086.26 2770308 

70.38 63715.82 3539038 

76.16 59825.66 3369743 

81.92 61953.02 3521009 

87.72 53814.23 2933860 

93.4 2209.07 146713.7 

99.2 10434.6 630836 

105 21537.55 1258121 

110.78 16159.9 1051764 

116.58 26605.66 1533784 
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Raw data of Scheme 5-13. The reaction monitoring study with various allylboronates 

     entry 2.        entry 3.      entry 4. 

Time (min) m/z = 

148 

m/z 

=145 

 Time 

(min) 

m/z = 

162 

m/z = 

159 

 Time 

(min) 

m/z = 

162 

m/z = 

159 

0.79 80443.94 801.88  0.88 3053.22 17358.84  0.91 1348.79 3237.98 

1.68 125776.9 3373.2  2.18 2732.34 15326.48  2.15 1562.06 13660.36 

4.19 156998.8 8993.27  3.44 2790.33 22210.2  4.74 1669.42 41733.37 

5.54 164967.5 17346.73  4.74 4331.14 26260.33  6.01 1570.63 70707.58 

8.11 158464 24748.88  5.99 3055.7 32724.67  7.21 1057.07 34986.45 

9.39 65239.38 11495.66  7.26 2639.85 28990.04  8.49 770.17 42016.58 

10.61 122375.9 22572.27  8.59 3870.77 43127.81  9.88 1324.21 93328.42 

11.89 177135.5 52395.14  9.87 4301.51 53961.52  11.06 245.83 31070.65 

13.17 81129 22101.25  11.14 4487.13 64217.38  12.34 934.3 75645.24 

14.47 96951.73 31271.3  12.44 3997.83 59447.76  13.72 1139.87 99722.45 

15.8 166889.6 70014  13.7 4043.4 66894.34  14.91 664.82 77621.41 

17.04 152854.5 88695.19  14.99 3627.92 77751.79  16.29 1546.77 156325.3 

18.37 177950.8 108339.9  16.22 3659.35 78148.57  17.47 770.95 92731.75 

19.67 118884.4 69408.82  17.57 3460.53 87279.86  18.76 938.2 110777.6 

20.95 151621.4 103013.8  18.85 3760.82 100655.4  20.14 1105.63 142501.7 

22.22 69236.16 53265.39  20.15 5105.62 160839.2  21.32 957.14 163274.7 

23.43 96979.91 81008.14  21.35 4894.31 162794.1  22.6 979.86 128983.2 

24.72 154317.1 142339.2  22.63 3050.56 110743.3  23.89 1148.56 157505 

26.02 68801.88 70582.63  23.95 3238.97 120790.6  25.17 1726.48 248034.3 

27.32 112952 128991.6  25.2 3309.75 158322.9  26.49 607.91 102548.5 

28.6 68295.4 82362.14  26.48 3141.09 151310.4  27.73 824.07 118613.5 

29.88 115317.5 151451.7  27.77 3625.15 181333.3  29.05 1000.83 190350.5 

31.15 102954.1 146463.6  29.11 4809.19 244438.9  30.37 1409.16 247661.3 

32.5 146325.1 220834.6  30.36 3145.05 207091.6     

33.78 122035.8 198183.4         

35.01 136773.1 237020.7         

36.35 138305 257716.9         

37.58 142351.4 275799.6         
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Topic 6. Organosuperbase-catalyzed 1,4-addition reactions of sulfonylimidates 

Typical procedure for the preparation of sulfonylimidates and compound information 

All sulfonylimidates were prepared following the reported methods.138  To a solution of the crude 

propionimidate HCl salt (5.00 g, 33.0 mmol, 1.0 equiv) prepared from Pinner reaction in dichloromethane (100 mL), 

Et3N (13.8 mL, 99.0 mmol, 3.0 equiv), 4-toluenesulfonyl chloride (6.29 g, 33.0 mmol, 1.0 equiv), and DMAP (403 

mg, 3.3 mmol, 10 mol%) were added at rt.  The reaction mixture was stirred until 4-toluenesulfonyl chloride was 

consumed (22 h). The mixture was poured into saturated aq. NH4Cl solution, and extracted with DCM. The organic 

layers were combined and dried over anhydrous Na2SO4.  Filtration and evaporation of the solvents afforded the 

crude product, which was purified by column chromatography on silica gel and recrystallized from hexane/EtOAc 

(4/1) to give the pure sulfonylimidate 14a. (7.15 g, 80%) 

 

Isopropyl N-(4-toluenesulfonyl)-propionimidate (14a)138 

1H NMR (CDCl3) δ = 7.82 (d, 2H, J = 8.5 Hz), 7.29 (d, 2H, J = 7.9 Hz), 5.10 (septet, 1H, J = 6.2 Hz), 

2.88 (q, 2H, J = 7.6 Hz), 2.42 (s, 3H), 1.23 (d, 6H, J = 6.2 Hz), 1.21 (t, 3H, J = 6.2 Hz); 13C NMR 

(CDCl3) δ = 176.3, 142.9, 139.4, 129.3, 126.4, 71.9, 27.8, 21.5, 21.1, 10.1.  

 

 

 

Isopropyl N-(2,5-xylenesulfonyl)-propionimidate (14b)138 

1H NMR (CDCl3) δ = 8.20 (s, 1H), 6.90 (d, 1H, J = 7.4 Hz), 6.84 (dd, 1H, J = 7.4, 1.4 Hz), 4.74 

(septet, 1H, J = 6.3 Hz), 2.91 (q, 2H, J = 7.4 Hz), 2.77 (s, 3H), 1.94 (s, 3H), 1.07 (t, 3H, J = 7.4 

Hz), 0.83 (d, 6H, J = 6.3 Hz); 13C NMR (CDCl3) δ = 176.2, 141.2, 135.9, 134.4, 133.0, 132.2, 128.9, 

71.2, 28.4, 21.1, 20.6, 20.2, 10.4.  

