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A. Summary 

General 

It has been shown previously that second-order rate constants k of polar reactions of 

nucleophiles with electrophiles at 20 °C follow the linear free energy relationship given in 

Equation (1), where nucleophilic reactivity is expressed by the solvent-dependent parameters 

N (nucleophilicity) and sN (sensitivity) and electrophiles are characterized by the solvent 

independent parameter E (electrophilicity). 

lg k (20 C) = sN(N + E)   (1) 

The purpose of this work was to examine the applicability of this relationship to reactions of 

benzhydrylium ions with carbon nucleophiles of different nature. This allowed the inclusion of 

these nucleophiles in the most comprehensive reactivity scale presently available, which 

currently covers a range of over 30 orders of magnitude. In consequence, it was possible to 

compare the nucleophilic reactivities found for different carbon nucleophiles with those of 

previously studied structurally related compounds and to gain insight in the mechanistic 

aspects of C-C bond forming reactions. 

Chapter 1. Fine‐Tuning the Nucleophilic Reactivities of Boron Ate 

Complexes Derived from Aryl and Heteroaryl Boronic Esters 

Diaryl boronate complexes (BACs) with a number of structural variations were synthesized, 

isolated and fully characterized by the NMR spectroscopy and X-ray analysis for selected 

examples. Product studies indicated exclusive attack of the electrophile at the more electron-

rich aromatic ring of the BACs (Scheme A.1). 

 

Scheme A.1. Reactions of BACs with various electrophiles in CH3CN. 

Kinetics and mechanisms of the reactions of the BACs with several diarylcarbenium ions have 

been investigated by UV-Vis and NMR spectroscopy in CH3CN at 20 °C. We have found that 

the nucleophilic reactivity of the furylboronate 1.4 (N = 2.90) is increased by a factor > 105 by 

the addition of 4-CF3-phenyllithium to give 1.1a-Li+ (Figure A.1). A somewhat stronger 
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activation can be achieved with aryllithium compounds carrying electron donor substituents, 

but the loss of the selectivity in such cases should be taken into account. 

 

Figure A.1. Comparison of the nucleophilicities of BACs with those of other borylated and π-excessive 
heteroarenes. 

While the nucleophilic reactivies of the BACs depend only slightly on their counterions, the 

nature of the diol ligand has a profound effect on their nucleophilicities. Thus, the –B(gly) and 

–B(neo) derivatives are 104 times more reactive than the –B(pin) derivatives (Figure A.2). With 

these data in hand, we now have a quantitative basis for the fine-tuning of the nucleophilic 

reactivities of boron-ate complexes for synthetic applications. 

 

Figure A.2. Relative reactivities of the thienyl BACs 1.1d-f derived from B(pin), B(gly) and B(neo) toward 
carbenium ion 1.5 in CH3CN at 20 °C. 

Chapter 2. Transition Metal-Free C-H Activation of Tertiary Amines: 

Diisopropyl Azodicarboxylate Mediated -Functionalization 

Combination of the electrophilic and oxidative properties of diisopropylazodicarboxylate 

(DIAD) have been utilized for C-H activation at the α-position of tertiary amines (Scheme 2). 

Thus obtained aminals were reacted with various scope of aryl-, alkyl- and unsaturated 
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organotrifluoroborates to achieve α-functionalized N-methylanilines under mild conditions 

without any use of transition-metal catalysis. 

 

Scheme A.2. α-Functionalization of N-methylanilines with DIAD. 

DIAD demonstrated exclusive attack on the -CH3 group in N-alkyl-N-methylanilines with 

subsequent substitution of hydrazine moiety with potassium trifluoroborates (selected 

examples are shown in Figure A.3). Furthermore, this method was shown to successfully 

introduce functional group at the -methyl position in a series of aliphatic amines. 

 

 

Figure A.3. Selected examples of substituted anilines obtained from aminals 2.2 and 
organotrifluoroborates. Yields refer to isolated products after purification by column chromatography. 

Chapter 3. Reactivities Studies of Alkynyl-Stabilized Carbanions 

It has been demonstrated that addition of base to phenyl-propargyl sulfones 3.1 form 

nucleophilic species that react with standard electrophiles (Scheme A.3). These reactions have 

been investigated photometrically and obtained rate constants were used to calculate the 

nucleophilicity parameters for sulfonyl-stabilized carbanions 3.2. 

 

Scheme A.3. Formation of sulfonyl-stabilized carbanion 3.2 from the corresponding sulfones 3.1 and 
subsequent electrophilic attack at the α- and γ-positions. 
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The suggested carbanionic structures 3.2 showed reactivity similar to previously studied 

sulfonyl carbanions, decreased by a factor of 70 with the quinone methide 3.3 due to 

resonance stabilization of the anion by the neighboring triple bond (Figure A.4). 

 

Figure A.4. Comparison of absolute (in L mol-1 s-1) and relative rate constants for the reaction of sulfonyl 
stabilized carbanions 3.2a and 3.4a-c with quinone methide 3.3 in DMSO at 20 °C. [a] Calculated using 
equation (1). 

The reaction of propargyl sulfone with potassium diethylmalonate demonstrated high reactivity 

of such structural motifs towards nucleophiles (Scheme A.4). Furthermore, compounds with 

propargyl skeleton may isomerize in the presence of base to its corresponding allenic form 

that is known for its electrophilic activity. Taking the possible oligomerization reactions, i.e. 

between carbanion and its protonated allenic form, into account, one could not correctly 

identify the reactive intermediate in studied reactions. 

 

Scheme A.4. Nucleophilic attack of the potassium diethyl malonate on the sulfone 3.1a. 

To overcome those difficulties propargyl and allenic organometallic species 3.5-Li and 3.5-Zn 

were used for quantitative kinetic studies (Scheme A.5). The covalent character of the carbon-

metal bonds in these structures should reduce the reactivity towards electrophiles and thus 

neglect possible side processes. 

 

Scheme A.5. Metallation of 3.5 with n-BuLi and TMPZnClLiCl to form 3.5-Li and 3.5-Zn respectively. 

However, the observed first-order rate constants of the reaction of an excess of 3.5-Zn with 

bis-(p-(dimethylamino)phenyl)methylium tetrafluoroborate did not linearly correlate with the 

nucleophile concentration. Thus, the nucleophilicity of these species could not be established. 
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Chapter 4. Lewis Acidic and Nucleophilic Properties of Grignard Reagents 

The reaction of benzhydryl phenyl ethers with various Grignard reagents was found to proceed 

through formation of an intermediate carbocation as it is described by the SN1 mechanism 

(Scheme A.6). The time-dependent concentration of the intermediate 4.3 could be followed 

photometrically, and quantitative analysis of the kinetic plots allowed us to calculate the rates 

of the involved reactions for ionization of the benzhydryl phenyl ethers and the subsequent 

nucleophilic trapping of the intermediate carbocations (Figure A.5). 

 

Scheme A.6. SN1-type reaction between benzhydryl phenyl ethers 4.1 and the Grignard reagents 4.2 
in diethyl ether. 

 

Figure A.5. Experimental plot of the concentration of the corresponding carbocation 4.3a (black) in the 
reaction of 4.1a (2.18 × 10-5 mol L-1) with MeMgBr (1.96 × 10-2 mol L-1) in Et2O at 20 °C; calculated plot 
of the concentration (light grey) and weighted error (dark grey) found with COPASI software for a 
standard consecutive reversible reaction. Calculated first-order rate constants for the individual steps 
(right). 

Comparison of the obtained rates of the ionization of the benzhydryl phenyl ether (k2
i) showed 

that the ionization power of 4-substituted arylmagnesiumbromides increases in the range: 4-F 

< 4-Cl < 4-H with an exception of 4-MeO due to its possible intermolecular dimerization that 

may result in a reduced experimental rate constant (Figure A.6). The Grignard reagent with a 

relatively strong C-Mg bond, such as MeMgBr, differs by less than one order of magnitude 

from PhMgBr with respect to ionization of certain benzhydryl phenyl ether. 

k1
i = 3.06 × 101 s-1 

k-1
i = 3.50 s-1 

k1
c = 3.73 s-1 



A. Summary 

6 

 

 

Figure A.6. Comparison of logarithms of rate constants for ionization of substrate 4.1a with Grignard 
reagents. 

Figure A.7 shows that the reactivities of the Grignard reagents towards carbocations in the SN1 

reaction are in the same range as enamines, highly reactive silyl enol ethers and highly 

stabilized carbanions. 

 

Figure A.7. Reactivity comparison between studied Grignard reagents and several reference 
nucleophiles towards 4.3a. 

Organomagnesium bromides in diethyl ether have shown the ability to shift the coordination 

equilibrium and substitute the solvent molecules with the substrate (benzhydryl phenyl ether) 

 

PhMgBr 

4-Cl-C6H4MgBr 

4-F-C6H4MgBr 

MeMgBr 

 

 

PhMgBr  

 4-MeO-C6H4MgBr 

MgBr 
MeMgBr 

4-Cl-C6H4MgBr 

Br 4-F-C6H4MgBr 

Br 
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with following formation of the benzhydrylium ion. In contrast, with the stronger solvating THF 

or weaker Lewis acidic organomagnesium chlorides the intermediate carbocation is not 

observed, which may indicate a different mechanism for the nucleophilic substitution, though 

the corresponding products 4.4 were isolated. 

Chapter 5. Reactivity Comparison of Structurally Related Enamines and 

Silyl Enol Ethers 

The second-order rate constants for the reaction of C-nucleophiles, such as silyl enol ethers 

and enamines, with reference electrophiles, either indolylmethylium or benzhydrylium ions 5.3, 

in CH2Cl2 and CH3CN followed the linear free-energy relationship (1) (Figure A.8). 

 

Figure A.8. Correlations of the second-order rate constants lg (k2) for the reactions of C-nucleophiles 
5.1 and 5.2 with the electrophiles 5.3 in CH3CN at 20 °C with the electrophilicity parameters E of 5.3. 

With the obtained data it is possible to compare the reactivities of deoxybenzoin derived 

enolates, enamines and silyl enol ethers (Figure A.9). In terms of nucleophilicity the reactivity 

of the silyl enol ethers is 9 and 20 orders of magnitude lower than those of their structurally 

related enamines and enolates respectively. For the synthetic use of these species, the change 

in the reactivity should be considered: the high reaction rates with the electrophiles will 

increase the number of side-product and lead to loss of stereoselectivity. 

 

Figure A.9. Comparison of the nucleophilicities of structurally related silyl enol ethers, enamines and 
enolates in CH3CN at 20 °C. 

 

5.3a 

5.3b 

5.3c 

5.3d 

5.3e 

5.3f 

5.3g 

5.3i 

5.3j 

5.3k 

5.3k 

5.3l 

5.3m 



A. Summary 

8 

 

Annulation of a planar aromatic moiety to cyclopentanone- and cyclohexanone-derived 

enamines and silyl enol ethers, while influencing the nucleophilicity only slightly, shows 

significant effects on the sensitivity parameter sN making these substrates less sensitive 

towards changes in the nature of the electrophile (Figure A.10). 

 

 

Figure A.10. Comparison of the nucleophilicity N and sensitivity sN parameters for various silyl enol 
ethers and enamines. 
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B. Introduction 

Since Ingold introduced[1] the concept of “nucleophiles” (as electron-rich molecules) and 

“electrophiles” (as electron-deficient molecules) the task of systematic quantification of the 

reactivities of organic compounds became crucial for physical organic chemistry.[2] Early efforts 

by Swain and Scott resulted in equation (1) that describes the nucleophilic parameter n as a 

ratio of the rate constants of the specific nucleophile and water.[3] 

lg (k/kH2O) = s’n    (1) 

n = nucleophilicity constant (nH2O = 0)    

s’ = sensitivity of electrophile (s’CH3Br = 1)   

In 1972 Ritchie demonstrated[4] that the rates of the reactions of carbocations and diazonium 

ions with various nucleophiles follow the simple two-parameter correlation in equation 2. 

Therefore, nucleophilicity is described by a single, solvent specific and electrophile-

independent parameter N+, and the reactivities of the electrophiles are quantified by the rates 

k0 of their reaction with water. From these two parameters, the rate constant k for the reaction 

of the corresponding reactants in a specific solvent can be obtained. 

lg (k/k0) = N+    (2) 

So-called “Constant Selectivity Relationships” were confirmed further for numerous 

nucleophiles in reactions with transition-metal π-complexes[5] and for various hydride donors 

towards benzhydrylium ions.[6] However, with more and more kinetic data available it was 

realized that Ritchie’s principle was not generally applicable and better correlations were 

obtained when different classes of electrophiles were treated separately.[7] As a consequence, 

a nucleophile-specific sensitivity parameter was included in the arithmetic expression that 

describes different reaction series. In 1994 Mayr and Patz reported[8] the modified linear free 

energy relationship equation (3) which characterizes electrophiles by one solvent-independent 

parameter E and nucleophiles by two solvent-dependent parameters, sN (nucleophiles-specific 

sensitivity) and N (nucleophilicity). 

lg (k2) = sN(N + E)   (3) 

Benzhydrylium ions and structurally related quinone methides were chosen as reference 

electrophiles as they exhibit similar steric surroundings at the reaction centers, while their 

reactivities can be varied widely by substituents at the aromatic rings. On this basis it was 

possible to construct the most comprehensive reactivity scale presently available, covering a 
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reactivity range of over 30 orders of magnitude. It has been shown that such scale can be 

employed for predicting rates of reactions of the corresponding nucleophiles with 

carbocations,[9] cationic metal-π-complexes[9] as well as electron deficient alkenes[10] and 

arenes.[11] 

The formation of new carbon-carbon bonds is one of the central aims in organic chemistry. 

Organoboronates and boronic esters widely known for their transition metal catalyzed cross-

coupling transformation[12] can also undergo various uncatalyzed reactions with electrophiles, 

e.g. Michael additions[13] and Friedel-Crafts reactions.[14] However, most of the reported 

reactions require an activation of the boronic group for subsequent electrophilic attack. 

Addition of an organometallic species to form a boron “ate” complex and thus increase the 

reactivity of the substrate was exploited by Aggarwal[15] and Morken[16] for various 

stereoselective transformations. The quantitative influence of such activation on nucleophilicity 

of organoboronic esters is discussed in Chapter 1. 

Oxidative functionalization of tertiary amines at the sp3-hybridized α-carbon traditionally relies 

on the use of stoichiometric or catalytic amounts of metal salts.[17] In this context, dialkyl 

azodicarboxylates (DAADs) that are known to form reactive aminals with tertiary amines[18] are 

particularly attractive for subsequent transformations. A number of publications has shown that 

oxidative properties of DAADs are suitable for C-H functionalization with various 

nucleophiles.[19] However, the substrates scope was limited to mostly organometallic reagents. 

Chapter 2 describes the application of diisopropyl azodicarboxylate in combination with 

organotrifluoroborates for the α-functionalization of tertiary amines. 

Carbanions belong to the most useful nucleophiles in synthetic organic chemistry, which 

undergo numerous substitutions or additions reactions.[20] In context of further transformations 

carbanions bearing sulfone and acetylenic fragments are of particular interest.[21] Kishida et al. 

demonstrated in the early 1970s the use of propargyl sulfur ylides[22] and sulfonic carbanions[23] 

as intermediates in reactions with aldehydes and Michael acceptors to form synthetically 

valuable substrates such as conjugated enones and substituted oxiranes. However, a strong 

electron-withdrawing group such as sulfonyl may serve as an activator for the nucleophilic 

attack at the unsaturated C-C bond.[21c, 24] This makes acetylenic and propargyl sulfones 

versatile electrophiles for their potential transformations.[21a] Mechanistic investigations on the 

reactions of the propargyl sulfonyl carbanions and corresponding C-H acids are discussed in 

Chapter 3. 

Enamines and silyl enol ethers are typically serve as noncharged equivalents of highly reactive 

enolates. These electron-rich alkenes are widely used for synthesis of enantioenriched α -

functionalized ketones. Selected examples of electrophilic fluorinations,[25] thiolations[26] and 
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trifluoromethylations[27] demonstrate the loss of stereoselectivity and increased number of by-

products when more reactive enamines (including generated in situ) are employed. The 

detailed analysis of nucleophilic reactivity differences between enamines and silyl enol ethers 

is discussed in Chapter 4. 

Since their discovery more than hundred years ago[28] Grignard reagents became an important 

tool in organic chemistry. While their synthetic applications have been extensively developed, 

relatively few investigations on their reactivities have so far been reported. It is well-understood 

that Grignard reagents behave both as nucleophiles attacking carbonyl groups and as Lewis 

acids, activating the carbonyl group by coordination to oxygen atom.[29] A few examples have 

shown that these two functions can be separated, i.e. substrate ionization towards a stable 

carbocation with successful nucleophilic attack by the organomagnesium species.[30] A detailed 

description and mechanistic insights of the SN1-type reaction of benzhydryl phenyl ethers with 

various organomagnesium species is provided in Chapter 5. 
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Chapter 1 
Fine‐Tuning the Nucleophilic Reactivities of Boron Ate Complexes 

Derived from Aryl and Heteroaryl Boronic Esters 

G. Berionni, A. I. Leonov, P. Mayer, A. R. Ofial, H. Mayr 

Angew. Chem. 2015, 127, 2820-2824; Angew. Chem. Int. Ed. 2015, 54, 2780-2783. 

 

1.1 Introduction 

Boron “ate” complexes (BAC) that are readily available by treatment of boronic esters R-

B(OR)2 with organometallic compounds are air-stable, functional-group-tolerant 

nucleophiles.[1] Following the principle of the Zweifel olefination,[2] Aggarwal et al. reported[3] 

that treatment of BACs with suitable electrophiles led to the stereospecific coupling of arenes 

with secondary alkyl groups (e.g. Scheme 1.1). 

 

Scheme 1.1. Reaction of metal boronate complexes with electrophiles (e.g. bromine) and successive 
stereospecific elimination. 

In contrast, BACs with less electron-rich arenes (Scheme 1.2a) were attacked by electrophiles 

at the boron substituted sp3-hybridized carbon, and the coupling products R–E were formed 

with high degree of inversion.[4] Chiral BACs, derived from secondary boronic esters, reacted 

in this way with a broad range of carbon-, oxygen- and nitrogen-centered electrophiles, 

including carbenium and iminium ions.[4] In similar manner, formation of BACs from allylborons 

were employed for their activation towards weak carbon- and heteroatom-based electrophiles 

with very high -selectivity (Scheme 1.2b).[5] 

 

Scheme 1.2. Electrophilic attack at the Csp3 carbon of boronate complex. 
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Recent work by Morken et al. demonstrated the preparation of the chiral organoboronic esters 

via Pd-catalyzed cross-coupling reaction of an in situ formed vinylic boronate complexes.[6] 

Furthermore they have shown that the same type of the reaction may utilize simple and 

commercially available Grignard reagents in the presence of sodium triflate (Scheme 1.3).[7] 

 

Scheme 1.3. Pd-catalyzed conjunctive cross-coupling of Grignard-derived boronate complexes. 

Borate salts M+ Aryl-BX3
– with electron-rich arene rings, on the other hand, are known to react 

with electrophiles at the ipso position of the aryl ring.[8] Recently it was demonstrated[9] that the 

borate or boronate groups, such as –B(OR)3
–, –BF3

–, –B(pin), and –B(MIDA) (MIDA = N-

methyliminodiacetate), raises the nucleophilicity of the carbon directly attached to the boron 

atom (ipso-activation) by a factor of approximately 103-104, although the activation of the vicinal 

or more remote position of the -system is even greater (Scheme 1.4). 

 

Scheme 1.4. Ipso and vicinal activation of the triluoroborate group in the indolyl system. 

To quantify the effect of the boronate complex formation on the nucleophilic reactivity of the 

aryl systems, we have prepared BACs with two aryl rings (Scheme 1.5) and utilized the 

benzhydrylium methodology[10] to determine their nucleophilic parameters using reference 

electrophiles listed in Table 1.1. 
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Scheme 1.5. General scheme of the reaction of BAC with benzhydrylium tetrafluoroborates. 

Table 1.1. Electrophiles used in the kinetic study of BACs. 