 

 

 

Isopropyl N-(2,4,6-trimethylbenzenesulfonyl)-propionimidate (14c)  

White crystal; 1H NMR (CDCl3) δ = 6.91 (s, 2H), 5.01 (septet, 1H, J = 6.2 Hz), 2.81 (q, 2H, J = 7.4 

Hz), 2.63 (s, 6H), 2.27 (s, 3H), 1.21-1.15 (m, 9H); 13C NMR (CDCl3) δ = 176.0, 141.7, 138.5, 136.4, 

131.5, 71.4, 27.8, 22.7, 21.4, 20.9, 10.1; IR (neat) 2981, 2940, 1596, 1559, 1541, 1466, 1457, 1384, 

1310, 1235, 1153, 1104, 1089, 1072, 1061 cm-1; HRMS (DART) Exact mass calcd for C15H24NO3S 

[M+H]+, 298.1477. Found 298.1482.  
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Isopropyl N-(2,3,5,6-tetramethylbenzenesulfonyl)-propionimidate (14d)  

White crystal; 1H NMR (CDCl3) δ = 7.05 (s, 1H), 4.98 (septet, 1H, J = 6.2 Hz), 2.73 (q, 2H, J = 

7.4 Hz), 2.48 (s, 6H), 2.19 (s, 6H), 1.16 (d, 6H, J = 6.2 Hz), 1.10 (t 3H, J = 7.4); 13C NMR (CDCl3) 

δ = 176.0, 140.2, 135.6, 135.1, 134.5, 71.4, 27.8, 21.4, 20.7, 17.9, 10.1; IR (neat) 2982, 2948, 2885, 

1589, 1559, 1541, 1522, 1507, 1464, 1459, 1438, 1385, 1375, 1354, 1297, 1233, 1139, 1106, 1086, 

1071 cm-1; HRMS (DART) Exact mass calcd for C16H26NO3S [M+H]+, 312.1633. Found 312.1651.  

 

Isopropyl N-(1-naphthalenesulfonyl)-propionimidate (14e)  

White crystal; 1H NMR (C6D6) δ = 8.84 (d, 1H, J = 8.9 Hz), 8.24 (d, 1H, J = 7.6 Hz), 7.20 (d, 2H, J 

= 8.3 Hz), 7.09 ( t, 1H, J = 8.3 Hz), 6.91 (t, 1H, J = 7.6 Hz), 6.71 (t, 1H, J = 7.6 Hz), 4.31 (septet, 

1H, J = 6.2 Hz), 2.65 (q, 2H, J = 7.6 Hz), 0.77 (t, 3H, J = 7.6 Hz), 0.44 (d, 6H, J = 6.2 Hz); 13C NMR 

(C6D6) δ = 176.4, 138.6, 134.6, 133.7, 129.1, 128.9, 128.3, 127.6, 126.7, 126.6, 124.3, 71.6, 28.4, 

20.9, 10.3; IR (neat) 3057, 2982, 2942, 2883, 1588, 1507, 1465, 1384, 1358, 1309, 1265, 1235, 1201, 

1160, 1131, 1102, 1090, 1071, 1030 cm-1; HRMS (DART) Exact mass calcd for C16H20NO3S [M+H]+, 306.1164. 

Found 306.1184. 

 

Isopropyl N-(2-naphthalenesufonyl)-propionimidate (14f)  

White crystal; 1H NMR (C6D6) δ =8.44 (s, 1H), 7.83 (dd, 1H, J = 8.6, 1.7 Hz), 7.24 (d, 1H, J = 8.9 

Hz), 7.19-7.14 (m, 2H), 6.90-6.87 (m, 1H), 6.83 (t, 1H, J = 7.6 Hz), 4.45 (septet, 1H, J = 6.2 Hz), 

2.65 (q, 2H, J = 7.6 Hz), 0.79 (t, 3H, J = 7.2 Hz), 0.54 (d, 6H, J = 6.2 Hz); 13C NMR (C6D6) δ =176.1, 

140.5, 134.9, 132.5, 129.4, 129.2, 128.4, 128.3, 127.7, 127.3, 123.1, 71.6, 28.3, 20.9, 10.4; IR (neat) 

3059, 2982, 2883, 1593, 1558, 1541, 1506, 1465, 1385, 1358, 1308, 1235, 1154, 1130, 1103, 1077, 

1030 cm-1; HRMS (DART) Exact mass calcd for C16H20NO3S [M+H]+, 306.1164. Found 306.1182. 

 

Isopropyl N-(2,3,5,6-tetramethylbenzenesulfonyl)-butanimidate (14g)  

White crystal; 1H NMR (CDCl3) δ = 7.13 (s, 1H), 5.07 (septet, 1H, J = 6.2 Hz), 2.75 (t, 2H, J = 7.7 

Hz), 2.56 (s, 6H), 2.27 (s, 6H), 1.70-1.62 (m, 2H), 1.23 (d, 6H, J = 6.2 Hz), 0.93 (t, 3H, J = 7.4 Hz); 

13C NMR (CDCl3) δ = 175.3, 140.2, 135.6, 135.1, 134.6, 71.3, 36.0, 21.4, 20.8, 19.4, 17.9, 13.7; IR 

(neat) 3232, 2968, 2936, 2875, 1719, 1697, 1686, 1591, 1464, 1365, 1338, 1305, 1258, 1208, 1142, 

1100, 1016 cm-1; HRMS (DART) Exact mass calcd for C17H28NO3S [M+H]+, 326.1790. Found 

326.1759. 