Electrophile λmax / nm[a] E[b] 

 

500 0 

 

586 -3.85 

 

611 -5.53 

 

605 -7.02 

[a] Measured in acetonitrile. [b] From ref. [10] 
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1.2 Results and Discussion 

1.2.1 Synthesis of the Boronate Complexes 

Following a procedure by Brown[1] addition of the thienyl boronic esters 1a–d to ethereal 

solutions of the trifluoromethylated aryl-lithium compounds 2 and 2’ followed by evaporation of 

the solvent produced the lithium BACs (3–4)-Li+ as colorless crystalline solids (Scheme 1.6). 

The 11B NMR spectra of all BACs show a sharp resonance at δ +2 to +10 ppm that is 

characteristic for an anionic tetra-coordinated boron atom derived from boronic esters.[1] No 

decomposition of these BACs in CD3CN solutions was observed by 1H NMR spectroscopy 

within several days at 20 °C. 

 

Scheme 1.6. Synthesis and isolated yields of the lithium BACs (3-4)-Li+. 

As shown in Scheme 1.7, addition of thienyl- and furyl-lithium derivatives 5 and 5’ to the pinacol 

boronates 6 or 7 produced the BACs (8-14)-Li+ in good yields. The tetraethylammonium salt 

8-Et4N+ was obtained by cation metathesis from 8-Li+ with Et4N+Cl–. 
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Scheme 1.7. Synthesis of the BACs 8-14 and isolated yields after crystallization from THF/Et2O or 
CH3CN/Et2O mixtures (see the Experimental section for details). [a] Reaction conditions: Et4N+Cl– (1 
equiv.), THF, 20 °C. 

Crystals of 3a-Li+·(MeCN)3 suitable for X-ray analysis were grown by storing a concentrated 

CH3CN solution of 3a-Li+ at 0 °C for one week. Its solid-state structure (Figure 1.1a) shows 

that the lithium cation is coordinated to one oxygen of the pinacol moiety (Li–O1 = 1.924 Å) as 

well as to three CH3CN molecules (Li–N = 2.070 Å in average). Single crystals of the catechol 

borate 4d-Li+·(THF)3 were obtained by vapour diffusion of n-pentane into its solution in THF. 

Figure 1.1b shows that Li+ is coordinated to a catechol oxygen and to three THF molecules. 

The quaternary boron atoms in both BACs are in perfect tetrahedral environments (tetrahedral 

character > 99.9 %).[11] 

 

Figure 1.1. ORTEP view of the BACs 3a-Li+‧(CH3CN)3 (a) and of 4d-Li+‧(THF)3 (b) with thermal 

ellipsoids on a 30% probability level. For bond lengths and angles see the Experimental Section. 

  

a) b) 
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1.2.2 Kinetic Investigation 

The kinetics of the reactions of the BACs 3-4 and 8-14 with the benzhydrylium ions 15a-d have 

been monitored by time-resolved UV-Vis spectroscopy in CH3CN at λmax of 15 (Table 1.1). In 

the presence of more than ten equivalents of the BACs, mono-exponential decays of the 

benzhydrylium ions’ absorbances were observed, indicating pseudo-first-order kinetics. The 

second-order rate constants k2 reported in Table 1.2 were derived from the slopes of the plots 

of kobs (s–1) against the concentration of the BACs (see Section 1.4). 

lg k2 (20 °C) = sN (N + E)  (1) 

Substitution of the determined second-order rate constants k2 into equation (1)[12] allows us to 

calculate the nucleophile specific parameters for BACs 3-4 and 8-14: the nucleophilicity 

parameter N and the sensitivity parameter sN. 

Table 1.2. Second-order rate constants k2 for the reactions of lithium BACs with electrophiles 15b-d in 
CH3CN at 20 °C and the resulting nucleophilicity parameters. 

Lithium BAC 
N 

(sN) 
Electrophile 

k2 / 

L mol-1 s-1 

3a 5.53 

(1.00)[a] 

15b 4.84 × 101 

15c < 1[b] 

3b 11.23 

(0.77) 

15b 5.22 × 105 

15c 2.24 × 104 

15d 1.88 × 103 

3c 10.13 

(0.91) 

15b 5.36 × 105 

15c 1.57 × 104 

4a 6.24 

(1.00) 

15b 2.40 × 102 

15c 5.06 

4c 11.85 

(0.72) 

15b > 106 

15c 3.73 × 104 

15d 3.12 × 103 

4d 6.50 

(0.77) 

15b 1.10 × 102 

15c 5.57 

8 6.77 

(0.88) 

15b 3.68 × 102 

15c 1.23 × 101 

9 7.24 

(0.83) 

15b 6.82 × 102 

15c 2.70 × 101 
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Table 1.2. Continued. 

Lithium BAC 
N 

(sN) 
Electrophile 

k2 / 

L mol-1 s-1 

10 6.98 

(0.93) 

15b 8.12 × 102 

15c 2.22 × 101 

11 7.51 

(0.87) 

15b 1.49 × 103 [c] 

15c 5.20 × 101 [c] 

12 8.02 

(0.89) 

15b 5.14 × 103 

15c 1.65 × 102 

13 7.67 

(0.87) 

15b 2.08 × 103 

15c 7.19 × 101 

14 8.13 

(0.85) 

15b 4.38 × 103 

15c 1.63 × 102 

[a] Derived from a single k2 value assuming sN = 1 as for 4a. [b] 

Not accessible due to high reversibility of the reaction and the 

non-linearity of the plot of kobs vs [3a]. [c] Partial attack (< 5%) of 

the 15b-c at the anisole ring of 11. 

1.2.3 Product Studies 

A general mechanism for the electrophilic attack at the aromatic ring of the BACs (3-4)-Li+ is 

shown on the Scheme 1.8. In all the studied substances (with exception of 12-Li+ that will be 

discussed below) the exclusive attack at the more electron-rich thiophenyl- or furanyl-aromatic 

system was observed. 

 

Scheme 1.8. Reactions of the BACs (3-14)-Li+ with various electrophiles at 20 °C in CH3CN. Yields and 
structures of 16-20 are given in the Experimental section. 

As shown in Scheme 1.9, the reaction of the NMe2 derivative 12-Li+ with electrophiles is not 

regioselective, and the thiophene ring of 12-Li+ is only slightly faster attacked than the 

dimethylanilino ring. As electrophilic attack at the aryl group is least likely when these are 

carrying electron-withdrawing substituents, the aryl lithium compounds 2 and 2’ are often used 

for the activation of boronic esters in synthetic applications.[3a, 4] 
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Scheme 1.9. Unselective reactions of 12-Li+ with Ar2CH+BF4
– 15a–c. Product ratios determined by 1H-

NMR spectroscopy and GC-MS of the crude reaction mixtures. 

1.2.4 Structure-Reactivity Relationship 

Kinetic experiments revealed that 8-Li+ was three times less reactive than its sodium analogue 

8-Na+ (Figure 1.2), in line with the coordination of the Li+ cation to an oxygen atom of the 

pinacol ligand, which decreases the electron density of the thiophene-boron bond. The 

reactivity of 8-Et4N+ is in between that of 8-Na+ and 8-Li+, indicating that Et4N+ slightly reduces 

the nucleophilicity of 8, probably by the formation of a C-H…O hydrogen bond with the oxygen 

atoms of the pinacol ligand.[13] Nevertheless, the kinetic data show that counterions have only 

a small effect on the nucleophilicities of BACs in CH3CN. 

 

Figure 1.2. Influence of the countrerions on the reactivity of 8 toward the benzhydrylium ion 15b in 
CH3CN at 20 °C. 

The small Hammett reaction constants (ρ ≈ -1), derived from the correlations in Figure 1.3, 

indicate a transition state resembling a σ-adduct (Scheme 1.8), in which breaking of the C-B 

bond is not far advanced. 
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Figure 1.3. Correlation of the second-order rate constants lg k2 for the reactions of the lithium thienyl 
pinacol BACs 3a, 4a, and 8-12 with the benzhydrylium ions 15b (black dots) and 15c (black squares) 
with Hammett’s σ parameters. 

Figure 1.4 shows that the ethylene glycol and neopentyl glycol derived BACs 3b, 3c and 4c 

are ≈104 times more reactive than the pinacol and catechol BACs 3a, 4a and 4d, in line with 

previous qualitative observations.[14] The origin of these differences is revealed by quantum 

chemical calculations. It has already been reported that catechol boronates are significantly 

stronger Lewis acids than ethylene glycol and neopentyl glycol- derived boronates because a 

phenolate oxygen exerts a weaker +M effect than an alkoxide oxygen.[15] 

 

Figure 1.4. Relative reactivities of the thienyl BACs 3-4 derived from B(pin), B(gly), B(neo) and B(cat) 
toward carbenium ions 15b-c in CH3CN at 20 °C. 

In line with these findings we calculated that the protodeborylation of a catechol-derived BAC 

is significantly less exothermic than that of the analogous reaction of the other BACs (Scheme 

1.11). The 104-fold lower nucleophilicity of the catechol-derived BAC 4d (compared with 4c, 

Scheme 1.10) shows that a fraction of this difference in reaction energies is already observed 

in the transition states of the reactions with benzhydrylium ions. 
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Scheme 1.10. Protodeborylation energies in the gas phase (B3LYP/6–31G(d)). 

On the other hand, similar exothermicities are calculated for the protodeborylations of the 

B(pin), B(gly), and B(neo) derivatives (Scheme 1.10). For that reason, we can conclude that 

the difference in nucleophilicities of the BACs 3a and 3b is exclusively due to steric effects. 

The identical nucleophilicities of 3b and 3c, in line with the comparable reaction energies of 

the corresponding protodeborylations shown in Scheme 1.11, furthermore show that 

conceivable stereoelectronic effects (ideal overlap of the empty p-orbital at boron with the 

oxygen lone pair) do not increase the reactivity of the neopentyl derivatives 3c and 4c. 
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1.3 Conclusion 

In conclusion, we have found that the nucleophilic reactivity of the furylboronate 1’ (N = 2.90) 

is increased by a factor > 105 by the addition of 4-CF3-phenyllithium (2’) to give 14 (Figure 1.5). 

A somewhat stronger activation can be achieved with aryllithium compounds carrying electron 

donor substituents, but the loss of the selectivity in such cases should be taken into account 

(Scheme 1.9). 

 

Figure 1.5. Comparison of the nucleophilicities of BACs with those of other borylated and electron-rich 
heteroarenes. N parameters from Table 1.2 and ref. [9] 

While the nucleophilic reactivies of the BACs depend only slightly on their counterions, the 

nature of the diol ligand has a profound effect on its nucleophilicity. Thus, the –B(gly) and –

B(neo) derivatives are 104 times more reactive than the –B(pin) and –B(cat) derivatives. With 

these data in hand, we now have a quantitative basis for the fine-tuning of the nucleophilic 

reactivities of boron-ate complexes for synthetic applications. 
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1.4 Experimental section 

1.4.1 General 

All reactions were performed in carefully dried Schlenk glassware in an atmosphere of dry 

nitrogen. The reactions were not optimized for high yields. 

1H NMR (400 MHz), 13C NMR (100 MHz), and 19F NMR spectra (376 MHz) were recorded on 

Varian NMR spectrometers in CD3CN or CDCl3. Chemical shifts in ppm refer to the solvent 

residual signal in CD3CN (δH 1.94, δC 118.7 ppm) or CDCl3 (δH 7.24, δC 77.2 ppm) as internal 

standard or to external CFCl3 (δF 0.0 ppm), respectively. 11B NMR spectra (128 MHz) were 

obtained by using a JEOL ECX-400 spectrometer and referenced to external BF3·OEt2 (0.0 

ppm). The following abbreviations were used to describe the multiplicities of resonances: br s 

= broad singlet, s = singlet, d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet. 

NMR signal assignments are based on additional 2D-NMR experiments (COSY, HSQC, 

HMBC, and NOESY). HRMS was performed on a Finnigan MAT 95 (EI) or a Thermo Finnigan 

LTQ FT (ESI) mass spectrometer. Melting points were determined on a Büchi B-540 device 

and are not corrected. An IR spectrometer (Spectrum BX from Perkin Elmer) with an ATR unit 

(attenuated total reflection; Dura Sampler Diamond ATR from Smiths Detection) was used to 

record the IR spectra of neat compounds. 

Solvents. For the kinetic experiments commercially available acetonitrile (Acros, 99.9%, Extra 

Dry, AcroSeal) was used as received. Commercially available Et2O (p.a.) was dried for 24 

hours over CaCl2 and distilled over Na/benzophenone prior to use. 

Chemicals. 2-Methoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 7 (96%), triisopropyl borate (> 

98%) and N,N-dimethylmethyleneiminium iodide 15e (98%) were purchased from Aldrich used 

as received. Commercially available n-butyl lithium (Chemetall GmbH, 15% in n-hexane) was 

titrated before each use. 

Kinetics. The rates of all investigated reactions were determined spectrophotometrically 

(UV˗Vis). The temperature of the solutions during all kinetic studies was kept constant (20.0 ± 

0.1°C) by using a circulating bath thermostat. The kinetic experiments were carried out with 

freshly prepared stock solutions of the boron-ate complexes 3, 4, and 8-14 in CH3CN under 

nitrogen. The benzhydrylium tetrafluoroborates 15b–d, also prepared as stock solutions in 

CH3CN under nitrogen, were always employed as minor component in the reactions with the 

BACs 3, 4 and 8-14, resulting in pseudo first-order kinetics. The rates of the reactions were 

determined by using a stopped-flow spectrophotometer system Applied Photophysics 

SX.18MV-R. Rate constants kobs (s–1) were obtained by fitting the single exponential decay At 
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= A0 exp(-kobst) + C (exponential decrease) to the observed time-dependent absorbance 

(averaged from at least 5 kinetic runs for each nucleophile concentration). Second-order rate 

constants k2 (M–1 s–1) were derived from the slopes of the linear correlations of kobs with 

nucleophile concentrations, as shown in the main text. The slightly positive intercepts of some 

plots of kobs (s–1) against the BACs concentrations (for example in the correlations related to 

Tables 1.16, 1.22, and 1.24), which were used for determining the second-order rate constants 

k2 reported in Table 2, may be explained by the fact that triarylmethanes such as 16-20 are 

easily cleaved by weak Brønsted acids (traces of H2O + 6), which results in the regeneration 

of the benzhydrylium ions 15. 

DFT calculations were carried out by Dr. Guillaume Berionni. 

1.4.2 Synthesis and characterization of the thiophenyl-boronates 1a-d 

Synthesis of 4,4,5,5-tetramethyl-2-(5-methylthiophen-2-yl)-1,3,2-dioxaborolane (1a) 

 

To a solution of 2-methylthiophene (2.0 mL, 21 mmol) in THF (40 mL) cooled at -78 °C was 

slowly added n-butyl lithium (2.2 M in n-hexane, 9.6 mL, 21 mmol) under N2. After 3 h, neat 2-

methoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.6 mL, 22 mmol) was added slowly under 

N2 and the mixture was allowed to warm to 20 °C within ca. 2 h. Subsequently, a saturated 

NH4Cl solution (2 mL) was poured into the reaction mixture, followed by distilled water (20 mL). 

The mixture was then extracted with EtOAc (3 × 25 mL) and the organic layer was washed 

with water and brine. After removal of the organic solvents under vacuum, a yellow oil was 

obtained and distilled (90-100 °C / 0.1-0.3 mbar) to give 1a as a colorless oil (2.36 g, 10.5 

mmol, 50 %). NMR data agree with those in the literature.[16] 

  



Chapter 1. Fine‐Tuning the Nucleophilic Reactivities of Boron Ate Complexes Derived from Aryl and 
Heteroaryl Boronic Esters 

27 

 

General procedure for the synthesis of 1b-d 

 

To a solution of 2-methylthiophene (2.0 mL, 21 mmol, 1 eq.) in THF (40 mL) cooled at -78 °C 

was slowly added n-butyl lithium (2.45 M in n-hexane, 8.6 mL, 21 mmol, 1 eq.) under N2. The 

mixture was then allowed to warm progressively to 0 °C within 2 h. After re-cooling at -78 °C, 

neat triisopropyl borate (7.5 g, 40 mmol) was added slowly under N2 and the mixture was 

allowed to warm to room temperature within 4 h to give a white suspension. Subsequently, the 

diol (40 mmol of neopentyl glycol, ethylene glycol or catechol) dissolved in distilled Et2O (10 

mL) was added dropwise into the reaction mixture to give a clear yellowish solution, and the 

reaction was stirred overnight at the ambient temperature. 

2-(5-Methylthiophen-2-yl)-1,3,2-dioxaborolane (1b) 

 

Following the general procedure from ethylene glycol (2.23 mL, 40 mmol, 1.90 eq.), after 

stirring overnight, the solvent was removed under vacuum and toluene (200 mL) was added 

to the brown residue. The suspension was filtered over celite, and the toluene phase was dried 

over MgSO4 and concentrated in vaccum to give a yellow oil. The oil was distilled (64-65 °C, 5 

× 10-3 mbar) to give 1b as a pale yellowish solid (1.85 g, 11.0 mmol, 52 %). 

M.p.: 31-35 °C. 

1H NMR (400 MHz, CD3CN): δ = 2.52 (s, 3H, 1-H), 4.30 (br s, 4H, 6-H), 6.90 (dq, 3JH4-H3 = 3.4 

Hz, 4JH4-H1 = 1.0 Hz, 1H, 4-H), 7.41 (d, 3JH3-H4 = 3.4 Hz, 1H, 3-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.7 (C-1), 67.4 (C-6), 128.7 (C-4), 139.3 (C-3), 149.3 (C-5) 

ppm. C-2 not detected. 

11B NMR (128 MHz, CD3CN): δ = 29.4 (s) ppm. 
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5,5-Dimethyl-2-(5-methylthiophen-2-yl)-1,3,2-dioxaborinane (1c) 

 

Following the general procedure from neopentyl glycol (4.17 g, 40 mmol, 1.90 eq.). After 

stirring overnight, the reaction was hydrolyzed with water (20 mL) and extracted with EtOAc (3 

× 50 mL). The organic phase was washed with brine (2 × 25 mL), dried over MgSO4, and 

evaporated to give a light yellow/orange oil that solidified upon standing. Recrystallization from 

n-pentane gave 1c (2.70 g, 12.9 mmol, 61 %). 

NMR data agree with those in the literature.[17] 

2-(5-Methylthiophen-2-yl)benzo[d][1,3,2]dioxaborole (1d) 

 

Following the general procedure from catechol (3.29 mL, 40 mmol, 1.90 eq.). After stirring 

overnight, the reaction was hydrolyzed with water (20 mL) and extracted with EtOAc (3 × 50 

mL). The organic phase was washed with brine (2 × 25 mL), dried over MgSO4, and evaporated 

to give a light yellow/orange oil that solidified upon standing. Recrystallization from n-pentane 

gave 1d (3.90 g, 18 mmol, 86 %). 

NMR data agree with those in the literature.[18] 
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1.4.3 Synthesis of the trifluoromethylated BACs 3-4 

Synthesis of 3a-Li+ 

 

A flame-dried Schlenk flask flushed with nitrogen was charged with distilled Et2O (7.5 mL) and 

with 1-bromo-3,5-bis(trifluoromethyl)benzene (0.65 g, 2.2 mmol). After cooling at –78 °C, n-

butyl lithium (2.5 M in n-hexane, 0.94 mL, 2.4 mmol) was added dropwise. The mixture was 

then allowed to warm progressively to 0 °C within 2 h and the lithium reagent 2 was formed in 

situ (brown-yellow solution). After re-cooling at –78 °C, neat 1a (0.50 g, 2.2 mmol) was added 

dropwise under fast stirring and the pale-yellow solution was then allowed to warm to 20 °C 

within 4 h whilst a white solid precipitated. The solid was filtrated under nitrogen and washed 

three times with distilled Et2O (3 × 20 mL). After drying overnight under high-vacuum (10-3 

mbar) the borate 3a-Li+ was obtained as a colorless powder (922 mg, 2.07 mmol, 94 %). 

Mp: > 220 °C (from Et2O, dec.). 

1H NMR (400 MHz, CD3CN): δ = 0.92 and 1.16 (2 × s, 2 × 6H, 13-H and 14-H), 2.37 (s, 3H, 1-

H), 6.37 (d, 3JH3-H4 = 3.1 Hz, 1H, 3-H), 6.48-6.49 (m, 1H, 4-H), 7.56 (br s, 1H, 11-H), 8.07 (br 

s, 2H, 9-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.6 (C-1), 26.8 and 27.1 (C-13 and C-14), 80.1 (C-6 and C-

7), 118.3 (sept, 3JC,F = 4.1 Hz, C-11), 126.4 (q, 1JC,F = 271.6 Hz, C-12), 126.5 (C-4), 129.0 (q, 

2JC,F = 31.1 Hz, C-10), 129.2 (C-3), 133.4 (q, 3JC,F = 1.6 Hz, C-9), 139.1 (C-5) ppm. C-2 and C-

8 were not detected.[19] 

19F NMR (376 MHz, CD3CN): δ = ‒62.7 (s) ppm. 

11B NMR (128 MHz, CD3CN): δ = 4.6 (s) ppm. 

HRMS (ESI–) m/z calcd. for C19H20BF6O2S– (M ‒ Li+): 437.1187; found: 437.1191. 

IR (ATR): ṽ 2978, 1613, 1461, 1369, 1276, 1161, 1144, 1124, 1103, 1004, 991, 917, 887, 840, 

806, 769, 681 cm–1. 
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Synthesis of 3b-Li+ 

 

A flame-dried Schlenk flask flushed with nitrogen was charged with distilled Et2O (8.0 mL) and 

with 1-bromo-3,5-bis(trifluoromethyl)benzene (0.70 g, 2.4 mmol). After cooling at –78 °C, n-

butyl lithium (2.5 M in n-hexane, 0.95 mL, 2.4 mmol) was added dropwise over 5 min. The 

mixture was then allowed to warm progressively to 0 °C within 2 h and 2 was formed in situ. 

After re-cooling at –78 °C, an ethereal solution (5 mL) of 1b (0.40 g, 2.4 mmol) was added 

dropwise under fast stirring and the orange solution was allowed to warm to 20 °C within 5 h 

whilst a beige suspension was formed. Subsequently, half of the solvent was removed under 

vacuum. The white solid which precipitated was filtrated under nitrogen and washed three 

times with distilled Et2O (3 × 25 mL). After drying overnight under high vacuum (10-3 mbar) the 

borate (3b-Li+)·(Et2O)0.75 was obtained as a colorless powder (780 mg, 74 %). 

1H NMR (400 MHz, CD3CN): δ = 1.13 (t, J = 7.0 Hz, 0.75 × 6H, Et2O), 2.41 (d, J = 1.1 Hz, 3H, 

1-H), 3.42 (q, J = 7.0 Hz, 0.75 × 4H, Et2O), 3.58-3.59 and 3.68-3.70 (2 m, 2 × 2H, 6- H), 6.45 

(d, 3JH3-H4 = 3.1 Hz, 1H, 3-H), 6.55-6.56 (m, 1H, 4-H), 7.64 (br s, 1H, 11-H), 8.03 (br s, 2H, 9-

H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.7 (C-1), 16.0 (Et2O), 65.1 (C-6), 66.7 (Et2O), 119.4 (sept, 

3JC,F = 4.0 Hz, C-11), 126.3 (q, 1JC,F = 271.7 Hz, C-12), 126.7 (C-4), 129.5 (q, 2JC,F = 31.4 Hz, 

C-10), 129.6 (C-3), 134.0 (q, 3JC,F = 1.6 Hz, C-9), 139.7 (C-5) ppm. C-2 and C-8 were not 

detected. 

19F NMR (376 MHz, CD3CN): δ = ‒62.8 (s) ppm. 

11B NMR (128 MHz, CD3CN): δ = 5.4 (s) ppm. 

IR (ATR): ṽ 2975, 2924, 2870, 1611, 1468, 1449, 1365, 1273, 1218, 1149, 1114, 1049, 938, 

898, 891, 834, 803, 759, 709, 680 cm–1. 
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Synthesis of 3c-Li+ 

 

A flame-dried Schlenk flask flushed with nitrogen was charged with distilled Et2O (8 mL) and 

with 1-bromo-3,5-bis(trifluoromethyl)benzene (0.59 g, 2.0 mmol). After cooling at –78 °C, n-

butyl lithium (2.4 M in hexane, 0.83 mL, 2.0 mmol) was added dropwise over 5 min. The mixture 

was then allowed to warm progressively to 0 °C within 2 h to form 2 in situ. After re-cooling at 

–78 °C, an ethereal solution (5 mL) of 5-methylthiophen-2-yl neopentyl boronic ester 1c (0.42 

g, 2.0 mmol) was added under stirring and the yellowish solution was then allowed to warm to 

20 °C within 4 h whilst a white solid was formed. The solid was filtrated under nitrogen and 

washed with distilled Et2O (3 × 25 mL). After drying overnight under high-vacuum (10-3 mbar) 

the borate 3c-Li+ was obtained as a colorless powder (372 mg, 0.865 mmol, 43 %). 

Mp: 258-260 °C (from Et2O, dec.). 

1H NMR (400 MHz, CD3CN): δ = 0.73 and 0.83 (2 s, 2 × 3H, 14-H and 14’-H), 2.36 (s, 3H, 1-

H), 3.18 and 3.44 (2 d, each 2J = 9.9 Hz, 2 × 2H, 6-H and 7-H), 6.46 (d, 3JH3-H4 = 3.0 Hz, 1H, 

3-H), 6.50-6.51 (m, 1H, 4-H), 7.51 (br s, 1H, 11-H), 7.97 (br s, 2H, 9-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.8 (C-1), 23.6 and 23.7 (C-14 and C-14’), 34.0 (C-13), 73.5 

(C-6 and C-7), 119.2 (sept, 3JC,F = 3.7 Hz, C-11), 126.3 (q, 1JC,F = 271.8 Hz, C-12), 126.8 (C-

4), 129.4 (C-3), 129.7 (q, 2JC,F = 31.3 Hz, C-10), 134.2 (q, 3JC,F = 1.6 Hz, C-9), 139.8 (C-5) 

ppm. C-2 and C-8 were not detected. 

19F NMR (376 MHz, CD3CN): δ = ‒62.7 (s) ppm. 

11B NMR (128 MHz, CD3CN): δ = 2.0 (s) ppm. 

HRMS (ESI–) m/z calcd. for C18H18BF6O2S– (M ‒ Li+): 423.1030; found: 423.1026. 

IR (ATR): ṽ 2952, 2864, 1612, 1470, 1399, 1367, 1276, 1218, 1158, 1124, 1092, 1042, 953, 

857, 899, 818, 760 cm–1. 
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Synthesis of 4a-Li+ 

 

In a flame-dried Schlenk flask flushed under nitrogen, n-butyl lithium (2.45 M in hexane, 1.9 

mL, 4.7 mmol) was added dropwise to a solution of 1-bromo-4-(trifluoromethyl)benzene (1.0 

g, 4.4 mmol) in distilled Et2O (20 mL) at –78 °C. The mixture was then allowed to warm 

progressively to 0 °C within 3 h and the lithium reagent 2’ was formed in situ (yellow solution). 

After re-cooling at –78 °C, neat 1a (1.0 g, 4.5 mmol) was added and the solution was stirred 

for 5 h (temperature gradually increased to 20 °C). Half of the solvent was removed under a 

flow of nitrogen and a heterogeneous orange suspension was obtained and filtered under 

nitrogen. The white powder was washed with an Et2O/CH3CN (9/1) mixture (3 × 30 mL) and 

dried overnight at a vacuum of 10-3 mbar, affording 4a-Li+ as a colorless solid (1.53 g, 4.07 

mmol, 92 %). 

Mp: > 230 °C (from Et2O/MeCN, dec.) 

1H NMR (400 MHz, CD3CN + 1 drop of DMSO-d6): δ = 0.89 and 1.07 (2 × s, 2 × 6H, 13-H and 

14-H), 2.34 (d, 4JH1-H4 = 1.0 Hz, 3H, 1-H), 6.41 (d, 3JH3-H4 = 3.0 Hz, 1H, 3-H), 6.45 (dq, 3JH4-H3 = 

3.0 Hz, 4JH4-H1 = 1.0 Hz, 1H, 4-H), 7.30 (d, J = 7.9 Hz, 2H, 10-H), 7.64 (d, J = 7.8 Hz, 2H, 9-H) 

ppm. 

13C NMR (100 MHz, CD3CN + 1 drop of DMSO-d6): δ = 15.7 (C-1), 27.2 and 27.3 (2 × s, C-13 

and C-14), 79.3 (C-6 and C-7), 123.3 (q, 3JC,F = 3.9 Hz, C-10), 125.5 (q, 2JC,F = 30.7 Hz, C-11), 

126.2 (C-4), 127.1 (q, 1JC,F = 270.3 Hz, C-12), 127.2 (C-3), 133.2 (C-9), 137.8 (C-5), 164.8 (C-

2), 169.7 (C-8) ppm. 

19F NMR (376 MHz, CD3CN + 1 drop of DMSO-d6): δ = ‒62.0 (s) ppm. 

11B NMR (128 MHz, CD3CN + 1 drop of DMSO-d6): δ = 4.6 (s) ppm. 

HRMS (ESI–) m/z calcd. for C18H21BF3O2S– (M ‒ Li+): 369.1313; found: 369.1306. 

IR (ATR): ṽ 2985, 1578, 1491, 1480, 1440, 1388, 1375, 1367, 1213, 1150, 1080, 1025, 1003, 

981, 938, 902, 872, 825, 812, 791, 690 cm-1. 
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Synthesis of 4c-Li+ 

 

In a flame-dried Schlenk flask flushed under nitrogen, n-butyl lithium (2.45 M in hexane, 1.5 

mL, 3.8 mmol) was added dropwise to a solution of 1-bromo-4- trifluoromethylbenzene (0.80 

g, 3.6 mmol) in distilled Et2O (10 mL) at –78 °C. The mixture was allowed to warm to –30 °C 

within 2 h and 2’ was formed in situ. After re-cooling at –78 °C, an ethereal solution (10 mL) of 

5-methylthiophen-2-yl neopentyl boronic ester 1c (0.75 g, 3.6 mmol) was added dropwise and 

the mixture was stirred for 2 h at –78 °C and allowed to warm to 0 °C within 5 h, yielding a 

pale-yellow suspension with a white precipitate. Filtration under nitrogen, and washing of the 

solid with 50 mL of Et2O/CH3CN (1/1) mixtures (5 × 10 mL) and drying overnight (under 

vacuum, 10-3 mbar) afforded (4c-Li+)·(CH3CN)0.6 as a colorless solid (1.09 g, 79%). 

1H NMR (400 MHz, CD3CN + 1 drop of DMSO-d6): δ = 0.74 and 0.80 (2 s, 2 × 3H, 14-H and 

14’-H), 1.96 (s, 0.6 × 6H, CH3CN), 2.34 (d, 4J H1-H4 = 1.0 Hz, 3H, 1-H), 3.18 and 3.39 (2 d, each 

2J = 9.9 Hz, 2 × 2H, 6-H and 7-H), 6.41 (d, 3JH3-H4 = 3.1 Hz, 1H, 3-H), 6.46-6.48 (m, 1H, 4-H), 

7.31 (d, J = 8.1 Hz, 2H, 10-H), 7.60 (d, J = 8.1 Hz, 2H, 9-H) ppm. 

13C NMR (100 MHz, CD3CN + 1 drop of DMSO-d6): δ = 15.8 (C-1), 24.0 and 24.2 (C-14 and 

C-14’), 34.0 (C-13), 73.8 (C-6 and C-7), 118.7 (CH3CN), 123.5 (q, 3JC,F = 4.0 Hz, C-10), 125.8 

(q, 2JC,F = 30.6 Hz, C-11), 126.3 (C-4), 127.2 (q, 1JC,F = 270.5 Hz, C-12), 127.5 (C-3), 133.7 (C-

9), 138.2 (C-4), 163.7 (C-8, detected by HMBC) ppm. C-2 was not detected. 

19F NMR (376 MHz, CD3CN + 1 drop of DMSO-d6): δ = ‒61.1 (s) ppm. 

11B NMR (128 MHz, CD3CN + 1 drop of DMSO-d6): δ = 2.4 (s) ppm. 

HRMS (ESI–) m/z calcd. for C17H19BF3O2S– (M ‒ Li+): 355.1156; found: 355.1158. 

IR (ATR): ṽ 2905, 2853, 1455, 1398, 1359, 1325, 1211, 1151, 1114, 1102, 1083, 1061, 1038, 

1021, 955, 909, 888, 871, 822, 805 cm–1. 
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Synthesis of 4d-Li+ 

 

A flame-dried Schlenk flask flushed with nitrogen was charged with 1-bromo-4-

trifluoromethylbenzene (0.78 g, 3.5 mmol) and distilled Et2O (10 mL) and cooled to –78 °C. n-

Butyl lithium (2.45 M in hexane, 1.4 mL, 3.5 mmol) was added dropwise to this solution and 

the mixture was then allowed to warm progressively to -30 °C within 2 h and 2’ was formed in 

situ. After re-cooling at –78 °C, 5-methylthiophen-2-yl catechol boronic ester 1d (0.75 g, 3.5 

mmol) dissolved in 10 mL of distilled Et2O was added dropwise and the solution was stirred for 

2 h at –78 °C and then allowed to warm to 20 °C within 3 h. A colorless solid precipitated, was 

filtrated under nitrogen, washed with distilled Et2O (3 × 25 mL) and dried overnight under 

vacuum (10-3 mbar) to afford (4d-Li+)·(OEt2)0.6 as a colorless crystalline solid (823 mg, 58 %). 

1H NMR (400 MHz, CD3CN): δ = 1.13 (t, J = 7.0 Hz, 0.6 × 6 H, Et2O), 2.41 (s, 3H, 1-H), 3.41 

(q, J = 7.0 Hz, 0.6 × 4H, Et2O), 6.41-6.47 (m, 4H, 6-H, 7-H), 6.58-6.60 (m, 2H, 3-H and 4-H), 

7.47 (d, J = 7.5 Hz, 2H, 10-H), 7.69 (d, J = 7.5 Hz, 2H, 9-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.6 (C-1), 16.0 (Et2O), 66.7 (Et2O), 109.4 and 118.4 (C-6 

and C-7), 124.2 (q, 3JC,F = 3.9 Hz, C-10), 126.7 (C-4), 126.8 (q, 1JC,F = 270.5 Hz, C-12), 127.8 

(q, 2JC,F = 31.1 Hz, C-11), 129.4 (C-3), 133.5 (C-9), 140.2 (C-5), 155.5 (C-13), 160.6 (C-8, 

detected by HMBC) ppm. C-2 was not detected. 

19F NMR (376 MHz, CD3CN): δ = ‒62.4 (s) ppm. 

11B NMR (128 MHz, CD3CN): δ = 9.9 (s) ppm. 

HRMS (ESI–) m/z calcd. for C18H13BF3O2S– (M ‒ Li+): 361.0687; found: 361.0653. 

IR (ATR) ṽ 2976, 1609, 1486, 1394, 1360, 1322, 1239, 1216, 1158, 1114, 1096, 1061, 1017, 

922, 818, 734 cm–1. 
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General procedure for synthesis of boronate complex 8-12 

To a solution of 2-methylthiophene (1.0 equiv.) in dry Et2O (10 mL) was added n-butyllithium 

(2.35 M in n-hexane) dropwise at -78 °C under N2. The reaction mixture was allowed to warm 

slowly to -20 °C within 2 h. Subsequently an ethereal solution (5 mL) of the aryl pinacol ester 

6b-f was added dropwise. The clear solution was then allowed to warm progressively to 20 °C 

within 5 h whilst a solid precipitated. If precipitation did not take place spontaneously, the 

solvent was slowly evaporated under the vacuum until the precipitation commenced. The solid 

was filtrated under N2, washed with Et2O or CH3CN and recrystallized from CH3CN, THF or 

Et2O. 

Synthesis of 8-Li+ 

 

According to GP from 2-methylthiophene (0.75 mL, 7.7 mmol), n-butyl lithium (3.3 mL, 7.7 

mmol) and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)chlorobenzene 6b (1.9 g, 7.7 mmol). 

The solid was filtrated under N2, washed with Et2O (3 × 10 mL) and with THF (5 mL) to give 8-

Li+ as a colorless powder (1.59 g, 4.64 mmol, 60%). Even after drying the solid under a vacuum 

of 10-3 mbar for 24 h, traces of THF (< 5%) could not be removed. 

1H NMR (400 MHz, CD3CN + 1 drop of DMSO-d6): δ = 0.89 and 1.05 (2 s, 2 × 6H, 12-H and 

13-H), 2.33 (d, 4JH1-H4 = 1.0 Hz, 3H, 1-H), 6.40 (d, 3JH3-H4 = 3.0 Hz, 1H, 3-H), 6.42-6.44 (m, 1H, 

4-H), 6.97-7.00 (m, 2H, 9-H), 7.44 (d, J = 8.1 Hz, 2H, 10-H) ppm. 

13C NMR (100 MHz, CD3CN + 1 drop of DMSO-d6): δ = 15.7 (C-1), 26.6 and 27.4 (C-12 and 

C-13), 79.2 (C-6 and C-7), 126.2 (C-4), 126.6 (C-9), 127.1 (C-3), 129.3 (C-11), 134.8 (C-10), 

137.6 (C-5), 161.7 (br s, C-8, detected by HMBC), 164.7 (br s, C-2, detected by HMBC) ppm. 

11B NMR (128 MHz, CD3CN + 1 drop of DMSO-d6): δ = 4.9 (s) ppm. 

HRMS (ESI–): m/z calc. for C17H21BClO2S¯ (M ‒ Li+): 335.1049; found: 335.1044. 

IR (ATR): ṽ 2985, 1578, 1491, 1480, 1440, 1388, 1375, 1367, 1213, 1150, 1080, 1025, 1003, 

981, 902, 825, 812, 786 cm-1. 
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Synthesis of 8-Et4N+ 

 

To a solution of 8-Li+ (0.20 g, 0.58 mmol) in dry THF (15 mL) at 20 °C under N2 was added 

solid tetraethylammonium chloride (0.13 g, 0.60 mmol). After 1 h, Et2O (10 mL) was added, 

and a colorless solid precipitated. The solid was filtrated under N2 and washed with Et2O (5 × 

20 mL) to give a colorless powder (242 mg, 0.520 mmol, 89%). 

1H NMR (400 MHz, CD3CN): δ = 0.92 and 1.09 (2 × s, 2 × 6H, 12-H and 13-H), 1.20 (tt, JH,H = 

7.3 Hz, JH,N = 1.9 Hz, 12H, N+CH2CH3), 2.35 (d, 4JH1-H4 = 1.1 Hz, 3H, 1-H), 3.15-3.21 (q, JH,H = 

7.3 Hz, 8H, N+CH2CH3), 6.41 (d, 3JH3-H4 = 3.1 Hz, 1H, 3-H), 6.45 (dd, 3JH4-H3 = 3.1 Hz, 4JH4-H1 = 

1.1 Hz, 1H, 4-H), 7.02 (d, J = 8.3 Hz, 2H, 9-H), 7.45 (d, J = 8.2 Hz, 2H, 10-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 8.2 (s, N+CH2CH3), 15.6 (C-1), 27.1 and 27.2 (C-12 and C-

13), 53.5 (t, JC,N = 3.1 Hz, N+CH2CH3), 79.6 (C-6 and C-7), 126.3 (C-4), 126.7 (C-9), 128.2 (C-

3), 129.7 (C-11), 135.1 (C-10), 138.3 (C-5) ppm (C-2and C-8 not detected). 