 

Preparation of Michael acceptors and compound information 

Michael acceptors 15a~d, 18a and 18b were purchased from Tokyo Chemical Industry Co., Ltd. or Aldrich Co., 

Ltd.  S-tert-Butyl thiocrotonate 18c was prepared as follows; crotonoyl chloride (5 mL, 52 mmol) was added 

carefully at 0 °C to a mixture of tBuSH (7 mL, 62 mmol), Et3N (10.8 mL, 78 mmol) and DMAP (315 mg, 2.7 mmol) 
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in 50 mL of THF.  After addition, the mixture was stirred for 24 h at rt and then the reaction was quenched by adding 

H2O (100 mL).  The mixture was extracted with Et2O (50 mL × 3) and combined organic layers were washed with 

brine and then dried over anhydrous Na2SO4.  The crude material was distilled (79 °C / 18 mmHg) to afford pure 

tert-butyl thiocrotonate 18c (4.67 g, 62%). 

Other thioesters were synthesized by HWE reactions following reported method.171 

 

(E)-S-tert-butylbut-2-enethiate (18c)172 

1H NMR (CDCl3) δ = 6.82 (dq, 1H, J = 15.3, 6.8 Hz), 6.04 (dq, 1H, J = 15.3, 1.7 Hz), 1.84 (dd, 

3H, J = 6.8, 1.7 Hz), 1.49 (s, 9H); 13C NMR (CDCl3) δ = 190.6, 139.2, 130.8, 47.7, 29.8, 17.7. 

 

(E)-S-tert-butyl-5-methylhex-2-enethiate (18d) 

Colorless liquid. 1H NMR (CDCl3) δ = 6.79 (dt, 1H, J = 15.3, 7.4 Hz), 6.00 (dd, 1H, J = 15.3, 

1.1 Hz), 2.05 (ddd, 2H, J = 6.8, 7.4, 1.1 Hz), 1.75 (septet-triplet, 1H, J = 6.2, 6.8 Hz), 1.50 

(s, 9H), 0.92 (d, 6H, J = 6.2 Hz); 13C NMR (CDCl3) δ = 190.8, 143.1, 130.3, 47.8, 41.3, 29.9, 27.9, 22.4; IR (neat) 

2999, 2960, 2925, 2871, 1669, 1632, 1458, 1388, 1364, 1304, 1261, 1218, 1162, 1096, 1058, 1041, 1028 cm-1; HRMS 

(DART) Exact mass calcd for C11H21OS [M+H]+, 201.1313. Found 201. 1327. 

 

(E)-S-tert-butyl-4-methylpent-2-enethiate (18e) 

Colorless liquid. 1H NMR (CDCl3) δ = 6.77 (dd, 1H, J = 15.3, 6.5 Hz), 5.94 (d, 1H, J = 15.3 

Hz), 2.40 (septet-doublet, 1H, J = 6.8, 6.5 Hz), 1.48 (s, 9H), 1.03 (d, 6H, J = 6.8 Hz); 13C NMR 

(CDCl3) δ =191.2, 150.2, 126.6, 47.8, 30.8, 29.9, 21.2; IR (neat) 2963, 2925, 2871, 1739, 1717, 

1672, 1630, 1458, 1387, 1363, 1340, 1292, 1267, 1215, 1163, 1096, 1063, 1034, 1019 cm-1; HRMS (DART) Exact 

mass calcd for C10H19OS [M+H]+, 187.1157. Found 187.1165. 

 

(E)-S-tert-butyl-3-phenylprop-2-enethiate (18f)173 

1H NMR (CDCl3) δ = 7.55-7.50 (m, 3H), 7.38-7.37 (m, 3H), 6.62 (d, 1H, J = 15.9 Hz), 1.55 (s, 

9H); 13C NMR (CDCl3) δ = 190.6, 139.3, 134.3, 130.3, 128.9, 128.3, 125.9, 48.3, 29.9. 

 

(E)-S-tert-butyl-3-(3-methylphenyl)prop-2-enethiate (18g) 

Colorless liquid. 1H NMR (CDCl3) δ = 7.51 (d, 1H, J = 15.9 Hz), 7.32-7.30 (m, 2H), 

7.26 (t, 1H, J = 7.9 Hz), 7.19 (d, 1H, J = 7.4 Hz), 6.60 (d, 1H, J = 15.9 Hz), 2.36 (s, 3H), 1.54 

(s, 9H); 13C NMR (CDCl3) δ = 190.7, 139.5, 138.5, 134.3, 131.2, 128.9, 128.8, 125.7, 125.5, 

48.2, 30.0, 21.3; IR (neat) 2996, 2961, 2923, 2863, 1739, 1663, 1614, 1584, 1477, 1455, 

1363, 1310, 1228, 1163, 1124, 1033, 1017 cm-1; HRMS (DART) Exact mass calcd for C14H19OS [M+H]+, 235.1157. 

Found 235.1145. 
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(E)-S-tert-butyl-3-(4-bromophenyl)prop-2-enethiate (18h) 

Pale yellow crystal. 1H NMR (CDCl3) δ = 7.50 (d, 2H, J = 8.5 Hz), 7.46 (d, 1H, J = 15.9 

Hz), 7.37 (d, 2H, J = 8.5 Hz), 6.59 (d, 1H, J = 15.9 Hz), 1.54 (s, 9H); 13C NMR (CDCl3) 

δ = 190.3, 137.8, 133.3, 132.1, 129.6, 126.4, 124.5, 48.5, 29.9; IR (neat) 3031, 2996, 

2967, 2913, 2890, 1739, 1658, 1612, 1583, 1560, 1487, 1453, 1400, 1363, 1320, 1291, 1216, 1203, 1160, 1069, 1034, 

1012 cm-1; HRMS (DART) Exact mass calcd for C13H16BrOS [M+H]+, 299.0105. Found 299.0153. 

 

(E)-S-tert-butyl-3-(4-nitrophenyl)prop-2-enethiate (18i) 

Yellow crystal. 1H NMR (CDCl3) δ = 8.24 (d, 2H, J = 8.7 Hz), 7.67 (d, 2H, J = 8.7 

Hz), 7.54 (d, 1H, J = 16.0 Hz), 6.71 (d, 1H, J = 16.0 Hz), 1.56 (s, 9H); 13C NMR 

(CDCl3) δ = 189.9, 136.1, 129.6, 128.8, 124.2, 48.9, 29.8; IR (neat) 2970, 2927, 2867, 

1739, 1720, 1653, 1616, 1596, 1520, 1475, 1458, 1413, 1364, 1345, 1274, 1218, 1162, 

1127, 1109, 1033, 1014 cm-1; HRMS (DART) Exact mass calcd for C13H16NO3S [M+H]+, 266.0851. Found 266.0818. 

 

(E)-S-tert-butyl-3-(benzo-[d][1,3]-dioxol-5-yl)prop-2-enethiate (18j) 

White crystal. 1H NMR (CDCl3) δ = 7.45 (d, 1H, J = 15.8 Hz), 7.01-7.00 (m, 2H), 6.80 

(d, 1H, J = 8.9 Hz), 6.46 (d, 1H, J = 15.8 Hz), 6.00 (s, 2H), 1.54 (s, 9H); 13C NMR 

(CDCl3) δ = 190.5, 149.7, 148.3, 139.0, 128.7, 124.8, 124.0, 108.6, 106.5, 101.5, 48.2, 

29.9; IR (neat) 3054, 2989, 2968, 2897, 1739, 1659, 1598, 1504, 1489, 1448, 1363, 1262, 1128, 1035, 1015 cm-1; 

HRMS (DART) Exact mass calcd for C14H17O3S [M+H]+, 265.0898. Found 265.0860. 

 

General procedure of Michael addition reaction of sulfonylimidates and compound information 

Sulfonylimidate 14d (93.4 mg, 0.300 mmol) and thioester 18c (60 μL, 3.60 mmol) were placed in a well-dried 

reaction tube, and were dissolved in toluene (0.55 mL) under Ar.  The mixture was cooled to -20 °C and iBu-PAP 

soln. in toluene (110.9 g·L-1, 46 μL, 5 mol%) was added. The mixture was stirred for 18 h and then sat. NH4Cl aq 

was added. The mixture was extracted with DCM (15 mL × 3) and dried over anhydrous Na2SO4.  After filtration 

and removal of the solvents under reduced pressure, 1H-NMR analysis of the crude product was conducted with 

1,1,2,2-tetrachloroethane as an internal standard.  Purification of the crude product was performed by preparative 

TLC (Hexane/EtOAc = 5/1) to afford the desired product 19dc (120.5 mg, 88%). 

 

Isopropyl 2-methyl-5-ethoxy-5-oxo-N-(4-toluenesulfonyl)-pentanimidate (16a) 

White solid; 1H NMR (CDCl3) δ = 7.81 (d, 2H, J = 7.9 Hz), 7.29 (d, 2H, J = 7.9 Hz), 5.02 

(septet, 1H, J = 6.2 Hz), 4.13 (q, 2H, J = 7.4 Hz), 3.66-3.61 (m, 1H), 2.42-2.34 (m, 4H), 

2.28-2.21 (m, 1H), 2.01-1.94 (m. 1H), 1.85-1.78 (m, 1H), 1.27-1.21 (m, 12H); 13C NMR 

(CDCl3) δ = 177.3, 172.7, 142.9, 139.3, 129.2, 126.4, 71.7, 60.3, 38.1, 31.8, 28.7, 21.4, 

21.0, 20.9, 17.6, 14.1; IR (neat) 2981, 2937, 2877, 1736, 1596, 1461, 1378, 1353, 1307, 

1261, 1157, 1093, 1038 cm-1; HRMS (DART) Exact mass calcd for C18H28NO5S [M+H]+, 

370.1688. Found 370.1674. 
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Isopropyl 2-methyl-5-tert-butoxy-5-oxo-N-(4-toluenesulfonyl)-pentanimidate (16b) 

Colorless oil; 1H NMR (CDCl3) δ = 7.81 (d, 2H, J = 8.5 Hz), 7.29 (d, 2H, J = 8.5 Hz), 

5,02 (septet, 1H, J = 6.2 Hz), 3.62 (dq, 1H, J = 15.3, 6.8 Hz), 2.41 (s, 3H), 2.33-2.26 (m, 

1H), 2.19-2.13 (m, 1H), 1.97-1.90 (m, 1H), 1.80-1.74 (m, 1H), 1.45 (s, 9H), 1.24-1.20 

(m, 9H); 13C NMR (CDCl3) δ = 177.4, 142.0, 142.8, 139.5, 129.2, 126.4, 80.2, 71.6, 38.1, 

33.0, 28.8, 27.9, 21.3, 20.9(2), 20.8(7), 17.6; IR (neat) 2980, 2936, 2877, 1730, 1596, 

1459, 1368, 1307, 1261, 1215, 1156, 1093 cm-1; HRMS (DART) Exact mass calcd for 

C20H35N2O5S [M+NH4]+, 415.2267. Found 415.2289. 