11B NMR (128 MHz, CD3CN): δ = 4.6 (s) ppm. 
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Synthesis of 8-Na+ 

 

To a solution of n-butyl sodium[20] (0.25 g, 3.1 mmol) in dry THF (15 mL) at -78 °C under N2 

was added neat 2-methylthiophene (0.30 mL, 3.1 mmol) dropwise. After 2 h at this 

temperature, the color of the solution turned light red (formation of 5”) and an ethereal solution 

(10 mL) of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)chlorobenzene 6b (745 mg, 3.12 

mmol) was added dropwise. The pale orange solution was then allowed to warm progressively 

to 20 °C within 5 h whilst an orange solid precipitated. The solid was filtrated under N2, washed 

with Et2O and n-pentane to give (8-Na+)·(Et2O)0.67 as a light orange powder (532 mg, 42%). 

Even after drying the solid under a vacuum of 10-3 mbar for 24 h, traces of Et2O could not be 

removed. 

1H NMR (400 MHz, CD3CN): δ = 0.89 and 1.05 (2 × s, 2 × 6H, 12-H and 13-H), 1.12 (t, J = 7.0 

Hz, 0.67 × 6H, Et2O), 2.34 (s, 3H, 1-H), 3.42 (q, J = 7.0 Hz, 0.67 × 4H, Et2O), 6.37 and 6.44 (2 

× br s, 2H, 3-H and 4-H), 6.99-7.01 (m, 2H, 9-H), 7.42 (d, J = 8.0 Hz, 2H, 10-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.7 (C-1), 27.4 and 27.5 (C-12 and C-13), 79.2 (C-6 and C-

7), 126.3 (C-4), 126.8 (C-9), 127.3 (C-3), 129.3 (C-11), 134.8 (C-10) ppm (C-2, C-5 and C-8 

not detected. 

11B NMR (128 MHz, CD3CN): δ = 4.6 (s) ppm. 

IR (ATR): ṽ 2980, 2956, 2871, 1575, 1481, 1446, 1383, 1373, 1361, 1213, 1158, 1146, 1081, 

1076, 1042, 1021, 979, 948, 903, 863, 832, 806, 788, 701, 690 cm-1. 
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Synthesis of 9-Li+ 

 

According to GP from 2-methylthiophene (0.50 mL, 5.2 mmol), n-butyl lithium (2.3 mL, 5.3 

mmol) and phenyl pinacol boronic ester 6c (1.0 g, 5.0 mmol). The borate 9-Li+ was obtained 

as a colorless solid (928 mg, 3.01 mmol, 60%) after recrystallization from THF/Et2O (1/1) 

mixtures and CH3CN/Et2O (1/1) mixtures (10 mL each). 

Mp: 180-190°C (from THF/Et2O/CH3CN, dec.) 

1H NMR (400 MHz, CD3CN + 1 drop of DMSO-d6): δ = 0.91, 1.05 (2 s, 2 × 6H, 12-H and 13-

H), 2.33 (d, 4JH1-H4 = 0.7 Hz, 3H, 1-H), 6.41-6.43 (m, 2H, 3-H and 4-H), 6.83-6.86 (m, 1H, 11-

H), 6.97-7.01 (m, 2H, 10-H), 7.45 (d, J = 6.5 Hz, 2H, 9-H) ppm. 

13C NMR (100 MHz, CD3CN + 1 drop of DMSO-d6): δ = 15.7 (C-1), 27.4 (C-12 and C-13), 79.1 

(C-6 and C-7), 124.0 (C-10), 126.1 (C-4), 126.8 (C-3), 126.9 (C-9), 133.1 (C-8), 137.3 (C-5), 

162.8 (br s, C-8, detected by HMBC), 166.0 (br s, C-2, detected by HMBC) ppm. 

11B NMR (128 MHz, CD3CN + 1 drop of DMSO-d6): δ = 4.7 (s) ppm. 

HRMS (ESI–): m/z calc. for C17H22BO2S¯ (M ‒ Li+): 301.1439, found: 301.1449. 

IR (ATR): ṽ 2968, 1599, 1386, 1363, 1214, 1147, 1085, 1023, 976, 942, 892, 861, 797, 751, 

712, 701 cm-1. 
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Synthesis of 10-Li+ 

 

According to GP from 2-methylthiophene (0.50 mL, 5.2 mmol), n-butyl lithium (2.3 mL, 5.3 

mmol) and 6d (1.1 g, 5.1 mmol): The compound 10-Li+ was obtained as a white powder (1.09 

g, 3.38 mmol, 66%) after recrystallization from THF/Et2O (1/1) mixtures and CH3CN/Et2O (1/1) 

mixtures (10 mL each). 

Mp: > 230 °C (from THF/Et2O/CH3CN, dec.) 

1H NMR (400 MHz, CD3CN): δ = 0.96 and 1.12 (2 s, 2 × 6H, 13-H and 14-H), 2.23 (s, 3H, 12-

H), 2.37 (d, 4JH1-H4 = 1.2 Hz, 3H, 1-H), 6.44 (d, 3JH3-H4 = 3.1 Hz, 1H, 3-H), 6.47-6.48 (m, 1H, 4-

H), 6.87-6.89 (m, 2H, 9-H), 7.36 (d, J = 7.8 Hz, 2H, 10-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.7 (C-1), 21.7 (C-12), 27.1 and 27.2 (C-13 and C-14), 79.7 

(C-6 and C-7), 126.3 (C-4), 127.8 (C-9), 128.8 (C-3), 133.4 (C-11), 133.7 (C-10), 138.5(C-5), 

157.1 (C-8, detected by HMBC) ppm. C-2 was not detected. 

11B NMR (128 MHz, CD3CN): δ = 5.1 (s) ppm. 

HRMS (ESI–): m/z calc. for C18H24BO2S¯ (M ‒ Li+): 315.1596; found: 315.1587. 

IR (ATR): ṽ 3062, 2965, 2919, 1445, 1429, 1384, 1372, 1362, 1212, 1153, 1086, 1026, 1002, 

980, 940, 887, 817, 798, 753, 710 cm-1. 
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Synthesis of 11-Li+ 

 

According to GP from 2-methylthiophene (0.40 mL, 4.1 mmol), n-butyl lithium (1.7 mL, 4.0 

mmol) and 6e (0.94 g, 4.0 mmol). The solid was recrystallized from CH3CN/Et2O (1/1) mixtures 

(2 × 5 mL) to give 11-Li+ as a colorless solid (884 mg, 2.61 mmol, 64%). 

Mp: 235-240 °C (from CH3CN/Et2O, dec.) 

1H NMR (400 MHz, CD3CN): δ = 0.93 and 1.06 (2 s, 2 × 6H, 13-H and 14-H), 2.35 (s, 3 H, 1-

H), 3.69 (s, 3H, 12-H), 6.44 (br s, 2H, 3-H, 4-H), 6.60-6.63 (m, 2H, 9-H), 7.36 (d, J = 8.4 Hz, 

2H, 10-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.7 (C-1), 27.36 and 27.40 (C-13 and C-14), 55.7 (C-12), 

79.2 (C-6 and C-7), 112.6 (C-9), 126.1 (C-4), 127.0 (C-3), 134.0 (C-10), 137.5 (C-5), 153.5 (C-

8, detected by HMBC), 157.7 (C-11), 166.2 (C-2, detected by HMBC) ppm. 

11B NMR (128 MHz, CD3CN): δ = 4.9 (s) ppm. 

IR (ATR): ṽ 2987, 1594, 1503, 1460, 1440, 1386, 1364, 1278, 1242, 1212, 1147, 1074, 1014, 

980, 943, 898, 869, 831, 800, 776, 704 cm-1. 
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Synthesis of 12-Li+ 

 

According to GP from 2-methylthiophene (0.40 mL, 4.1 mmol), n-butyl lithium (1.8 mL, 4.2 

mmol) and N,N-dimethyl-4-aniline pinacol boronic ester 6f (1.0 g, 4.1 mmol). The product 12-

Li+ was obtained as a pale grey solid (711 mg, 2.02 mmol, 49%) after recrystallization from 

THF/Et2O (1/1) mixtures (2 × 10 mL). 

Mp: 235-240°C (Et2O, decomp.) 

1H NMR (400 MHz, CD3CN): δ = 0.98 and 1.10 (2 s, 2 × 6H, 13-H and 14-H), 2.37 (br s, 3H, 

1-H), 2.81 (s, 6H, 12-H), 6.46-6.49 (m, 2H, 3-H and 4-H), 6.58 (d, J = 8.6 Hz, 2H, 9-H), 7.31 

(d, J = 8.6 Hz, 2H, 10-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.7 (C-1), 27.2 and 27.3 (C-13 and C-14), 42.1 (C-12), 79.7 

(C-6 and C-7), 113.4 (C-9), 126.3 (C-4), 128.5 (C-3), 134.4 (C-10), 138.3 (C-5), 149.7 (C-11) 

ppm; C-2 and C-8 were not detected. 

11B NMR (128 MHz, CD3CN): δ = 5.2 ppm. 

HRMS (FAB–) m/z calcd. for C19H27BNO2S– (M ‒ Li+): 344.1859; found: 344.1854. 

IR (ATR): ṽ 2984, 2965, 2919, 1602, 1513, 1444, 1363, 1341, 1213, 1156, 1146, 1079, 1013, 

983, 940, 817, 797 cm-1. 
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Synthesis of boronate complexes 13-14 

Synthesis of 13-Li+ 

 

A flame-dried Schlenk flask flushed with nitrogen was charged with 2-methylthiophene (2.00 

g, 20.4 mmol) and distilled Et2O (50 mL) and cooled to –78 °C. n-Butyl lithium (9.50 mL, 2.15 

M in hexane, 20.4 mmol) was added dropwise to this solution and the mixture was then allowed 

to warm progressively to 0 °C within 3 h to form 5. After re-cooling at –78 °C, neat 2-methoxy-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane 7 (1.61 g, 10.2 mmol) was added dropwise and the 

orange solution was stirred for 5 h (temperature increased to 20 °C). A white-orange solid 

precipitated, was filtrated under nitrogen and washed with distilled Et2O (3 × 30 mL). The 

product was recrystallized from a Et2O/CH3CN (1:1) mixture (40 mL), again filtrated under 

nitrogen, washed with distilled Et2O (2 × 30 mL) and dried overnight (at 10-3 mbar) to afford 

13-Li+ as a colorless crystalline solid (1.60 g, 4.90 mmol, 48%). 

Mp: (Et2O/CH3CN): 197-199 °C 

1H NMR (400 MHz, CD3CN): δ = 1.07 (s, 12H, 7-H), 2.38 (s, 6H, 1-H), 6.50-6.51 (m, 2H, 4-H), 

6.58 (d, 3JH3-H4 = 3.1 Hz, 2H, 3-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.7 (C-1), 27.2 (C-7), 79.9 (C-6), 126.2 (C-3), 128.4 (C-4), 

138.3 (C-5) ppm. C-2 not detected. 

11B NMR (128 MHz, CD3CN): δ = 4.1 (s) ppm. 

HRMS (ESI–): m/z calcd. for C16H22BO2S2
– (M ‒ Li+): 321.1160; found: 321.1159. 
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Synthesis of 14-Li+ 

 

A flame-dried Schlenk flask flushed with nitrogen was charged with 2-methylfuran (0.30 g, 3.7 

mmol) and Et2O (10 mL) and then cooled to –78 °C. n-Butyl lithium (1.8 mL, 2.15 M in hexane, 

3.9 mmol, 1.1 equiv.) was added dropwise to this solution and the mixture was then allowed 

to warm progressively to 0 °C within 2 h to form 5’. After re-cooling at –78 °C, an ethereal 

solution (10 mL) of 4-(trifluoromethyl)phenyl pinacol boronic ester 6a (1.0 g, 3.7 mmol) was 

added dropwise and the bright orange solution was stirred for 2 h at -78 °C and then allowed 

to warm to 20 °C within 3 h. A colorless solid precipitated, was filtrated under nitrogen and 

washed with distilled Et2O (3 × 25 mL). The product was recrystallized in a Et2O/THF (1:1) 

mixture (2.5 mL), again filtrated under nitrogen, washed with distilled Et2O (2 × 10 mL) and 

dried overnight (at 10-3 mbar) to afford 14-Li+ as a colorless crystalline solid (702 mg, 1.95 

mmol, 53%). 

Mp: 215-220 °C (from Et2O/THF) 

1H NMR (400 MHz, CD3CN): δ = 0.97 and 1.05 (2 s, 2 × 6H, 13-H and 14-H), 2.17 (d, 4JH1-H4 = 

1.0 Hz, 3H, 1-H), 5.76-5.79 (m, 2H, 3-H and 4-H), 7.37 (d, J = 7.8 Hz, 2H, 10-H), 7.68 (d, J = 

7.7 Hz, 2H, 9-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 13.9 (C-1), 26.3 and 26.7 (C-13 and C-14), 80.1 (C-6 and C-

7), 107.5 (C-4), 111.0 (C-3), 123.8 (q, 3JC,F = 4.0 Hz, C-10), 126.3 (q, 2JC,F = 30.6 Hz, C-

11), 127.0 (q, 1JC,F = 270.0 Hz, C-12), 133.1 (C-9), 150.6 (C-5) ppm. C-2 and C-8 not 

detected. Additional resonances in the 13C NMR spectrum are caused by slow decomposition 

of 14-Li+ in CD3CN during the time required for the data acquisition. 

19F NMR (376 MHz, CD3CN): δ = ‒62.2 (s) ppm. 

11B NMR (128 MHz, CD3CN): δ = 3.6 (s) ppm. 

HRMS (FAB–) m/z calcd. for C18H21BF3O3
– (M ‒ Li+): 353.1539; found: 353.1533. 

IR (ATR): ṽ 2981, 1607, 1388, 1366, 1323, 1154, 1111, 1062, 995, 977, 908, 812, 792 cm-1. 
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1.4.4 Reactions of the boronate complexes with various electrophiles 

Reaction of 3a-Li+ and 15d-BF4- 

The benzhydrylium tetrafluoroborate 15d-BF4
– (0.17 mg, 0.50 mmol) was dissolved in CH3CN 

(5 mL) and added dropwise into a CH3CN solution (5 mL) of 3a-Li+ (0.22 g, 0.50 mmol) at 20 

°C. After 1 h the solvent was removed under vacuum and the 1H NMR spectrum was recorded. 

Only the starting materials were detected. 

Reaction of 4c-Li+ and 15d-BF4- 

The benzhydrylium tetrafluoroborate 15d-BF4
- (150 mg, 0.441 mmol) was dissolved in CH3CN 

(5 mL) and added dropwise into a CH3CN solution (5 mL) of 4c-Li+ (175 mg, 0.483 mmol) at 

20 °C. After 1 h, the solvent was removed and the 1H NMR spectrum of the crude material 

showed the formation of 16 and 6e. Attempts to separate the mixture by flash chromatography 

on silica gel (deactivated by NEt3), with an n-pentane/EtOAc eluent (9/1) gave the 4-

(trifluoromethyl)phenyl neopentyl boronic ester 6e as a brownish solid (75 mg, 0.29 mmol, 

66%), but 16 decomposed and could not be isolated. 

4,4'-((5-Methylthiophen-2-yl)methylene)bis(N,N-dimethylaniline) (16) 

 

1H NMR (400 MHz, CD3CN, from the crude material): δ = 2.39 (d, 4JH1-H3 = 1.0 Hz, 3H, 1-H), 

2.87 (s, 12H, 11-H), 5.19 (s, 1H, 6-H), 6.52-6.54 (m, 2H, 3-H and 4-H), 6.66-6.70 (m, 4H, 9-

H), 6.96-6.99 (m, 4H, 8-H) ppm. 

13C NMR (100 MHz, CD3CN, from the crude material): δ = 15.8 (C-1), 40.9 (C-11), 52.1 (C-6), 

113.9 (C-9), 120.8 (C3 or C4), 128.4 (C3 or C4), 131.9 (C-8), 134.1 (C-7), 140.9 (C-2 or C-5), 

147.9 (C-10) ppm. 
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5,5-Dimethyl-2-(4-(trifluoromethyl)phenyl)-1,3,2-dioxaborinane (6e) 

 

Rf (n-pentane/EtOAc: 9/1) = 0.41. 

1H NMR (400 MHz, CDCl3): δ = 1.01 (s, 6H, 8-H), 3.77 (s, 4H, 7-H), 7.58 (d, 3JH3,H4 = 8.3 Hz, 

2H, 3-H), 7.89 (d, 3JH4,H3 = 8.3 Hz, 2H, 4-H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 22.1 (C-8), 32.1 (C-6), 72.6 (C-7), 124.4 (q, 3JC,F = 3.8 Hz, C-

3), 124.5 (q, 1JC,F = 272.3 Hz, C-1), 132.5 (q, 2JC,F = 32.0 Hz, C-3), 134.3 (C-5) ppm. 

19F NMR (376 MHz, CDCl3): δ = ‒63.0 (s) ppm. 

11B NMR (128 MHz, CDCl3): δ = 26.3 (s) ppm. 

NMR data were in agreement with those reported in the literature.[21] 
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Reaction of 4a-Li+ and 15a-BF4- 

The benzhydrylium tetrafluoroborate 15a-BF4
– (80 mg, 0.25 mmol) was dissolved in CH3CN (5 

mL) and added slowly into a CH3CN solution (5 mL) of 4a-Li+ (96 mg, 0.26 mmol) at 20 °C. 

The reaction mixture was stirred for 30 min, quenched with water and extracted with EtOAc (3 

× 15 mL). The organic phase was washed with brine, dried over MgSO4 and concentrated in 

the vacuum. The crude product was purified with column chromatography, using a mixture of 

n-pentane/EtOAc (10/1) as eluent to give 17 as a colorless solid (29 mg, 0.089 mmol, 36%). 

The 4-(trifluoromethyl)phenyl pinacol boronic ester 6a (Rf = 0.85) was characterized by 1H 

NMR spectroscopy (data in agreement with those in the literature)[22] and GC-MS but its 

isolation was not attempted. 

2-(Bis(4-methoxyphenyl)methyl)-5-methylthiophene (17) 

 

Rf (n-pentane/EtOAc: 10/1) = 0.35. 

Mp: 75-76 °C (from n-pentane/EtOAc, 10/1). 

1H NMR (300 MHz, CDCl3): δ = 2.40 (d, 4JH1-H3 = 1.1 Hz, 3H, 1-H), 3.76 (s, 6H, 11-H), 5.28 (s, 

1H, 6-H), 6.41-6.42 (m, 1H, 4-H), 6.49-6.50 (m, 1H, 3-H), 6.78-6.83 (m, 4H, 9-H), 7.01-7.06 

(m, 4H, 8-H) ppm. 

13C NMR (75 MHz, CDCl3): δ = 15.6 (C-1), 51.4 (C-6), 55.5 (C-11), 113.9 (C-9), 120.4 (C-4), 

127.2 (C-3), 130.0 (C-8), 136.6 (C-7), 139.9 (C-2), 145.6 (C-5), 158.2 (C-10) ppm. 

The data for compound 17 agree with those previously reported in the literature.[23] 
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Reaction of 4a-Li+ and 15e 

 

The BAC 4a-Li+ (250 mg, 0.665 mmol) was dissolved in CH3CN (5 mL) and added dropwise 

into a CH3CN solution (10 mL) of the Eschenmoser salt 15e (123 mg, 0.665 mmol) at 20 °C. 

After 1 h, half of the solvent was removed under vacuum and n-pentane was added until 18 

precipitated as a white powder (219 mg, 0.513 mmol, 77%). 

N,N-Dimethyl-1-(5-methylthiophen-2-yl)methanamine/p-trifluoromethyl phenyl pinacol 

boronic ester complex (18) 

1H NMR (400 MHz, CD3CN): δ = 1.34 (s, 12H, 14-H), 2.17 (s, 6H, 7-H), 2.42 (s, 3H, 1-H), 3.50 

(s, 2H, 6-H), 6.58 (dq, 3JH3-H4 = 3.4 Hz, 4JH3-H1 =1.1 Hz, 1H, 3-H), 6.66 (d, 3JH4-H3 = 3.4 Hz, 1H, 

4-H), 7.68 (d, J = 7.6 Hz, 2H, 9-H), 7.88 (d, J = 7.6 Hz, 2H, 10-H) ppm. 