 

Isopropyl 2-methyl-5-oxo-N-(4-toluenesulfonyl)-hexanimidate (16c) 

White solid; 1H NMR (CDCl3) δ = 7.81 (d, 2H, J = 7.9 Hz), 7.30 (d, 2H, J = 7.9 Hz), 5.03 

(septet, 1H, J = 6.2 Hz), 3.57-3.53 (m, 1H), 2.56-2.49 (m, 1H), 2.42 (s, 3H), 2.40-2.35 (m, 

1H), 2.14 (s, 3H), 1.94-1.87 (m, 1H), 1.80-1.73 (m, 1H), 1.24 (d, 3H, J = 6.2 Hz), 1.22 (d, 

3H, J = 6.2 Hz), 1.18 (d, 3H, J = 6.8 Hz); 13C NMR (CDCl3) δ = 207.6, 177.7, 142.9, 139.5, 

129.3, 126.4, 71.7, 41.0, 38.3, 29.8, 27.6, 21.4, 21.0, 20.9, 17.9; IR (neat) 2982, 2936, 2876, 

1718, 1593, 1495, 1458, 1417, 1357, 1305, 1227, 1216, 1156, 1093, 1018 cm-1; HRMS 

(DART) Exact mass calcd for C17H29N2O4S [M+NH4]+, 357.1848. Found 357.1808. 

 

Isopropyl 2-methyl-5-methoxymethylamino-5-oxo-N-(4-toluenesulfonyl)-pentanimidate (16d) 

Colorless oil; 1H NMR (CDCl3) δ = 7.81 (d, 2H, J = 7.9 Hz), 7.29 (d, 2H, J = 7.9 Hz), 

5.03 (septet, 1H, J = 6.0 Hz), 3.68 (s, 3H), 3.65-3.60 (m, 1H), 3.17 (s, 3H), 2.54-2.37 

(m, 5H), 2.01-1.93 (m, 1H), 1.87-1.79 (m, 1H), 1.24-1.21 (m, 9H) 13C NMR (CDCl3) 

δ = 177.7, 142.8, 139.5, 129.2, 126.4, 71.7, 61.1, 38.4, 28.6, 21.4, 21.0, 20.9, 17.7; IR 

(neat) 2980, 2938, 2876, 1738, 1665, 1591, 1459, 1418, 1383, 1358, 1304, 1215, 1181, 

1156, 1092, 1067 cm-1; HRMS (DART) Exact mass calcd for C18H29N2O5S [M+H]+, 

385.1797. Found 385.1776. 

 

Isopropyl 2,3-dimethyl-5-tert-butylthio-5-oxo-N-(2,3,5,6-tetramethylbenzenesulfonyl)-pentanimidate (19dc) 

Obtained as diastereomer mixture;  Colorless oil; 1H NMR (CDCl3) δ = 7.14 (s, 1H), 

5.09 (septet, 1H, J = 6.2 Hz), 3.16-3.13 (m, 1H), 2.56 (s, 6H), 2.28-2.19 (m, 8H), 2.07-

2.02 (m, 1H) 1.44 (s, 9H), 1.29-1.24 (m, 6H), 1.16 (d, 3H, J = 6.8 Hz), 0.92 (d, 3H, J = 

6.8 Hz); 13C NMR (CDCl3) δ = 199.1, 177.3, 140.1, 135.6, 135.2, 134.4, 71.3, 49.2, 47.8, 

44.0, 33.9, 29.6, 21.2, 21.1, 20.7, 17.8, 16.3, 15.5; IR (neat) 2969, 2929, 2878, 1738, 

1717, 1683, 1590, 1459, 1383, 1363, 1288, 1207, 1145, 1102, 1074 cm-1; HRMS (DART) 

Exact mass calcd for C24H40NO4S2 [M+H]+,470.2399. Found 470.2368. 
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Isopropyl 2,5-dimethyl-3-(2-tert-butylthio-2-oxoethyl)-N-(2,3,5,6-tetramethylbenzenesulfonyl)-hexanimidate 

(19dd) 

Obtained as diastereomer mixture; Colorless oil; 1H NMR (CDCl3) δ = 7.13 (s, 1H), 5.07 

(septet, 1H, J = 6.2 Hz), 3.35 (septet, 1H, J = 7.4 Hz), 2.56 (s, 6H), 2.38 (dd, 1H, J = 

14.5, 2.6 Hz), 2.26-2.19 (m, 8H), 1.59-1.56 (m, 1H), 1.44 (s, 9H), 1.271.24 (m, 6H), 1.21-

1.14 (m, 4H), 1.14-1.05 (m, 1H), 0.84 (d, 3H, J = 6.8 Hz); 13C NMR (CDCl3) δ = 199.2, 

177.3, 140.3, 135.6, 134.5, 71.4, 48.1, 47.7, 32.9, 41.9, 36.3, 29.6, 25.5, 23.4, 22.2, 21.3, 

20,7, 17.9, 16.0; IR (neat) 2957, 2927, 2870, 1739, 1720, 1684, 1590, 1461, 1364, 1302, 

1228, 1207, 1145, 1101, 1014 cm-1; HRMS (DART) Exact mass calcd for C27H46NO4S2 [M+H]+, 512.2868. Found 

512.2843. 