13C NMR (100 MHz, CD3CN): δ = 15.8 (C-1), 25.6 (C-14), 45.6 (C-7), 59.5 (C-6), 85.8 (C-13), 

125.8 (q, 1JC,F = 271.5 Hz, C-12), 125.8 (q, 4JC,F = 4.8 Hz, C-10), 125.8 (C-4), 127.0 (C-3), 

133.5 (q, 2JC,F = 31.8 Hz, C-11), 136.3 (C-9), 140.6 (C-2), 142.2 (C-5) ppm. C-8 not detected. 

19F NMR (376 MHz, CD3CN): δ = ‒63.6 (s) ppm. 

11B NMR (128 MHz, CD3CN): δ = 30.5 (s) ppm. 
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Reaction of 8-Li+ and 15b-BF4
– 

The benzhydrylium tetrafluoroborate 15b-BF4
– (60 mg, 0.13 mmol) was dissolved in CH3CN (3 

mL) and added dropwise into a CH3CN solution (2 mL) of 8-Li+ (37 mg, 0.11 mmol) at 20 °C. 

The reaction mixture was stirred for 30 min, quenched with water and extracted with EtOAc (3 

× 15 mL). Organic phase was washed with brine, dried over MgSO4 and concentrated in 

vacuum. Crude product was purified with column chromatography on silica gel, using n-

pentane/EtOAc: 10/1 mixtures as eluent, to give 19 as a colorless solid (23 mg, 0.047 mmol, 

43%). 

4,4'-((5-Methylthiophen-2-yl)methylene)bis(N-methyl-N-(2,2,2-trifluoroethyl)aniline) 

(19) 

 

Rf (n-pentane/EtOAc: 10/1): 0.25 

1H NMR (300 MHz, CDCl3): δ = 2.39 (d, 4JH1-H3 = 1.1 Hz, 3H, 1-H), 3.01 (s, 6H, 13-H), 3.80 (q, 

3JH,F = 9.0 Hz, 4H, 11-H), 5.22 (s,1H, 6-H), 6.43-6.44 (m, 1H, 4-H), 6.51-6.54 (m, 1H, 3-H), 

6.69-6.73 (m, 4H, 9-H), 7.00-7.05 (m, 4H, 8-H) ppm. 

13C NMR (75 MHz, CDCl3): δ = 15.4 (C-1), 39.2 (C-13), 50.9 (C-6), 54.7 (q, 2JC,F = 32.6 Hz, C-

11), 112.6 (C-9), 120.0 (C-4), 125.6 (q, 1JC,F = 282.3 Hz, C-12), 127.0 (C-3), 129.6 (C-8), 134.2 

(C-7), 139.5 (C-2), 145.7 (C-5), 147.1 (C-10) ppm. 
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Reaction of 14-Li+ and 15d-BF4– 

The benzhydrylium tetrafluoroborate 15d-BF4
– (95 mg, 0.28 mmol) was dissolved in CH3CN (5 

mL) and added dropwise into a CH3CN solution (5 mL) of 14-Li+ (0.11 g, 0.31 mmol) at 20 °C. 

After 1 h the deep blue color completely decolorized and the solvent was removed. After 

purification by flash chromatography on silica gel (n-pentane/EtOAc: 9/1) the product 20 was 

obtained as a colorless oil (86 mg, 0.26 mmol, 92%) and separate from the boronic ester 6a 

(63 mg, 0.23 mmol, 82%). 

4,4'-((5-Methylfuran-2-yl)methylene)bis(N,N-dimethylaniline) (20) 

 

The compound 20 was obtained as a colorless oil, as reported in the literature, but solidified 

after standing for several weeks to give a pale-yellow solid. The NMR data of 20 agreed with 

those reported previously.[9a] 

Rf = 0.60 (n-pentane/EtOAc: 9/1) 

Mp (n-pentane/EtOAc: 9/1): 107-108 °C. 

1H NMR (400 MHz, CDCl3): δ = 2.22 (s, 3H, 1-H), 2.90 (s, 12H, 11-H), 5.21 (s, 1H, 6-H), 5.71 

(d, J =1.8 Hz, 1H, 3-H), 5.83 (d, J = 1.8 Hz, 1H, 4-H), 6.68 (d, J = 8.4 Hz, 4H, 8-H), 7.02 (d, J 

= 8.6 Hz, 4H, 9-H) ppm. 
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4-(Trifluoromethyl) phenyl pinacol boronic ester (6a) 

 

The 1H NMR data for the 4-(trifluoromethyl) phenyl pinacol boronic ester 6a agreed with those 

in the literature.[22] 

Rf = 0.70 (n-pentane/EtOAc: 9/1) 

1H NMR (300 MHz, CDCl3): δ = 1.34 (s, 12H, 7-H), 7.59 (d, J = 8.5 Hz, 2H), 7.89 (d, J = 8.5 

Hz, 2H) ppm. 

Reactions of 12-Li+ with benzhydrylium tetrafluoroborates 15-BF4
– (Scheme 1.9) 

In an NMR tube, the BAC 12-Li+ (15.0 mg, 0.043 mmol) and 1 equivalent of the benzhydrylium 

tetrafluoroborate 15a-BF4
– (13.5 mg, 0.043 mmol), 15b-BF4

– (20.3 mg, 0.043 mmol) or 15c-

BF4
– (18.1 mg, 0.043 mmol) were mixed in CD3CN (0.6 mL) at room temperature. After 1 h, 

the 1H NMR spectra were recorded. The ratio of the Friedel-Crafts products was calculated by 

comparing the integrals of the 1H NMR signal of their Ar3C-H proton (in the range of δ = 4.6 to 

5.5 ppm) or by GC-MS. 

1.4.5 Kinetic experiments 

1.4.5.1 Reactions of 3a-Li+ 

Table 1.3. Kinetics of the reaction of 3a-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[3a-Li+] / 
mol L-1 

kobs / 
s-1 

 

5.40 × 10-6 8.35 × 10-4 6.88 × 10-2 

5.40 × 10-6 2.81 × 10-3 1.75 × 10-1 

5.40 × 10-6 4.88 × 10-3 2.77 × 10-1 

5.40 × 10-6 6.47 × 10-3 3.40 × 10-1 

k2 = 4.84 × 101 L mol-1 s-1 

 

kobs = 4.84  101 [3a-Li+] + 0.03
R² = 0.996
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1.4.5.2 Reactions of 3b-Li+ 

Table 1.4. Kinetics of the reaction of 3b-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[3b-Li+] / 
mol L-1 

kobs / 
s-1 

 

6.50 × 10-6 1.41 × 10-4 1.06 × 102 

6.50 × 10-6 3.54 × 10-4 2.33 × 102 

6.50 × 10-6 7.08 × 10-4 4.04 × 102 

6.50 × 10-6 1.41 × 10-3 7.75 × 102 

k2 = 5.22 × 105 L mol-1 s-1 

 

Table 1.5. Kinetics of the reaction of 3b-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[3b-Li+] / 
mol L-1 

kobs / 
s-1 

 

6.90 × 10-6 2.43 × 10-4 8.17 

6.90 × 10-6 3.54 × 10-4 1.18 × 101 

6.90 × 10-6 4.86 × 10-4 1.46 × 101 

6.90 × 10-6 7.08 × 10-4 2.10 × 101 

6.90 × 10-6 9.72 × 10-4 2.62 × 101 

6.90 × 10-6 1.42 × 10-3 3.59 × 101 

6.90 × 10-6 2.12 × 10-3 5.07 × 101 

6.90 × 10-6 2.92 × 10-3 6.91 × 101 

6.90 × 10-6 3.89 × 10-3 9.10 × 101 

k2 = 2.24 × 104 L mol-1 s-1 

 

  

kobs = 5.22  105 [3b-Li+] + 38.3
R² = 0.999
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Table 1.6. Kinetics of the reaction of 3b-Li+ with 15d in CH3CN (20 °C, at 605 nm) 

[15d] / 
mol L-1 

[3b-Li+] / 
mol L-1 

kobs / 
s-1 

 

5.30 × 10-6 2.43 × 10-4 4.14 × 10-1 

5.30 × 10-6 4.86 × 10-4 1.07 

5.30 × 10-6 9.72 × 10-4 2.13 

5.30 × 10-6 1.94 × 10-3 3.76 

5.30 × 10-6 2.92 × 10-3 5.49 

5.30 × 10-6 3.89 × 10-3 7.38 

5.30 × 10-6 4.37 × 10-3 8.36 

k2 = 1.88 × 103 L mol-1 s-1 

 

1.4.5.3 Reactions of 3c-Li+ 

Table 1.7. Kinetics of the reaction of 3c-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[3c-Li+] / 
mol L-1 

kobs / 
s-1 

 

6.50 × 10-6 1.05 × 10-4 1.10 × 102 

6.50 × 10-6 2.11 × 10-4 1.48 × 102 

6.50 × 10-6 4.21 × 10-4 2.99 × 102 

6.50 × 10-6 8.42 × 10-4 4.96 × 102 

k2 = 5.36 × 105 L mol-1 s-1 

 

  

kobs = 1.88  103 [3b-Li+] + 0.12
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Table 1.8. Kinetics of the reaction of 3c-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[3c-Li+] / 
mol L-1 

kobs
[a] / 

s-1 

 

7.10 × 10-6 4.21 × 10-4 1.61 × 101 

7.10 × 10-6 8.42 × 10-4 2.28 × 101 

7.10 × 10-6 1.26 × 10-3 3.00 × 101 

7.10 × 10-6 1.68 × 10-3 3.63 × 101 

7.10 × 10-6 2.11 × 10-3 4.24 × 101 

k2 = 1.57 × 104 L mol-1 s-1 

[a] The decay of the absorbance of the benzhydrylium ion 15c followed a mono-exponential function 

until 60% conversion. Only this part of the decay curve was used to calculate kobs. 

 

1.4.5.4 Reactions of 4a-Li+ 

Table 1.9. Kinetics of the reaction of 4a-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[4a-Li+] / 
mol L-1 

kobs / 
s-1 

 

1.00 × 10-5 5.04 × 10-4 1.07 × 10-1 

1.00 × 10-5 1.01 × 10-3 2.06 × 10-1 

1.00 × 10-5 2.02 × 10-3 4.74 × 10-1 

1.00 × 10-5 3.02 × 10-3 7.27 × 10-1 

1.00 × 10-5 3.93 × 10-3 9.06 × 10-1 

k2 = 2.40 × 102 L mol-1 s-1 

 

  

kobs = 1.57  104 [3c-Li+] + 9.73
R² = 0.999
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Table 1.10. Kinetics of the reaction of 4a-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[4a-Li+] / 
mol L-1 

kobs / 
s-1 

 

5.90 × 10-6 1.62 × 10-3 1.41 × 10-2 

5.90 × 10-6 3.23 × 10-3 2.23 × 10-2 

5.90 × 10-6 4.85 × 10-3 3.02 × 10-2 

5.90 × 10-6 7.28 × 10-3 4.28 × 10-2 

k2 = 5.06 L mol-1 s-1 

1.4.5.5 Reactions of 4c-Li+ 

Table 1.11. Kinetics of the reaction of 4c-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[4c-Li+] / 
mol L-1 

kobs / 
s-1 

 

6.60 × 10-6 2.93 × 10-4 2.27 × 101 

6.60 × 10-6 5.87 × 10-4 3.74 × 101 

6.60 × 10-6 1.17 × 10-3 6.20 × 101 

6.60 × 10-6 1.76 × 10-3 8.19 × 101 

6.60 × 10-6 2.35 × 10-3 9.98 × 101 

k2 = 3.73 × 104 L mol-1 s-1 

 

Table 1.12. Kinetics of the reaction of 4c-Li+ with 15d in CH3CN (20 °C, at 605 nm) 

[15d] / 
mol L-1 

[4c-Li+] / 
mol L-1 

kobs / 
s-1 

 

4.80 × 10-6 4.69 × 10-3 7.78 

4.80 × 10-6 7.04 × 10-3 1.61 × 101 

4.80 × 10-6 9.39 × 10-3 2.26 × 101 

4.80 × 10-6 1.17 × 10-2 2.99 × 101 

k2 = 3.12 × 103 L mol-1 s-1 

 

 

 

kobs = 5.06 [4a-Li+] + 0.006
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1.4.5.6 Reactions of 4d-Li+ 

Table 1.13. Kinetics of the reaction of 4d-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[4d-Li+] / 
mol L-1 

kobs
[a] / 

s-1 

 

5.20 × 10-6 6.99 × 10-4 4.05 × 10-2 

5.20 × 10-6 1.40 × 10-3 1.00 × 10-1 

5.20 × 10-6 2.10 × 10-3 1.84 × 10-1 

5.20 × 10-6 2.80 × 10-3 2.55 × 10-1 

5.20 × 10-6 3.49 × 10-3 3.46 × 10-1 

k2 = 1.10 × 102 L mol-1 s-1 

[a] The decay of the absorbance of the benzhydrylium ion 15b followed a mono-exponential function 

until 60% conversion. Only this part of the decay curve was used to calculate kobs. 

 

Table 1.14. Kinetics of the reaction of 4d-Li+ with 15c in CH3CN (20 °C, at 605 nm) 

[4d-Li+] / 
mol L-1 

[15c] / 
mol L-1 

kobs
[a] / 

s-1 

 

5.50 × 10-6 6.99 × 10-4 1.90 × 10-3 

5.50 × 10-6 1.40 × 10-3 6.65 × 10-3 

5.50 × 10-6 2.10 × 10-3 1.06 × 10-2 

5.50 × 10-6 2.80 × 10-3 1.37 × 10-2 

5.50 × 10-6 3.49 × 10-3 1.78 × 10-2 

k2 = 5.57 L mol-1 s-1 

[a] The decay of the absorbance of the benzhydrylium ion 15c followed a mono-exponential function 

until 60% conversion. Only this part of the decay curve was used to calculate kobs. 

 

  

kobs = 1.10  102 [4d-Li+] - 0.05
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1.4.5.7 Reactions of 8-M+ 

Table 1.15. Kinetics of the reaction of 8-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[8-Li+][a] / 
mol L-1 

kobs / 
s-1 

 

9.10 × 10-6 9.07 × 10-4 2.57 × 10-1 

9.10 × 10-6 1.81 × 10-3 5.16 × 10-1 

9.10 × 10-6 2.72 × 10-3 8.97 × 10-1 

9.10 × 10-6 3.63 × 10-3 1.22 

9.10 × 10-6 4.08 × 10-3 1.41 

k2 = 3.68 × 102 L mol-1 s-1 

[a] Trace contaminations of 8-Li+ with THF (< 5%) have not been considered when calculating [8-Li+] 

 

Table 1.16. Kinetics of the reaction of 8-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[8-Li+] / 
mol L-1 

kobs / 
s-1 

 

7.30 × 10-6 6.44 × 10-4 1.15 × 10-2 

7.30 × 10-6 1.29 × 10-3 2.09 × 10-2 

7.30 × 10-6 2.58 × 10-3 3.09 × 10-2 

7.30 × 10-6 3.87 × 10-3 4.87 × 10-2 

7.30 × 10-6 5.16 × 10-3 6.66 × 10-2 

7.30 × 10-6 6.44 × 10-3 8.30 × 10-2 

k2 = 1.23 × 101 L mol-1 s-1 

[a] Trace contaminations of 8-Li+ with THF (< 5%) have not been considered when calculating [8-Li+] 
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Table 1.17. Kinetics of the reaction of 8-NEt4
+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[8-NEt4
+] / 

mol L-1 
kobs / 
s-1 

 

8.30 × 10-6 2.69 × 10-4 2.48 × 10-1 

8.30 × 10-6 5.37 × 10-4 4.65 × 10-1 

8.30 × 10-6 1.07 × 10-3 8.61 × 10-1 

8.30 × 10-6 1.61 × 10-3 1.18 

8.30 × 10-6 2.15 × 10-3 1.51 

8.30 × 10-6 2.69 × 10-3 1.93 

k2 = 6.77 × 102 L mol-1 s-1 

 

Table 1.18. Kinetics of the reaction of 8-Na+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[8-Na+] / 
mol L-1 

kobs / 
s-1 

 

7.20 × 10-6 2.40 × 10-4 1.85 × 10-1 

7.20 × 10-6 4.78 × 10-4 4.49 × 10-1 

7.20 × 10-6 9.59 × 10-4 9.43 × 10-1 

7.20 × 10-6 1.44 × 10-3 1.67 

k2 = 1.26 × 103 L mol-1 s-1 

 
  

kobs = 6.77  102 [8-NEt4
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1.4.5.8 Reactions of 9-Li+ 

Table 1.19. Kinetics of the reaction of 9-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[9-Li+] / 
mol L-1 

kobs / 
s-1 

 

8.00 × 10-6 3.33 × 10-4 6.97 × 10-1 

8.00 × 10-6 6.65 × 10-4 9.49 × 10-1 

8.00 × 10-6 1.33 × 10-3 1.66 

8.00 × 10-6 2.00 × 10-3 1.99 

8.00 × 10-6 2.66 × 10-3 2.37 

8.00 × 10-6 3.33 × 10-3 2.75 

k2 = 6.82 × 102 L mol-1 s-1 

 

Table 1.20. Kinetics of the reaction of 9-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[9-Li+] / 
mol L-1 

kobs / 
s-1 

 

7.30 × 10-6 6.67 × 10-4 4.16 × 10-2 

7.30 × 10-6 1.33 × 10-3 6.49 × 10-2 

7.30 × 10-6 2.00 × 10-3 8.20 × 10-2 

7.30 × 10-6 2.67 × 10-3 9.84 × 10-2 

7.30 × 10-6 3.33 × 10-3 1.15 × 10-1 

k2 = 2.70 × 101 L mol-1 s-1 

 

  

kobs = 6.82  102 [9-Li+] + 0.56
R² = 0.981

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.000 0.001 0.002 0.003 0.004

k o
b

s
/ 

s-1

[9-Li+] / mol L-1

kobs = 2.70  101 [9-Li+] + 0.03
R² = 0.994

0.00

0.05

0.10

0.15

0.000 0.001 0.002 0.003 0.004

k o
b

s
/ 

s-1

[9-Li+] / mol L-1



Chapter 1. Fine‐Tuning the Nucleophilic Reactivities of Boron Ate Complexes Derived from Aryl and 
Heteroaryl Boronic Esters 

59 

 

1.4.5.9 Reactions of 10-Li+ 

Table 1.21. Kinetics of the reaction of 10-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[10-Li+] / 
mol L-1 

kobs / 
s-1 

 

6.00 × 10-6 4.59 × 10-4 7.17 × 10-1 

6.00 × 10-6 9.19 × 10-4 1.25 

6.00 × 10-6 1.84 × 10-3 2.11 

6.00 × 10-6 2.76 × 10-3 2.71 

6.00 × 10-6 3.67 × 10-3 3.32 

6.00 × 10-6 4.59 × 10-3 4.22 

k2 = 8.12 × 102 L mol-1 s-1 

 

Table 1.22. Kinetics of the reaction of 10-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[10-Li+] / 
mol L-1 

kobs / 
s-1 

 

6.00 × 10-6 9.19 × 10-4 5.66 × 10-2 

6.00 × 10-6 1.84 × 10-3 7.95 × 10-2 

6.00 × 10-6 2.76 × 10-3 9.89 × 10-2 

6.00 × 10-6 3.67 × 10-3 1.18 × 10-1 

6.00 × 10-6 4.59 × 10-3 1.39 × 10-1 

k2 = 2.22 × 101 L mol-1 s-1 

 

  

kobs = 8.12  102 [10-Li+] + 0.46
R² = 0.994
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1.4.5.10 Reactions of 11-Li+ 

Table 1.23. Kinetics of the reaction of 11-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[11-Li+] / 
mol L-1 

kobs / 
s-1 

 

8.70 × 10-6 3.51 × 10-4 8.71 × 10-1 

8.70 × 10-6 7.02 × 10-4 1.50 

8.70 × 10-6 1.40 × 10-3 2.48 

8.70 × 10-6 2.11 × 10-3 3.59 

8.70 × 10-6 2.81 × 10-3 4.56 

k2 = 1.49 × 103 L mol-1 s-1 

 

Table 1.24. Kinetics of the reaction of 11-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[11-Li+] / 
mol L-1 

kobs / 
s-1 

 

5.50 × 10-6 7.02 × 10-4 7.42 × 10-2 

5.50 × 10-6 1.40 × 10-3 1.10 × 10-1 

5.50 × 10-6 2.11 × 10-3 1.44 × 10-1 

5.50 × 10-6 2.81 × 10-3 1.84 × 10-1 

5.50 × 10-6 3.51 × 10-3 2.20 × 10-1 

k2 = 5.20 × 101 L mol-1 s-1 

 

  

kobs = 1.49  103 [11-Li+] + 0.4
R² = 0.999
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1.4.5.11 Reactions of 12-Li+ 

Table 1.25. Kinetics of the reaction of 12-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[12-Li+] / 
mol L-1 

kobs / 
s-1 

 

6.50 × 10-6 1.97 × 10-4 2.20 

6.50 × 10-6 3.94 × 10-4 3.57 

6.50 × 10-6 7.87 × 10-4 5.20 

6.50 × 10-6 1.18 × 10-3 7.10 

6.50 × 10-6 1.57 × 10-3 9.19 

6.50 × 10-6 1.97 × 10-3 1.16 × 101 

k2 = 5.14 × 103 L mol-1 s-1 

 

Table 1.26. Kinetics of the reaction of 12-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[12-Li+] / 
mol L-1 

kobs / 
s-1 

 

6.20 × 10-6 3.94 × 10-4 1.02 × 10-1 

6.20 × 10-6 7.87 × 10-4 1.69 × 10-1 

6.20 × 10-6 1.57 × 10-3 3.09 × 10-1 

6.20 × 10-6 2.36 × 10-3 4.39 × 10-1 

6.20 × 10-6 3.94 × 10-3 6.87 × 10-1 

k2 = 1.65 × 102 L mol-1 s-1 

 

  

kobs = 5.14  103 [12-Li+] + 1.25
R² = 0.997
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1.4.5.12 Reactions of 13-Li+ 

Table 1.27. Kinetics of the reaction of 13-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[13-Li+] / 
mol L-1 

kobs / 
s-1 

 

5.40 × 10-6 3.09 × 10-4 3.96 × 10-1 

5.40 × 10-6 6.19 × 10-4 1.09 

5.40 × 10-6 1.24 × 10-3 2.25 

5.40 × 10-6 2.47 × 10-3 4.92 

k2 = 2.08 × 103 L mol-1 s-1 

 

Table 1.28. Kinetics of the reaction of 13-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[13-Li+] / 
mol L-1 

kobs / 
s-1 

 

5.90 × 10-6 3.09 × 10-4 1.72 × 10-2 

5.90 × 10-6 6.19 × 10-4 3.62 × 10-2 

5.90 × 10-6 1.24 × 10-3 7.56 × 10-2 

5.90 × 10-6 2.47 × 10-3 1.72 × 10-1 

k2 = 7.19 × 101 L mol-1 s-1 

 

  

kobs = 2.08  103 [13-Li+] - 0.25
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1.4.5.13 Reactions of 14-Li+ 

Table 1.29. Kinetics of the reaction of 14-Li+ with 15b in CH3CN (20 °C, at 586 nm) 

[15b] / 
mol L-1 

[14-Li+] / 
mol L-1 

kobs / 
s-1 

 

7.20 × 10-6 1.98 × 10-4 5.82 

7.20 × 10-6 7.91 × 10-4 9.14 

7.20 × 10-6 1.58 × 10-3 1.31 × 101 

7.20 × 10-6 2.37 × 10-3 1.59 × 101 

7.20 × 10-6 3.17 × 10-3 1.90 × 101 

k2 = 4.38 × 103 L mol-1 s-1 

 

Table 1.30. Kinetics of the reaction of 14-Li+ with 15c in CH3CN (20 °C, at 611 nm) 

[15c] / 
mol L-1 

[14-Li+] / 
mol L-1 

kobs
[a] / 

s-1 

 

7.00 × 10-6 1.98 × 10-4 2.05 × 10-1 

7.00 × 10-6 7.91 × 10-4 3.13 × 10-1 

7.00 × 10-6 1.58 × 10-3 4.48 × 10-1 

7.00 × 10-6 2.37 × 10-3 5.54 × 10-1 

7.00 × 10-6 3.17 × 10-3 6.98 × 10-1 

k2 = 1.63 × 102 L mol-1 s-1 

[a] The decay of the absorbance of the benzhydrylium ion 15c followed a mono-exponential function 

until 60% conversion. Only this part of the decay curve was used to calculate kobs. 

1.5 Crystallographic Data 

Single crystals of 3a-Li+ were obtained by crystallization from an acetonitrile solution under an 

N2 atmosphere. 

Single crystals of 4d-Li+ were obtained by vapor diffusion of n-pentane (5 mL) into a solution 

of 4d-Li+ in THF (50 mg of (4d-Li+)·OEt2 in 1 mL of THF) at 0 °C for 1 week in a closed flask 

under nitrogen. 

The X-ray data have been collected by ω-scans by means of an Oxford Diffraction Xcalibur 

diffractometer. The structures have been solved by direct methods using SIR97 and refined by 

least-squares methods against F2 using SHELXL-97. C-bound hydrogen atoms have been 

calculated in ideal geometry riding on their parent atoms. Crystallographic data have been 

deposited with the Cambridge Crystallographic Data Centre (CCDC number for the BAC 3a-

Li+: 1014813 and for 4d-Li+: 1014814). These supplementary crystallographic data can be 

kobs = 4.38  103 [14-Li+] + 5.48
R² = 0.992

0

5

10

15

20

25

0.000 0.001 0.002 0.003 0.004

k o
b

s
/ 

s-1

[14-Li+] / mol L-1

kobs = 1.63  102 [14-Li+] + 0.18
R² = 0.998

0.0

0.2

0.4

0.6

0.8

0.000 0.001 0.002 0.003 0.004

k o
b

s
/ 

s-1

[14-Li+] / mol L-1



Chapter 1. Fine‐Tuning the Nucleophilic Reactivities of Boron Ate Complexes Derived from Aryl and 
Heteroaryl Boronic Esters 

64 

 

obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 
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Chapter 2 
Transition Metal-Free C-H Activation of Tertiary Amines: 

Diisopropyl Azodicarboxylate Mediated -Functionalization 

2.1 Introduction 

Functionalization of tertiary amines at the sp3-hybridized -carbon has been an emerging field 

of organic chemistry in recent years.[1] Using this synthetic method for the introduction of an 

aryl moiety would furnish benzylic amines, which are a common structural motif of market-

relevant pharmaceuticals.[2] Several methods for the arylation of tertiary amines were 

developed, which, however, generally rely on the use of stoichiometric or catalytic amounts of 

metal salts.[3] 

In this context, dialkyl azodicarboxylates (DAADs) appeared attractive reagents since they 

possess electrophilic as well as oxidative properties.[4] Combination of these features was first 

utilized in 1913 by Diels and Paquin,[5] who achieved demethylation of tertiary amines through 

hydrolysis of aminal A obtained after oxidative addition of dimethyl azodicarboxylate (Scheme 

2.1). Slow nucleophilic attack of the amine at the double bond of azodicarboxylate, followed by 

fast proton transfer and subsequent rearrangement to form aminal A were suggested later by 

Huisgen.[6] 

 

Scheme 2.1. Demethylation of N,N-dimethylaniline through addition of dialkyl azodicarboxylates 
(DAADs) and subsequent hydrolysis. 

In 2009, first examples of intermolecular CC bond-forming reactions were disclosed by Li and 

Xu, who successfully applied oxidative C(sp3)-H bond amination by diethyl azodicarboxylate 

(DEAD) for CuI-catalyzed alkynylations of aliphatic tertiary methylamines (Scheme 2.2).[7] 

Transition metal catalysis was found to be dispensable when acidic pronucleophiles or 

otherwise activated nucleophiles were used for DAAD-mediated -functionalizations of tertiary 
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amines.[8] Nishibayashi exploited the Lewis acidity of Grignard reagents (2.2 equiv.) in 

azodicarboxylate-mediated -arylations of cyclic tertiary amines.[9] Hu showed that a mixture 

of diisopropyl azodicarboxylate (DIAD) and CH acidic acceptor-substituted 

fluoromethylsulfones selectively fluoromethylated NCH3 groups of tertiary aliphatic amines.[10] 

DMSO as a highly polar solvent turned out to be beneficial when Akiyama and co-workers 

used a set of structurally diverse nucleophiles (silylated enol ethers, CH acids, allylstannanes 

etc.) in combination with DEAD as the oxidant to functionalize the C-1 position of 

tetrahydroisoquinolines (THIQs). The authors suggested that the basicity of the 

dicarboxyhydrazide anion was a further crucial factor for achieving high yielding reactions of 

the THIQ-DEAD addition products with these (pro)nucleophiles.[11] 

 

Scheme 2.2. Intermolecular CC bond-forming reactions upon DAAD-mediated oxidation of tertiary 
amines. 

In our work we have synthesised and isolated aminals, derived from different N-alkyl-N-

methylanilines and diisopropyl azodicarboxylate (DIAD), and investigated their electrophilic 

properties towards organotrifluoroborates (Scheme 2.3). 

 

Scheme 2.3. α-Amination of selected N-methylanilines with DIAD and subsequent α-functionalization 
by organotrifluoroborates. 
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2.2 Results and Discussion 

In agreement with a recent study,[11] the aminals 2 were obtained after reaction of DIAD (used 

in slight excess) with corresponding N-methylanilines 1 in acetonitrile (Table 2.1).[12] Even 

though, the reaction can proceed at ambient temperature, heating the solution to reflux 

shortened the reaction time significantly. Our study showed exclusive attack of DIAD at -

methyl group in asymmetrical N-ethyl-N-methylaniline and N-methyl-N-(2,2,2-

trifluoroethyl)aniline. The electrochemical oxidative α-functionalization of the latter is known to 

proceed at the NCH2CF3 group.[13] 

Table 2.1. Synthesis of aminals 2a-c. 

 

Aniline  Product Time (yield)[a] 

1a R, X = Me 2a 4 days (95 %)[b] 

1b R = Me, X = OMe 2b 4 hours (81%)[b] 

1c R = Me, X = F 2c 2 days (88%)[b] 

1d R = Et, X = H 2d 6 days (83%) 

1e R = -CH2CF3, X = H 2e 7 days (39%) 

[a] Isolated after column chromatography. [b] From ref. [15] 

As typically observed for amides or carbamates,[11, 14] the broad, unresolved signals in the 1H 

and 13C NMR spectra (CDCl3, 27 °C) of hydrazine-1,2-dicarboxylates 2 indicated hindered 

rotations around the N-C bonds in (H)NN-CO and (R)(N)N-CO groups. Significantly improved 

resolutions and signal-to-noise ratios of the resonances were achieved when the NMR spectra 

of the hydrazine-1,2-dicarboxylates 2 were acquired in d6-DMSO at 90 °C. 

Optimization of reaction conditions showed,[15] that Lewis (e.g. ZnBr2 or BF3‧Et2O) as well as 

Brønsted acids (e.g. aqueous HCl) facilitate the nucleophilic attack of the aryl trifluoroborates 

at aminals such as 2. However, best results were achieved by utilizing a stoichiometric amount 

of trifluoroacetic acid (TFA) in CH3CN. 
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Under the conditions above we have tested the scope of potassium organotrifluoroborates that 

can be used for substituting the hydrazine moiety in aminals 2 (Figure 2.1).  

 

Figure 2.1. General scheme of the reaction between aminals 2 and potassium organotrifluoroborates 3 
(top); the scope of the studied potassium trifluoroborates 3 (bottom). [a] For the reaction time see 
Experimental Section. 

Substitution in the para position in aminals 2a-c did not have a systematic influence on the 

overall yield of the reaction. Unsaturated organotrifluoroborates 3a and 3c led to formation of 

substituted anilines 4aa-4ce (Figure 2.2, top), which were previously obtained only through 

transition metal catalyzed cross-coupling reactions.[11] Benzyl- and (-

methyl)benzyltrifluoroborates 3f-g further widened the scope of this process, giving N-

methylanilines 4af-4cg in rather poor, yet significant yield (Figure 2.2, bottom). 

 

Figure 2.2. Substituted anilines obtained from aminals 2a-c and unsaturated organotrifluoroborates 3a-
e (top) and benzyltrifluoroborates 3f-g (bottom). Yields refer to isolated products after purification by 
column chromatography. 
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In accordance with the selective attack of DIAD at the α-CH2- group at the substituted N-ethyl-

N-methylanilines 1d-e, arylated species 4di-4ek were obtained in moderate yields (Figure 2.3) 

under standard conditions from corresponding aminals 2d-e and potassium aryltrifluoroborates 

3i-k. 

 

Figure 2.3. N-Methyl-N-(1-arylated-2,2,2-trifluoroethyl)anilines 4di-4ek obtained from corresponding 
aminals 2d-e and potassium aryltrifluoroborates 3i-k under standard conditions. 

However, reaction between DIAD-activated N,N-dimethylaniline 2a and alkyl-substituted 

trifluoroborates 3l-m did not show any conversion of the starting material even after 7 days. 

Only for potassium cyclohexyltrifluoroborate 3n the product was detected by GC/MS analysis 

in trace amount after 7 days of the reaction at the standard conditions. 

 

Figure 2.4. Suggested product structures for nucleophilic attack of the aliphatic organotrifluoroborates 
3l-k on the aminal 2a. [a] No conversion after 7 days under standard conditions. [b] Detected by GC/MS. 

Attempts to functionalize -carbon of aliphatic amines using the same DIAD activation method 

were taken on N,N-dimethycyclohexylamine 5 (Scheme 2.4). The disappearance of the yellow 

color of DIAD in a reaction with 5 indicated that the reaction was finished within 20 minutes in 

CH3CN at ambient temperature. Since the isolation of the intermediate adduct 6 was not 

possible, a one pot reaction with 3k and 1 equivalent of TFA (standard conditions) was 

performed, which furnished a mixture of hydrazine 8 and the 2-substituted benzofuran 7. 

However, separation of these two products was not accomplished neither by column 

chromatography nor by distillation. Best results were achieved by varying the pH value of the 

aqueous phase at the work-up step: repeated extraction with n-pentane gave 1/3 and 1/7 

mixtures of 7 and 8 at pH 5 and pH 10 respectively, indicating that this synthetic procedure will 

need further optimization for each specific mixture of amine, azodicaboxylate and nucleophile. 
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Scheme 2.4. DIAD-activation of N,N-dimethycyclohexylamine 5. [a] Calculated from the crude mixture 
with 8. 

It is known,[16] that azodicarboxylates can also form adducts with ethers in presence of radical 

activators. In this way adduct 9 was obtained after reaction of DIAD with THF with 10 mol % 

of bezoyl peroxide (BPO) at reflux after 80 minutes. However, activated by TFA, hydrazine 9 

did not undergo the reaction with potassium phenyltrifluoroborate (Scheme 2.5). Also no 

conversion was observed in a reaction with phenylmagnesium bromide, which is known to 

react with DIAD-adducts of anilines.[9a] 

 

Scheme 2.5. DIAD-activation of tetrahydrofuran. 

2.3 Conclusion 

Additions of diisopropyl azodicarboxylate (DIAD) to aromatic and aliphatic tertiary amines in 

acetonitrile generated aminomethylated hydrazine-1,2-dicarboxylates. The insertion of DIAD 

in the C-H bond of an NCH3 group thus provided -functionalization of tertiary amines under 

mild conditions. The high reactivities of potassium organotrifluoroborates[17] and their stability 

under acidic conditions allowed us to transform the DIAD-amine addition products to a series 

of -functionalized amines. DIAD demonstrated selective attack on the -CH3 group in N-alkyl-

N-methylanilines with subsequent substitution of hydrazine moiety without use of any transition 

metal catalyst. Furthermore, this method was shown to successfully introduce functional group 

at the -methyl position in a series of aliphatic amines, even though, these reactions still 

require further optimization. 
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2.4 Experimental Section 

2.4.1 General 

All reactions were performed in carefully dried Schlenk glassware in an atmosphere of dry 

nitrogen. The reactions were not optimized for high yields. 

1H NMR (600, 400, or 300 MHz), 13C NMR (151, 101, or 75.5 MHz), and 19F NMR spectra (376 

MHz) were recorded on Varian or Bruker NMR systems in d6-DMSO or CDCl3. Chemical shifts 

in ppm refer to the solvent residual signal in d6-DMSO (δH 2.50, δC 39.52 ppm) or CDCl3 (δH 

7.26, δC 77.16 ppm) as internal standard respectively. The following abbreviations are used to 

describe the mutiplicities of 1H resonances: br s = broad singlet, s = singlet, d = doublet, t = 

triplet, q = quartet, sept = septet, m = multiplet, app = apparent. NMR signal assignments are 

based on additional 2D-NMR experiments (COSY, HSQC, and HMBC). 

Chemicals. Commercially available acetonitrile (Acros, 99.9%, Extra Dry, AcroSeal) was used 

as received. Diisopropyl azodicarboxylate (DIAD; 94%, ABCR or Apollo) was purchased and 

used as received. The following commercially available potassium trifluoroborates were used 

as received: potassium 2-phenyl-1-ethynyltrifluoroborate 3a, potassium styryltrifluoroborate 

3c, potassium vinyltrifluoroborate 3d, potassium 1-phenylethyltrifluoroborate 3g, potassium 

methyltrifluoroborate 3m, potassium isopropyltrifluoroborate 3l, potassium 

cyclohexyltrifluoroborate 3n, potassium thiophene-2-trifluoroborate 3i. Potassium benzofuran-

2-yltrifluoroborate 3k was recrystallized from acetone/diethyl ether before use. 

Potassium 5-methylthiophene-2-trifluoroborate 3i was synthesized from 5-methylthiophene by 

subsequent treatment with n-BuLi, B(OiPr)3, and KHF2 (6 equiv.) in analogy to a procedure 

described in ref.[17] Following same methodology, potassium ethynyltrifluoroborate 3b and 

potassium benzyltrifluoroborate 3f were synthesized from their commercially available 

organomagnesium analogs. The crude material was purified by recrystallization from 

acetone/diethyl ether. 
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2.4.2 Synthesis of substituted N-methylanilines 1d-e and aminals 2d-e 

N,N-Ethylmethylaniline (1d) 

 

N-Methyl aniline (3.3 ml, 30 mmol, 1 eq.), bromoethane (3.80 ml, 51 mmol, 1. 7 eq.) and 

potassium carbonate (10.4 g, 75 mmol, 2.5 eq.) were mixed together in ethanol (100 ml) and 

refluxed overnight. Resulting mixture was filtrated, solvent removed by evaporation and crude 

product was purified by column chromatography (EtOAc/n-pentane = 1/30, Rf = 0.36). N,N-

ethylmethyl aniline (3.1 g, 80%) was obtained as colorless oil. 

1H NMR data is in agreement with the literature.[18] 

Diisopropyl 1-(((phenyl)(ethyl)amino)methyl)hydrazine-1,2-dicarboxylate (2d) 

N-Ethyl-N-methyl aniline (2.00 g, 14.8 mmol, 1.05 eq.) was dissolved in CH3CN (5 ml), DIAD 

(2.78 ml, 14.1 mmol, 1 eq.) was added subsequently and the mixture was refluxed for 6 days. 

After solvent evaporation the crude product was purified by column chromatography (Et2O/n-

pentane = 1/10, Rf = 0.19). 2d was obtained as yellowish viscous oil (4.14 g, 83%). 

 

1H NMR (400 MHz, DMSO, 90 °C) δ = 1.09 – 1.26 (m, 15H, H-1, 2  -OCH(CH3)2), 3.41 (q, 3J 

= 7.0 Hz, 2H, H-2), 4.74 – 4.91 (m, 2H, 2  -OCH(CH3)2), 4.98 (s, 2H, H-3), 6.67 (t, 3J = 7.2 

Hz, 1H, H-7), 6.83 (d, 3J = 8.0 Hz, 2H, H-5), 7.12 – 7.18 (m, 2H, H-6), 8.95 (br s, 1H, NH). 