 

Isopropyl 3-isopropyl-2-methyl-5-tert-butylthio-5-oxo-N-(2,3,5,6-tetramethylbenzenesulfonyl)-pentanimidate 

(19de) 

Colorless oil; 1H NMR (CDCl3) δ = 7.16 (s, 1H), 5.13-5.11 (m, 1H), 3.15-3.10 (m, 1H), 

2.58 (s, 6H), 2.37-2.32 (m, 1H), 2.27 (s, 6H), 2.16-2.12 (m, 1H), 1.89-1.80 (m, 2H), 1.42 

(s, 9H), 1.26-1.23 (m, 7H), 1.11 (d, 3H, J = 6.2 Hz), 0.82 (d, 3H, J = 6.9 Hz), 0.66 (d, 

3H, J = 6.9 Hz); 13C NMR (CDCl3) δ = 199.1, 178.1, 140.4, 135.9, 135.3, 134.6, 71.6, 

47.7, 42.8, 41.3, 29.7, 27.3, 21.2(2), 21.1(8), 20.8, 18.1, 17.9, 16.3, 15.6; IR (neat) 2963, 

2876, 1737, 1686, 1586, 1462, 1383, 1363, 1308, 1240, 1206, 1146, 1100, 1016 cm-1; 

HRMS (DART) Exact mass calcd for C26H44NO4S2 [M+H]+, 498.2712. Found 498.2720. 

 

Isopropyl 2-methyl-3-phenyl-5-tert-butylthio-5-oxo-N-(2,3,5,6-tetramethylbenzenesulfonyl)-pentanimidate 

(19df) 

Obtained as diastereomer mixture;  White solid; 1H NMR (CDCl3) δ = 7.27-7.17 (m, 

4H), 7.02 (d, 2H, J = 6.8 Hz), 5.20 (septet, 2H, J = 6.2 Hz), 3.47-3.43 (m, 1H), 3.22 (td, 

1H, J = 11.1, 4.2 Hz), 2.61 (s, 6H), 2.38-2.33 (m, 1H), 2.31 (s, 6H), 1.34 (d, 3H, J = 6.2 

Hz), 1.31 (d, 3H, J = 6.2 Hz), 1.23 (s, 9H), 0.90 (d, 3H, J = 6.8 Hz); 13C NMR (CDCl3) 

δ = 197.8, 177.1, 140.3, 139.8, 135.9, 135.5, 134.6, 128.3, 127.9, 126.9, 71.7, 48.5, 47.6, 

46.0, 43.7, 29.4, 21.3, 20.8, 18.0, 16.4; IR (neat) 3030, 2968, 2931, 2878, 178, 1716, 

1682, 1590, 1494, 1457, 1376, 1364, 1301, 1229, 1206, 1146, 1102, 1039 cm-1; HRMS (DART) Exact mass calcd 

for C29H42NO4S2 [M+H]+, 532.2555. Found 532.2531. 
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Isopropyl 2-methyl-3-(3-methylphenyl)-5-tert-butylthio-5-oxo-N-(2,3,5,6-tetramethylbenzenesulfonyl)-

pentanimidate (19dg) 

Obtained as diastereomer mixture;  Colorless oil; 1H NMR (CDCl3) δ = 7.19 (s, 1H), 

7.14 (t, 1H, J = 7.6 Hz), 6.99 (D, 1H, J = 7.6 Hz), 6.86 (s, 1H), 6.81 (d, 1H, J = 7.6 Hz), 

5.19 (septet, 1H, J = 6.2 Hz), 3.48-3.43 (m, 1H), 3.20 (td, 1H, J = 11.0, 3.4 Hz), 2.62 (s, 

6H), 2.38-2.28 (m, 11H), 1.35-1.30 (m, 6H), 1.25 (s, 9H), 0.90 (d, 3H, J = 6.9 Hz); 13C 

NMR (CDCl3) δ = 197.9, 177.2, 140.3, 139.7, 137.7, 135.8, 135.4, 134.5, 129.0, 128.2, 

127.7, 125.1, 71.6, 48.7, 47.6, 46.0, 43.6, 29.4, 21.3, 21.2, 20.6, 18.0, 16.4; IR (neat) 2969, 

2929, 2873, 1739, 1682, 1590, 1458, 1376, 1363, 1295, 1228, 1207, 1146, 1101, 1039 cm-1; HRMS (DART) Exact 

mass calcd for C30H44NO4S2 [M+H]+,546.2712. Found 546.2713. 

 

Isopropyl 2-methyl-3-(4-bromophenyl)-5-tert-butylthio-5-oxo-N-(2,3,5,6-tetramethylbenzenesulfonyl)-

pentanimidate (19dh) 

Obtained as diastereomer mixture; Pale yellow solid; 1H NMR (CDCl3) δ = 7.39 (d, 2H, 

J = 8.5 Hz), 7.19 (s, 1H), 6.94 (d, 2H, J = 8.5 Hz), 5.17 (septet, 1H, J = 6.2 Hz), 3.49-

3.43 (m, 1H), 3,22 (td, 1H, J = 10.5, 4.5 Hz), 2.60 (s, 6H), 2.43-2.37 (m, 2H), 2.30 (s, 

6H), 1.34-1.29 (m, 6H), 1.26 (s, 9H), 0.91 (d, 3H, J = 6.8 Hz); 13C NMR (CDCl3) δ = 

197.5, 176.5, 140.2, 139.0, 135.9, 135.5, 134.5, 131.4, 129.9, 120.8, 71.7, 48.3, 47.8, 

45.5, 43.5, 29.4, 21.2(2), 21.1(7), 20.7, 18.0, 17.7, 16.3; IR (neat) 2969, 2931, 2873, 

1738, 1717, 1682, 1591, 1489, 1459, 1376, 136, 1301, 1228, 1206, 1146, 1099, 1074, 1038, 1011 cm-1; HRMS 

(DART) Exact mass calcd for C29H41BrNO4S2 [M+H]+, 610.1660. Found 610.1618. 

 

Isopropyl 2-methyl-3-(4-nitrophenyl)-5-tert-butylthio-5-oxo-N-(2,3,5,6-tetramethylbenzenesulfonyl)-

pentanimidate (19di) 

Obtained as diastereomer mixture; Yellow solid; 1H NMR (CDCl3) δ = 8.16 (d, 2H, J 

= 8.5 Hz), 7.30 (d, 2H, J = 8.5 Hz), 7.21 (s, 1H), 5.18 (septet, 1H, J = 6.0 Hz), 3.65-

3.58 (m, 1H), 3.41 (td, 1H, J = 11.1, 3.6 Hz), 2.61 (s, 6H), 2.50-2.42 (m, 2H), 2.32 (s, 

6H), 1.35-1.31 (m, 6H), 1.25 (s, 9H), 0.93 (d, 3H, J = 7.9 Hz); 13C NMR (CDCl3) δ = 

197.3, 175.7, 147.9, 147.0, 140.0, 135.9, 135.6, 134.6, 129.2, 123.6, 72.0, 48.2, 45.9, 

43.4, 29.4, 21.3, 21.2, 20.8, 18.0, 17.7, 16.3; IR (neat) 2969, 2931, 2873, 1738, 1717, 

1681, 1593, 1524, 1459, 1347, 1299, 1280, 1230, 1206, 1146, 1100, 1039, 1014 cm-1; HRMS (DART) Exact mass 

calcd for C29H41N2O6S2 [M+H]+, 577.2406. Found 577.2440. 
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Isopropyl 2-methyl-3-(benzo-[d][1,3]-dioxol-5-yl)-5-tert-butylthio-5-oxo-N-(2,3,5,6-tetramethylbenzene-

sulfonyl)-pentanimidate (19dj) 

Obtained as diastereomer mixture;  Colorless oil; 1H NMR (CDCl3) δ = 7.20 (s, 1H), 

6.68 (d, 1H, J = 8.2 Hz), 6.50 (d, 1H, J = 8.2 Hz), 6.42 (s, 1H), 5.92 (s, 2H), 5.20 (septet, 

1H, J = 6.2 Hz), 3.34-3.29 (m, 1H), 3.13 (td, 1H, J = 11.0, 3.4 Hz), 2.61 (s, 6H), 2.31 (s, 

6H), 2.27-2.19 (m, 2H), 1.34-1.30 (m, 6H), 1.28 (s, 9H), 0.92 (d, 3H, J = 6.9 Hz); 13C 

NMR (CDCl3) δ = 197.9, 177.1, 147.7, 146.4, 140.4, 136.1, 135.6, 134.7, 133.7, 121.9, 

108.0, 71.7, 48.7, 47.8, 45.8, 43.9, 29.6, 21.3(3), 21.2(7), 20.8, 20.7, 18.1, 17.7, 16.4; 

IR (neat) 2969, 2927, 1738, 1715, 1682, 1589, 1505, 1488, 1456, 1363, 1315, 1284, 1248, 1206, 1147, 1100, 1039 

cm-1; HRMS (DART) Exact mass calcd for C30H42NO6S2 [M+H]+, 576.2454. Found 576.2418. 

 

Isopropyl 2-ethyl-3-methyl-5-tert-butylthio-5-oxo-N-(2,3,5,6-tetramethylbenzenesulfonyl)-pentanimidate 

(19gc) 

Obtained as diastereomer mixture;  Colorless oil; 1H NMR (CDCl3) δ = 7.13 (s, 1H), 

5.08 (septet, 1H, J = 6.2 Hz), 3.24-3.20 (m, 1H), 2.57 (s, 6H), 2.37-2.25 (m, 9H) 1.74-

1.67 (m, 1H), 1.60-1.54 (m, 1H), 1.45 (s, 9H), 1.28-1.25 (m, 6H), 0.98 (d, 3H, J = 6.2 

Hz), 0.91 (t, 3H, J = 7.4 Hz); 13C NMR (CDCl3) δ = 199.5, 176.2, 140.3, 135.6, 135.2, 

134.6, 71.3, 50.6, 49.3, 47.8, 33.5, 29.7, 23.5, 21.4, 21.3, 20.8, 18.0, 16.9, 11.3; IR (neat) 

2968, 2934, 2876, 1738, 1718, 1683, 1591, 1463, 1365, 1307, 1257, 1207, 1145, 1101 

cm-1; HRMS (DART) Exact mass calcd for C25H42NO4S2 [M+H]+, 484.2555. Found 484.2551. 

 

 

Further conversions of 1,4-adduct.  Procedures and compound information 

1-1. LAH reduction 

 

Compound 19dc (140.9 mg, 0.3 mmol) in THF (1 mL) was added to a suspension of LAH (34 mg, 0.9 mmol) in THF 

(2 mL) at 0 °C.  The mixture was stirred for 30 min and then water was added.  The mixture was extracted with 

DCM and the organic layer was dried over anhydrous Na2SO4.  After removal of the solvents under reduced pressure, 

the product was purified by pTLC (DCM/MeOH = 19/1) to afford quantitative yield of the desired product 20 (99.4 

mg, dr = 92/8). 
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N-(2,3,5,6-tetramethylbenzensulfonyl)-2,3-dimethyl-5-hydroxypentylamine (20) 

Colorless oil; 1H NMR (CDCl3) δ = 7.14 (s, 1H), 5.25 (t, 1H, J = 6.8 Hz), 3.66-3.56 