13C NMR (101 MHz, DMSO, 90 °C) δ = 11.8 (C-1), 21.3 (2  -OCH(CH3)2), 43.1 (C-2), 64.0 (C-

3), 67.7 (-OCH(CH3)2), 68.8 (-OCH(CH3)2), 112.8 (C-5), 116.5 (C-7), 128.3 (C-6), 146.9 (C-4), 

154.8 (-CO2-), 154.9 (-CO2-). 

HR-MS (ESI, pos.) m/z calcd. for C17H28N3O4 [M+H]+ 338.2074, found 338.2076. 
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N-Methyl-N-(2,2,2-trifluoroethyl)aniline (1e) 

 

A solution of N-methylaniline (3.0 g, 28 mmol, 1 eq.) in Et2O (6 ml) was added to a solution of 

trifluoroacetic anhydride (7.8 ml, 56 mmol, 2 eq.) in Et2O (10 ml) at 0°C. The reaction mixture 

was stirred at this temperature for 1 hour before the solvent was evaporated and diluted with 

ice-water. The obtained solution was extracted CH2Cl2 (3  50 ml), the organic phases were 

combined, washed with brine and dried over MgSO4. Crude 2,2,2-trifluoro-N-methyl-N-

phenylacetamide was concentrated in vacuum and used without further purification. 

2,2,2-Trifluoro-N-methyl-N-phenylacetamide (4.2 g, 20.5 mmol, 1 eq.), obtained above, was 

dissolved in THF (25 ml) and borane dimethyl sulfide complex (technical grade, 95%, 4.1 ml, 

41 mmol, 2 eq.) was added dropwise at 0°C. Subsequently, the mixture was heated to reflux 

and stirred for another 2h. After cooling down to ambient temperature, the solution was diluted 

with water (100 ml) and extracted CH2Cl2 (3  50 ml). The combined organic layers were 

washed with brine, dried over MgSO4 and concentrated in vacuum. The crude material was 

purified by column chromatography and 1e was obtained as colorless oil in 62% overall yield. 

1H NMR data is in agreement with the literature.[13a] 

  



Chapter 2. Transition Metal-Free C-H Activation of Tertiary Amines: Diisopropyl Azodicarboxylate 

Mediated -Functionalization 

75 

 

Diisopropyl 1-(((phenyl)(trifluoroethyl)amino)methyl)hydrazine-1,2-dicarboxylate (2e) 

1c (500 mg, 2.64 mmol, 1 eq.) was dissolved in CH3CN (5 ml), DIAD (0.52 ml, 2.64 mmol, 1 

eq.) was added subsequently and the mixture was refluxed for 7 days. After solvent 

evaporation crude product was purified by column chromatography (Et2O/n-pentane = 1/10, 

Rf = 0.19). 2b was obtained as yellowish viscous oil (406 mg, 39%). 

 

1H NMR (400 MHz, DMSO, 90 °C) δ = 1.13 (d, 3J = 6.2 Hz, 6H, -OCH(CH3)2), 1.22 (d, 3J = 6.2 

Hz, 6H, -OCH(CH3)2), 4.18 (q, 3JHF = 9.4 Hz, 2H, H-2), 4.76 (hept, 3J = 6.2 Hz, 1H, -

OCH(CH3)2), 4.86 (hept, 3J = 6.2 Hz, 1H, -OCH(CH3)2), 5.09 (s, 2H, H-3), 6.79 – 6.85 (m, 1H, 

H-7), 7.02 (d, 3J = 8.1 Hz, 2H, H-5), 7.18 – 7.24 (m, 2H, H-6), 8.97 (s, 1H, NH). 

13C NMR (101 MHz, DMSO, 90 °C) δ = 21.2 (-OCH(CH3)2), 49.30 (q, 2JCF = 33.1 Hz, C-2), 64.4 

(C-3), 67.9 (-OCH(CH3)2), 69.2 (-OCH(CH3)2), 114.4 (C-5), 118.8 (C-7), 125.39 (q, 1JCF = 282.9 

Hz, C-1) 128.4 (C-6), 146.5 (C-4), 155.0 (-CO2-). 

HR-MS (ESI, neg.) m/z calcd. for C17H23F3N3O4 [M-H]- 390.1646, found 390.1652. 
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2.4.3 General procedure for reaction of aminals 2a-c with potassium 

organotrifluoroborates 

2 (1 eq.) and potassium trifluoroborate (1.05 eq.) were dissolved in dry CH3CN (5 ml) at room 

temperature. TFA (1.1 eq.) was added subsequently and the mixture was stirred for 2 hours, 

unless otherwise stated. Upon completion the reaction mixture was quenched with 2 M 

NH3(aq.) until pH~12 and extracted CH2Cl2 (3  10 ml). The collected organic phases were 

united, dried over anhydrous MgSO4 and concentrated under vacuum. The crude product was 

purified by column chromatography (eluent: Et2O/n-pentane). 

N,4-Dimethyl-N-(3-phenylprop-2-yn-1-yl)aniline (4aa) 

 

Following general procedure, starting from 2a (80 mg, 0.24 mmol, 1 eq.) and 3a (52 mg, 0.25 

mmol, 1.04 eq.), 4aa was obtained as yellow oil in 33% yield (19 mg) after 20 hours. 

1H NMR (300 MHz, CDCl3): δ = 2.28 (s, 3H, H-13), 3.00 (s, 3H, H-1), 4.23 (s, 2H, H-2), 6.82 – 

6.89 (m, 2H, H-10), 7.06 – 7.13 (m, 2H, H-11), 7.23 – 7.29 (m, 3H, H-7, H-8), 7.33 – 7.41 (m, 

2H, H-6). 

13C NMR (75 MHz, CDCl3): δ = 20.5 (C-13), 39.1 (C-1), 43.9 (C-2), 84.4 (C-4), 85.2 (C-3), 

115.1 (C-10), 123.2 (C-5), 127.9 (C-12), 128.2 (C-8), 128.3 (C-7), 129.7 (C-11), 131.9 (C-6), 

147.4 (C-9). 

HR-MS (EI, pos.) m/z calcd. for C17H17N [M]•+ 235.1356, found 235.1353. 
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4-Methoxy-N-methyl-N-(3-phenylprop-2-yn-1-yl)aniline (4ba) 

 

Following general procedure, starting from 2b (89 mg, 0.24 mmol, 1 eq.) and 3a (52 mg, 0.25 

mmol, 1.04 eq.), 4ba was obtained as white solid in 51% yield (31 mg). 

1H NMR (400 MHz, CDCl3) δ = 2.90 (s, 3H, H-1), 3.71 (s, 3H, H-13), 4.11 (s, 2H, H-2), 6.77 – 

6.83 (m, 2H, H-10), 6.84 – 6.90 (m, 2H, H-11), 7.18 – 7.22 (m, 3H, H-7, H-8), 7.27 – 7.33 (m, 

2H, H-6). 

13C NMR (101 MHz, CDCl3) δ = 39.6 (C-1), 44.9 (C-2), 55.6 (C-13), 84.6 (C-3/C-4), 84.9 (C-

4/C-3), 114.5 (C-10), 117.2 (C-11), 123.1 (C-5), 128.1 (C-8), 128.2 (C-7), 131.7 (C-6), 143.9 

(C-9), 153.2 (C-12). 

HR-MS (ESI, pos.) m/z calcd. for C17H18NO [M+H]+ 252.1383, found 252.1384. 

4-Fluoro-N-methyl-N-(3-phenylprop-2-yn-1-yl)aniline (4ca) 

 

Following general procedure, starting from 2c (85 mg, 0.24 mmol, 1 eq.) and 3a (52 mg, 0.25 

mmol, 1.04 eq.), 4ca was obtained as yellow oil in 47% yield (27 mg). 

1H NMR (400 MHz, CDCl3) δ = 2.92 (s, 3H, H-1), 4.15 (s, 2H, H-2), 6.77 – 6.84 (m, 2H, H-10), 

6.88 – 6.96 (m, 2H, H-11), 7.18 – 7.24 (m, 3H, H-7, H-8), 7.28 – 7.33 (m, 2H, H-6). 

13C NMR (101 MHz, CDCl3) δ = 39.5 (C-1), 44.4 (C-2), 84.7 (C-3/C-4), 84.7 (C-4/C-3), 115.59 

(d, 2JCF = 22.1 Hz, C-11), 116.32 (d, 3JCF = 7.5 Hz, H-10), 123.0 (C-5), 128.3 (C-8), 128.4 (C-

7), 131.9 (C-6), 146.1 (C-9), 156.6 (d, 1JCF = 237.1 Hz, C-12). 

19F NMR (376 MHz, CDCl3) δ = -126.7 (br s). 

HR-MS (ESI, pos.) m/z calcd. for C16H15FN [M+H]+ 240.1183, found 240.1183. 
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N,4-Dimethyl-N-(prop-2-yn-1-yl)aniline (4ab) 

 

Following general procedure, starting from 2a (0.7 ml of 0.34 M solution in CH3CN, 0.24 mmol, 

1 eq.) and 3b (33 mg, 0.25 mmol, 1.04 eq.), 4ab was obtained as colorless oil in 39% yield (15 

mg) after 14 hours. 

1H NMR (400 MHz, CDCl3): δ = 2.17 (t, 4J = 2.4 Hz, 1H, H-9), 2.28 (s, 3H, H-1), 2.94 (s, 3H, 

H-6), 4.03 (d, 4J = 2.4 Hz, 2H, H-7), 6.78 – 6.83 (m, 2H, H-4), 7.07 – 7.11 (m, 2H, H-3). 

13C NMR (100 MHz, CDCl3): δ = 20.5 (C-1), 39.0 (C-6), 43.1 (C-7), 72.2 (C-9), 79.4 (C-8), 

115.0 (C-4), 128.0 (C-2), 129.8 (C-3), 147.1 (C-5). 

HR-MS (EI, pos.) m/z calcd. for C11H13N [M]•+ 159.1043, found 159.1044. 

4-Methoxy-N-methyl-N-(prop-2-yn-1-yl)aniline (4bb)[19] 

 

Following general procedure, starting from 2b (89 mg, 0.24 mmol, 1 eq.) and 3b (33 mg, 0.25 

mmol, 1.04 eq.), 4bb was obtained as white solid in 26% yield (11 mg). 

1H NMR (400 MHz, CDCl3) δ = 2.18 (t, 4J = 2.4 Hz, 1H, H-4), 2.90 (s, 3H, H-1), 3.77 (s, 3H, H-

9), 3.98 (d, 4J = 2.4 Hz, 2H, H-2), 6.86 (m, 4H, H-6, H-7). 

13C NMR (101 MHz, CDCl3) δ = 39.5 (C-1), 44.0 (C-2), 55.8 (C-9), 72.4 (C-4), 79.4 (C-3), 114.7 

(C-7/C-6), 117.0 (C-6/C-7), 143.8 (C-5), 153.2 (C-8). 

HR-MS (ESI, pos.) m/z calcd. for C11H14NO [M+H]+ 176.1070, found 176.1070. 
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N-Cinnamyl-N,4-dimethylaniline (4ac) 

 

Following general procedure, starting from 2a (80 mg, 0.24 mmol, 1 eq.) and 3c (53 mg, 0.25 

mmol, 1.04 eq.), 4ac was obtained as colorless oil in 40% yield (23 mg) after 20 hours. 

1H NMR (400 MHz, CDCl3): δ = 2.28 (s, 3H, H-1), 2.95 (s, 3H, H-6), 4.06 (dd, 3J = 5.6 Hz, 2J = 

1.5 Hz, 2H, H-7), 6.26 (dt, 3J = 15.9 Hz, 3J = 5.6 Hz, 1H, H-8), 6.54 (d, 3J = 15.9 Hz, 1H, H-9), 

6.71 – 6.77 (m, 2H, H-4), 7.04-7.11 (m, 2H, H-3), 7.20 – 7.25 (m, 1H, H-13), 7.27 – 7.34 (m, 

2H, H-12), 7.34 – 7.39 (m, 2H, H-11). 

13C NMR (101 MHz, CDCl3): δ = 20.4 (C-1), 38.4 (C-6), 55.5 (C-7), 126.1 (C-2), 126.2 (C-8), 

126.4 (C-11), 127.5 (C-13), 128.6 (C-12), 129.8 (C-3), 131.4 (C-9), 137.1 (C-10), 147.8 (C-5). 

HR-MS (EI, pos.) m/z calcd. for C17H19N [M]•+ 237.1512, found 237.1519. 

N-Cinnamyl-4-fluoro-N-methylaniline (4cc) 

 

Following general procedure, starting from 2c (85 mg, 0.24 mmol, 1 eq.) and 3e (53 mg, 0.25 

mmol, 1.04 eq.), 4cc was obtained as yellowish solid in 50% yield (30 mg). 

1H NMR (400 MHz, CDCl3) δ = 2.95 (s, 3H, H-1), 4.04 (dd, J = 5.6, 1.5 Hz, 2H, H-2), 6.24 (dt, 

J = 15.9, 5.6 Hz, 1H, H-3), 6.53 (d, J = 15.9 Hz, 1H, H-4), 6.70 – 6.77 (m, 2H, H-10), 6.93 – 

7.00 (m, 2H, H-11), 7.21 – 7.27 (m, 1H, H-8), 7.29 – 7.34 (m, 2H, H-7), 7.35 – 7.39 (m, 2H, H-

6). 

13C NMR (101 MHz, CDCl3) δ = 38.7 (C-1), 55.9 (C-2), 114.1 (d, 3JCF = 7.3 Hz, C-10), 115.6 

(d, 2JCF = 22.0 Hz, C-11), 125.7 (C-3), 126.4 (C-6), 127.6 (C-8), 128.7 (C-7), 131.7 (C-4), 136.9 

(C-5), 146.5 (d, 4JCF = 1.5 Hz, C-9), 155.7 (d, 1JCF = 235.3 Hz, C-12). 

19F NMR (376 MHz, CDCl3) δ = -128.9 (tt, JHF = 8.5, 4.4 Hz). 
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N-Allyl-N,4-dimethylaniline (4ad) 

 

Following general procedure, starting from 2a (0.7 ml of 0.34 M solution in CH3CN, 0.24 mmol, 

1 eq.) and 3d (35 mg, 0.25 mmol, 1.04 eq.), 4ad was obtained as colorless oil in 77% yield (30 

mg) after 1 hour. 

1H NMR (300 MHz, CDCl3): δ = 2.26 (s, 3H, H-1), 2.91 (s, 3H, H-6), 3.89 (d, 3J = 5.2 Hz, 2H, 

H-7), 5.11-5.23 (m, 2H, H-9), 5.77-5.96 (m, 1H, H-8), 6.68 (d, 3J = 8.4 Hz, 2H, H-4), 7.05 (d, 3J 

= 8.7 Hz, 2H, H-3). 

13C NMR (75 MHz, CDCl3): δ = 20.4 (C-1), 38.3 (C-6), 55.8 (C-7), 113.1 (C-4), 116.3 (C-9), 

125.9 (C-2), 129.8 (C-3), 134.2 (C-8), 147.7 (C-5). 

HR-MS (EI, pos.) m/z calcd. for C11H15N [M]•+ 161.1199, found 161.1197. 

N-Allyl-4-methoxy-N-methylaniline (4bd) 

 

Following general procedure, starting from 2b (89 mg, 0.24 mmol, 1 eq.) and 3d (35 mg, 0.25 

mmol, 1.04 eq.), 4bd was obtained as yellowish oil in 36% yield (30 mg). 

1H NMR (400 MHz, CDCl3) δ = 2.87 (s, 3H, H-1), 3.76 (s, 3H, H-9), 3.84 (dt, J = 5.5, 1.6 Hz, 

2H, H-2), 5.13 – 5.22 (m, 2H, H-4), 5.86 (ddt, J = 17.2, 10.3, 5.5 Hz, 1H, H-3), 6.73 – 6.79 (m, 

2H, H-6), 6.81 – 6.87 (m, 2H, H-7). 

13C NMR (101 MHz, CDCl3) δ = 39.0 (C-1), 55.9 (C-9), 56.9 (C-2), 114.8 (C-7), 115.2 (C-6), 

116.9 (C-4), 134.2 (C-3), 144.3 (C-5), 152.2 (C-8). 

HR-MS (ESI, pos.) m/z calcd. for C11H16NO [M+H]+ 178.1226, found 178.1232. 
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N-(But-3-en-1-yl)-4-methoxy-N-methylaniline (4be) 

 

Following general procedure, starting from 2b (89 mg, 0.24 mmol, 1 eq.) and 3e (37 mg, 0.25 

mmol, 1.04 eq.), 4be was obtained as white solid in 65% yield (31 mg). 

1H NMR (400 MHz, CDCl3) δ = 2.26 – 2.35 (m, 2H, H-3), 2.88 (s, 3H, H-1), 3.29 – 3.35 (m, 2H, 

H-2), 3.77 (s, 3H, H-10), 5.01 – 5.12 (m, 2H, H-5), 5.83 (ddt, J = 17.1, 10.2, 6.9 Hz, 1H, H-4), 

6.69 – 6.75 (m, 2H, H-7), 6.82 – 6.88 (m, 2H, H-8). 

13C NMR (101 MHz, CDCl3) δ = 31.1 (C-3), 39.1 (C-1), 53.7 (C-2), 55.9 (C-10), 114.7 (C-7/C-

8), 114.9 (C-8/C-7), 116.3 (C-5), 136.3 (C-4), 144.3 (C-6), 151.8 (C-9). 

HR-MS (ESI, pos.) m/z calcd. for C12H18NO [M+H]+ 192.1383, found 192.1386. 

N-(But-3-en-1-yl)-4-fluoro-N-methylaniline (4ce) 

 

Following general procedure, starting from 2c (85 mg, 0.24 mmol, 1 eq.) and 3e (37 mg, 0.25 

mmol, 1.04 eq.), 4ce was obtained as yellowish oil in 17% yield (7 mg). 

1H NMR (400 MHz, CDCl3) δ = 2.26 – 2.34 (m, 2H, H-3), 2.89 (s, 3H, H-1), 3.31 – 3.38 (m, 2H, 

H-2), 5.01 – 5.12 (m, 2H, H-5), 5.82 (ddt, J = 17.1, 10.2, 6.9 Hz, 1H, H-4), 6.61 – 6.68 (m, 2H, 

H-7), 6.90 – 6.97 (m, 2H, H-8). 

13C NMR (101 MHz, CDCl3) δ = 31.1 (C-3), 38.9 (C-1), 53.3 (C-2), 113.7 (d, 3JCF = 7.3 Hz, C-

7), 115.6 (d, 2JCF = 22.0 Hz, C-8), 116.6 (C-5), 136.0 (C-4), 146.1 (d, 4JCF = 1.6 Hz, C-6), 155.4 

(d, 1JCF = 234.8 Hz, C-9). 

19F NMR (376 MHz, CDCl3) δ = -129.6 (tt, JHF = 8.5, 4.4). 
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N,4-Dimethyl-N-phenethylaniline (4af) 

 

Following general procedure, starting from 2a (0.7 ml of 0.34 M solution in CH3CN, 0.24 mmol, 

1 eq.) and 3f (50 mg, 0.25 mmol, 1.04 eq.), 4af was obtained as colorless oil in 34% yield (18 

mg) after 17 hours. 

1H NMR (400 MHz, CDCl3): δ = 2.29 (s, 3H, H-1), 2.82-2.88 (m, 2H, H-8), 2.89 (s, 3H, H-6), 

3.52 – 3.58 (m, 2H, H-7), 6.67 – 6.72 (m, 2H, H-4), 7.06 – 7.11 (m, 2H, H-3), 7.21 – 7.26 (m, 

3H, H-10, H-12), 7.29 – 7.35 (m, 2 H, H-11). 

13C NMR (100 MHz, CDCl3): δ = 20.4 (C-1), 32.9 (C-8), 38.7 (C-6), 55.2 (C-7), 112.7 (C-4), 

125.6 (C-2), 126.3 (C-12), 128.6 (C-11), 128.9 (C-10), 129.9 (C-3), 140.1 (C-9), 147.0 (C-5). 