(m, 2H), 2.82-2.72 (m, 2H), 2.55 (s, 6H), 2.43 (br s, 1H), 2.27 (s, 6H), 1.77-1.75 (m, 

1H), 1.66-1.62 (m, 1H), 1.52-1.48 (m, 1H), 1.41-1.36 (m, 1H), 0.74 (d, 3H, J = 6.8 

Hz), 0.70 (d, 3H, J = 6.8 Hz); 13C NMR (CDCl3) δ = 137.6, 135.7, 135.5, 134.9, 60.5, 

46.6, 37.4, 36.5, 29.7, 20.9, 17.8, 13.6, 12.2; IR (neat) 3501, 3311, 2960, 2932, 2878, 1463, 1386, 1362, 1315, 1255, 

1205, 1144, 1060, 1014 cm-1; HRMS (DART) Exact mass calcd for C17H30NO3S [M+H]+, 328.1946. Found 328.1934. 

 

1-2. Cyclization reaction of aminoalcohol 21 

 

To a solution of reduced product 20 (121.2 mg, 0.37 mmol) and triphenylphosphine (194 mg, 0.74 mmol) in 3.7 

mL of THF, 252 μL of diethyl azodicarboxylate solution (DEAD, ca. 2.2 M in toluene; 0.74 mmol) was added slowly 

at rt.  The mixture was stirred overnight and then solvent was removed under reduced pressure.  The product was 

purified by pTLC (hexane/EtOAc = 5/1) to afford the desired piperidine derivative (94.6 mg, 83%, trans/cis = 92/8).  

1H-1H COSY NMR and several 1H-decoupling experiments determined stereo configuration of final product 21 (J3H-

4H = 11.0 for major, 4.1 for minor; details are shown below). 

 

N-(2,3,5,6-tetramethylbenzensulfonyl)-3,4-dimethylpiperidine (21) 

White solid; 1H NMR (CDCl3) δ = 7.12 (s, 1H), 3.51-3.43 (m, 2H), 2.71 (ddd, 1H, J = 12.5, 12.4, 

2.7), 2.69 (s, 6H), 2.51 (dd, 1H, J = 11.7, 11.7), 2.24 (s, 6H), 1.60 (m, 1H), 1.20 (m, 2H), 1.07 (m, 

1H), 0.90 (d, 3H, J = 6.6), 0.85 (d, 3H, J = 6.7); 13C NMR (CDCl3) δ = 136.5, 135.9, 135.6(2), 

135.5(7), 50.6, 44.6, 37.2, 33.5, 20.9, 19.4, 17.7, 17.6, 16.6; IR (neat) 2953, 2926, 2873, 2849, 

1458, 1390, 1310, 1256, 1205, 1181, 1143, 1029; HRMS (DART) Exact mass calcd for 

C17H28NO2S [M+H]+, 310.1841. Found 310.1846. 

 

2. Methanolysis 

 

Product 19dc (58.7 mg, 0.123 mmol) was added at rt to a solution of sodium methoxide as a solution in MeOH 

(0.25 mL) (6.8 mg, 0.123 mmol in 0.25 mL MeOH).  The mixture was stirred for 2 d and then poured into saturated 

aq. NH4Cl solution.  The mixture was extracted with DCM and the organic layers were dried over anhydrous 
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Na2SO4.  On the crude NMR analysis ~20% of the remaining starting material 19dc was observed (dr ~ 7/3).  

Purification by pTLC (Hexane/EtOAc = 9/1) afforded the desired sulfonylimidate 19db (35.3 mg, 70%, syn/anti = 

98/2). 

 

Isopropyl 2,3-dimethyl-5-methoxy-5-oxo-N-(2,3,5,6-tetramethylbenzenesulfonyl)-pentanimidate (19db) 

Obtained as diastereomer mixture; White crystal; 1H NMR (CDCl3) δ = 7.05 (s, 1H), 

4.99 (septet, 1H, J = 5.7 Hz), 3.58 (s, 3H), 3.24-3.14 (m. 1H), 2.48 (s, 6H), 2.20-2.13 (m, 

8H), 1.98-1.93 (m, 1H), 1.18-1.07 (m, 9H), 0.88 (d, 3H, J = 6.8 Hz); 13C NMR (CDCl3) 

δ = 177.7, 173.3, 140.6, 135.6, 135.5, 134.8, 71.6, 51.9, 44.3, 39.7, 33.6, 21.6, 21.1, 18.4, 

17.2, 15.8; IR (neat) 2979, 2949, 2881, 1740, 1590, 1460, 1382, 1357, 1303, 1258, 1177, 

1144, 1100 cm-1; HRMS (DART) Exact mass calcd for C21H34NO5S [M+H]+, 412.2158. 

Found 412.2157.  
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Determination of stereochemistry 

Relative stereoconfiguration of piperidine 21 was assigned from coupling constants of 1H-NMR spectroscopy. 

From 1H-1H COSY experiment (Figure 8-1), each proton was determined as described in Figure 8-2.  To determine 

the coupling constant between H3 and H4, several irradiation experiments were performed (Figure 8-3).  For major 

isomer, rf was irradiated to 5-H(b) and 4-Me then 4-H was successfully decoupled into dd (J = 11.0, 11.0, Figure 8-3 

left).  For minor isomer, rf was irradiated to 2-H(a) and 2-H(b) then 3-H was decoupled into dq (J3H-4H = 4.1, J3H-

3Me = 6.9, Figure 8-3 right). 

Figure 8-1. 1H-1H COSY spectrum of 21 
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Figure 8-2. Assignment of the peaks of 21 on 1H-NMR 

 

Figure 8-3. Irradiation experiments 
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