HR-MS (EI, pos.) m/z calcd. for C16H19N [M]•+ 225.1512, found 225.1517. 

4-Methoxy-N-methyl-N-phenethylaniline (4bf) 

 

Following general procedure, starting from 2b (113 mg, 0.34 mmol, 1 eq.) and 3f (71 mg, 0.36 

mmol, 1.06 eq.), 4bf was obtained as white solid in 32% yield (18 mg). 

1H NMR (400 MHz, CDCl3) δ = 2.80 – 2.91 (m, 5H, H-3, H-1), 3.46 – 3.53 (m, 2H, H-2), 3.78 

(s, 3H, H-12), 6.76 – 6.91 (m, 4H, H-9, H-10), 7.18 – 7.24 (m, 3H, H-5, H-7), 7.27 – 7.33 (m, 

2H, H-6). 

13C NMR (101 MHz, CDCl3) δ = 32.7 (C-3), 39.2 (C-1, detected by HSQC), 55.8 (C-12), 56.1 

(C-2, detected by HSQC), 114.9 (C-10), 126.2 (C-7), 128.5 (C-6), 128.8 (C-5), 140.0 (C-4, 

detected by HMBC), 152.1 (C-8, detected by HMBC). C-9, C-11 were not detected. 

HR-MS (ESI, pos.) m/z calcd. for C16H20NO [M+H]+ 242.1539, found 242.1540. 



Chapter 2. Transition Metal-Free C-H Activation of Tertiary Amines: Diisopropyl Azodicarboxylate 

Mediated -Functionalization 

83 

 

4-Fluoro-N-methyl-N-phenethylaniline (4cf) 

 

Following general procedure, starting from 2c (85 mg, 0.24 mmol, 1 eq.) and 3f (50 mg, 0.25 

mmol, 1.04 eq.), 4cf was obtained as yellow oil in 19% yield (9 mg). 

1H NMR (400 MHz, CDCl3) δ = 2.80 – 2.88 (m, 5H, H-1, H-3), 3.49 – 3.56 (m, 2H, H-2), 6.61 – 

6.71 (m, 2H, H-9), 6.90 – 7.01 (m, 2H, H-10), 7.18 – 7.25 (m, 3H, H-5, H-7), 7.28 – 7.34 (m, 

2H, H-6). 

13C NMR (101 MHz, CDCl3) δ = 32.9 (C-3), 39.1 (C-1), 55.6 (C-2), 113.6 (d, 3JCF = 7.3 Hz, C-

9), 115.7 (d, 2JCF = 22.0 Hz, C-10), 126.4 (C-7), 128.7 (C-6), 128.9 (C-5), 139.9 (C-4), 145.8 

(d, 4JCF = 1.6 Hz, C-8), 155.5 (d, 1JCF = 234.8 Hz, C-11). 

19F NMR (376 MHz, CDCl3) δ = -129.6 (tt, JHF = 8.5, 4.3 Hz). 

HR-MS (ESI, pos.) m/z calcd. for C15H17FN [M+H]+ 230.1340, found 230.1340. 
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N,4-Dimethyl-N-(2-phenylpropyl)aniline (4ag) 

 

Following general procedure, starting from 2a (80 mg, 0.24 mmol, 1 eq.) and 3g (53 mg, 0.25 

mmol, 1.04 eq), 4ag was obtained as yellowish oil in 27% yield (16 mg) after 24 hours. 

1H NMR (300 MHz, CDCl3): δ = 1.31 (d, 3J = 6.9 Hz, 2H, H-9), 2.28 (s, 3H, H-1), 2.76 (s, 2H, 

H-6), 3.13-3.27 (m, 1H, H-8), 3.32-3.52 (m, 2H, H-7), 6.61 (d, 3J  = 8.6 Hz, 1H, H-4), 7.03 – 

7.09 (m, 2H, H-3), 7.19 – 7.25 (m, 3H, H-11, H-13), 7.28 – 7.35 (m, 2H, H-12). 

13C NMR (75 MHz, CDCl3): δ = 19.0 (C-9), 20.3 (C-1), 38.5 (C-8), 39.8 (C-6), 61.4 (C-7), 112.2 

(C-4), 125.1 (C-2), 126.4 (C-13), 127.4(C-11), 128.6 (C-12), 129.8 (C-3), 145.5 (C-10), 147.2 

(C-5). 

HR-MS (ESI, pos.) m/z calcd. for C17H20N [M-H] + 238.1596, found 238.1589. 

4-Fluoro-N-methyl-N-(2-phenylpropyl)aniline (4cg) 

 

Following general procedure, starting from 2c (85 mg, 0.24 mmol, 1 eq.) and 3e (53 mg, 0.25 

mmol, 1.04 eq.), 4cg was obtained as yellowish solid in 20% yield (12 mg). 

1H NMR (400 MHz, CDCl3) δ = 1.30 (d, 3J = 7.0 Hz, 3H, H-4), 2.72 (s, 3H, H-1), 3.17 (h, 3J = 

7.1 Hz, 1H, H-3), 3.31 – 3.49 (m, 2H, H-2), 6.53 – 6.61 (m, 2H, H-), 6.90 – 6.97 (m, 2H), 7.18 

– 7.25 (m, 3H, H-6, H-8), 7.28 – 7.34 (m, 2H, H-7). 

13C NMR (101 MHz, CDCl3) δ = 19.0 (C-4), 38.4 (C-3), 40.0 (C-1), 61.8 (C-2), 112.9 (d, 3JCF = 

7.2 Hz, C-10), 115.6 (d, 2JCF = 21.9 Hz, C-11), 126.6 (C-8), 127.4 (C-6), 128.6 (C-7), 145.2 (C-

5), 146.0 (d, 4JCF = 1.5 Hz, C-9), 155.2 (d, 1JCF = 234.2 Hz, C-12). 

19F NMR (376 MHz, CDCl3) δ = -130.3 (tt, JHF = 8.5, 4.3 Hz). 
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N-Ethyl-N-(thiophen-2-ylmethyl)aniline (4di) 

 

Following general procedure, starting from 2d (140 mg, 0.42 mmol, 1 eq.) and 3i (85 mg, 0.44 

mmol, 1.05 eq.), 4di was obtained as white powder in 50% yield (51 mg). 

1H NMR (599 MHz, CDCl3): δ = 1.23 (t, J = 7.1 Hz, 2 H, H-6), 3.48 (q, J = 7.1 Hz, 2 H, H-5), 

4.67 (s, 2 H, H-7), 6.72 – 6.76 (m, 1 H, H-1), 6.80 – 6.84 (m, 2 H, H-3), 6.94 – 6.95 (m, 1H, H-

9), 6.97 (dd, J = 5.0, 3.5 Hz, 1 H, H-10), 7.19 (dd, J = 5.0, 1.3 Hz, 1 H, H-11), 7.22 – 7.27 (m, 

2 H, H-2). 

13C NMR (151 MHz, CDCl3): δ = 12.3 (C-6), 45.0 (C-5), 49.7 (C-7), 113.0 (C-3), 116.9 (C-1), 

124.2 (C-11), 124.5 (C-9), 126.9 (C-10), 129.3 (C-2), 143.4 (C-8), 148.2 (C-4). 

HR-MS (EI, pos.) m/z calcd. for C13H15NS [M]•+ 217.0925, found 217.0920. 

N-Ethyl-N-((5-methylthiophen-2-yl)methyl)aniline (4dj) 

 

Following general procedure, starting from 2d (150 mg, 0.44 mmol, 1 eq.) and 3j (91 mg, 0.44 

mmol, 1 eq.), 4dj was obtained as white powder in 27% (27 mg) yield after 2 hours. 

1H NMR (599 MHz, CDCl3): δ = 1.19 (t, J = 7.1 Hz, 3 H, H-6), 2.42 (s, 3 H, H-12), 3.44 (q, J = 

7.1 Hz, 2 H, H-5), 4.56 (s, 2 H, H-7), 6.56 – 6.58 (m, 1H, H-10), 6.68 – 6.73 (m, 2H, H-1, H-9), 

6.79 (d, J = 8.1 Hz, 2 H, H-3), 7.20 – 7.24 (m, 2H, H-2). 

13C NMR (151 MHz, CDCl3): δ = 12.4 (C-6), 15.5 (C-12), 44.9 (C-5), 49.8 (C-7), 112.9 (C-3), 

116.7 (C-1), 124.5 (C-9), 124.8 (C-10), 129.3 (C-2), 138.8 (C-11), 140.7 (C-8), 148.2 (C-4). 

HR-MS (EI, pos.) m/z calcd. for C14H17NS [M]•+ 231.1082, found 231.1075. 
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N-(Benzofuran-2-ylmethyl)-N-ethylaniline (4dk) 

 

Following general procedure, starting from 2d (150 mg, 0.44 mmol, 1 eq.) and 3k (100 mg, 

0.44 mmol, 1 eq.), 4dk was obtained as white powder in 50% yield (54 mg). 

1H NMR (400 MHz, CDCl3): δ = 1.24 (t, J = 7.1 Hz, 3 H, H-6), 3.53 (q, J = 7.1 Hz, 2 H, H-5), 

4.57 – 4.63 (m, 2 H, H-7), 6.50 – 6.54 (m, 1 H, H-9), 6.73 (t, J = 7.2 Hz, 1 H, H-1), 6.82 (d, J = 

8.2 Hz, 2 H, H-3), 7.15 – 7.28 (m, 4 H, ArH), 7.40 – 7.51 (m, 2 H, ArH). 

13C NMR (101 MHz, CDCl3): δ = 12.5 (C-6), 45.5 (C-5), 48.2 (C-7), 103.9 (C-9), 111.2 (CH), 

112.7 (C-3), 116.9 (C-1), 120.8 (CH), 122.8 (CH), 123.8 (CH), 128.6 (C), 129.4 (CH), 148.1 

(C-4), 155.1 (C), 155.8 (C-8). 

HR-MS (EI, pos.) m/z calcd. for C17H17NO [M]•+ 251.1310, found 251.1301. 

N-(Benzofuran-2-ylmethyl)-N-(2,2,2-trifluoroethyl)aniline (4ek) 

 

Following general procedure, starting from 2e (50 mg, 0.13 mmol, 1 eq.) and 3j (30 mg, 0.13 

mmol, 1 eq.), 4ek was obtained as white powder in 53% yield (21 mg) after 2 hours. 

1H NMR (400 MHz, CDCl3) δ = 4.08 (q, 3JHF = 8.9 Hz, 2H, H-2), 4.78 (s, 2H, h-3), 6.56 (d, 4J = 

1.0 Hz, 1H, H-5), 6.88 (t, 3J = 7.3 Hz, 1H, H-15), 6.96 (d, 3J = 8.1 Hz, 2H, H-13), 7.23 (td, J = 

7.4,1.1 Hz, 1H, H-8), 7.26 – 7.33 (m, 3H, H-14, H-9), 7.45 – 7.54 (m, 2H, H-10, H-7). 

13C NMR (101 MHz, CDCl3) δ = 48.6 (C-3), 52.67 (q, 2JCF = 33.1 Hz, C-2), 104.9 (C-5), 111.3 

(C-10), 113.7 (C-13), 119.2 (C-15), 121.0 (C-7), 123.0 (C-8), 124.2 (C-9), 125.74 (q, 1JCF = 

282.4 Hz, C-1), 128.3 (C-6), 129.5 (C-14), 147.6 (C-12), 153.8 (C-4), 155.1 (C-11). 

19F NMR (377 MHz, CDCl3) δ = -70.06 (t, 3JHF = 8.9 Hz). 

HR-MS (EI, pos.) m/z calcd. for C17H14F3NO [M]•+ 305.1022, found 305.1019. 
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2.5 Appendix 

Synthesis of hydrazine 9 

Diisopropyl azodicarboxylate (1.0 ml, 5.1 mmol, 1 eq.) was added to a solution of benzoyl 

peroxide (124 mg, 0.51 mmol, 0.1 eq.) in THF (4 ml). Mixture was heated to reflux and stirred 

until disappearance of the yellow color. The excess of THF was removed under reduced 

pressure, and the obtained oil was dissolved in mixture of EtOAc and n-pentane (1/4 ratio, 50 

ml) and washed through a plug of silica gel. The crude material was distilled at 120 °C at 6  

10-3 mbar and 9 was obtained as viscous colorless oil in 71% yield. 

 

1H NMR (300 MHz, CDCl3) δ = 1.2 – 1.3 (m, 12H, 2  -OCH(CH3)2), 1.8 – 2.1 (m, 4H, 2  -CH2-

), 3.7 – 4.0 (m, 2H, -CH2-), 4.8 – 5.1 (m, 6H, 2  -OCH(CH3)2), 6.0 (s, 1H, NH), 6.1 – 6.4 (m, 

1H, H*). 

13C NMR (75 MHz, CDCl3) δ = 21.9 (-OCH(CH3)2), 22.0 (-OCH(CH3)2), 25.3 (-CH2-), 28.2 (-

CH2-), 68.6 (-CH2-), 69.8 (-OCH(CH3)2), 70.6 (-OCH(CH3)2), 155.0 (-CO2-), 156.3 (-CO2-). C* 

is not observed. 

One-pot reaction of 5, DIAD and 3k 

N,N-Dimethylcyclohexylamine 5 (0.08 ml, 0.53 mmol, 1.05 eq.) was dissolved in CH3CN (1 

ml), DIAD (0.1 ml, 0.5 mmol, 1 eq.) was added subsequently at 0 °C, and the mixture was 

stirred without further cooling. After fading of yellow color of DIAD (20 minutes), a solution of 

potassium benzofuran-2-yltrifluoroborate 3k (112 mg, 0.50 mmol, 1 eq.) in CH3CN (1 ml) was 

added, followed by TFA (20 µl, 0.5 mmol, 1 eq.). The reaction mixture was stirred at ambient 

temperature for 2 hours before brine solution (15 ml) was added. Adjusting of pH values with 

HCl(aq.) (2 M) or NH3(aq.) (2 M) and repeated extraction with n-pentane (3  20 ml) gave the 

following mixtures of products: 1/3 (7/8) at pH 5 and 1/7 (7/8) at pH 10 (analyzed by GC/MS 

and 1H NMR spectroscopy), from which the summarized yield of 7 (87%) was determined. 
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Chapter 3 
Reactivity Studies of Alkynyl-Stabilized Carbanions 

3.1 Sulfonyl Carbanions Stabilized by the Triple Bond 

3.1.1 Introduction 

Carbanions belong to the most useful nucleophiles in synthetic organic chemistry, which 

undergo numerous substitutions or additions reactions.[1] Depending on their structure, stability 

and reactivity, carbanions vary from intermediates with short life times to nucleophiles that are 

even stable in aqueous solution.[2] One of the factors that greatly increase the stability of 

carbanions is a strong electron-withdrawing group in -position, especially when the negative 

charge is stabilized by resonance (Scheme 3.1). 

 

Scheme 3.1. Possible resonance structures of sulfonyl acetylenic carbanion. 

In this context carbanions, bearing sulfone and acetylenic fragments are of particular interest 

for their further functionalization abilities.[3] During their ylides study,[4] Kishida et al. has shown 

that the triple bond next to the carbanionic center enhance the stability of the ylide and modifies 

its nucleophilic properties. In 1970 they published the detailed mechanism and product 

analysis of the reaction between dimethyl 3-phenyl-2-propynylsulfonium bromide 1a and 

benzaldehyde in presence of sodium hydride as a base (Scheme 3.2).[5] The intermediate ylide 

2a, formed after base treatment of sulfonium bromide 1a, was attacked by two molecules of 

benzaldehyde and formed the six-membered ring intermediate 3a. After subsequent loss of 

one benzaldehyde molecule new ylide 4a was obtained after aqueous work-up in 64% yield 

(when 2 eq. of benzaldehyde were employed). 

 

Scheme 3.2. Mechanism of the electrophilic addition of benzaldehyde on the dimethyl 3-phenyl-2-
propynylsulfonium bromide 1a in the presence of sodium hydride. 
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The same mechanism was suggested for a study on the reaction between dimethyl 2-

butynylsulfonium bromide 1b and benzaldehyde in the presence of sodium hydride.[6] The 

nucleophilic attack of the in-situ formed ylide 2b on the benzaldehyde molecule followed by 

intramolecular rearrangement led to the formation of the allenic alcohol 6 (Scheme 3.3). In 

analogy to 3a an intermediate dioxene 3b was transformed to ylide 4b and furnished an oxirane 

7 after reaction with benzaldehyde molecule. The oxirane 8 was obtained after reaction of 3b 

with benzaldehyde. 

 

Scheme 3.3. Reaction mechanism of the electrophilic attack of the benzaldehyde on the dimethyl 2-
butynylsulfonium bromide 5 in the presence of sodium hydride. [a] Obtained as the mixture of cis- and 
trans-isomers. 

Further investigations brought the authors to the sulfone structures 9 and 10a, which should 

possess similar properties as sulfonium salts 1a and 1b.[7] Treating sulfone 9 with sodium 

hydride with subsequent nucleophilic attack on benzaldehyde led to dioxene I, that gave the 

condensation product II with benzaldehyde that rearranged with loss of one benzaldehyde 

molecule to the acyclic product III (Scheme 3.4, top), analogously to transformations showed 

in Scheme 3.3. Product IV that corresponds to a similar structure 4 in Schemes 3.2 and 3.3 
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was found in the reaction of sulfonyl 10a with benzaldehyde in the presence of sodium hydride 

(Scheme 3.4, middle). Sulfonyl 10a in the presence of the base also showed reactivity towards 

methyl acrylate yielding the substituted cyclohexanone V (Scheme 3.4, bottom). In contrast to 

ylides 2a-b, all obtained products retained the sulfone group. 

 
Scheme 3.4. Selected examples of the electrophilic attack on the propargyl sulfones 9 and 10a in the 
presence of sodium hydride.[7] 

Another application of base-promoted nucleophilic attack of the carbanion, bearing sulfonic 

and acetylenic groups was published in 1999 by Otera et al.[8] After coupling 10a with 3-

phenylpropynal 11 using potassium methoxide (MeOK) as a base, trapping the resulting 

alkoxide anion as a silyl ether and treating it with lithium bis(trimethylsilyl)amide (LiHMDS) for 

successive Peterson and sulfone elimination, 1,6-diphenylhexa-1,3,5-triyne 12 was obtained 

in 78% yield (Scheme 3.5). 

 

Scheme 3.5. Base-promoted coupling of propargyl sulfone 10a with aldehyde 11, followed by Peterson 
and sulfone elimitation, yielding triyne 12. 
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In order to quantify the effect of the triple bond on the reactivity of sulfonyl carbanions and 

study the possible reaction pathways, we have studied the reactions of carbanions 13a-b, 

derived from sulfones 10a-b, with reference electrophiles (listed in Table 3.1) in DMSO and 

calculated the nucleophilicity parameters of these compounds by using the linear free-energy 

relationship (1). 

lg k2 (20 °C) = sN (N + E)  (1) 

 

Scheme 3.6. Sulfones 10a-b and the corresponding anions 13a-b studied in this work. 

Table 3.1. Reference electrophiles 14a-d and 15a-c used for the quantification of the reactivities for 
different sulfonyl stabilized carbanions. 

Electrophile  E[a] 

 

14a -12.76 

 

14b -13.56 

 

14c -14.68 

 

14d -17.18 

 

15a -16.11 

 

15b -7.02 
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Table 3.1. Continued. 

 
15c -6.69 

 
15d -10.80 

[a] Electrophilicity parameters E were taken from ref. [9] 

 

3.1.2 Results and Discussion 

3.1.2.1 Synthesis of the Sulphones 10a-b 

Commercially available or synthesized through Sonogashira cross-coupling 3-aryl-2-propyn-

1-ols 16a-b were protected with mesyl chloride followed by substitution with sodium 

thiophenolate. Obtained sulfides were oxidized with m-chloroperoxybenzoic acid (mCPBA) 

yielding the corresponding sulfones (Scheme 3.7). 

 

Scheme 3.7. Synthesis of sulfones 10a-b. [a] Obtained from 4-trifluoromethylbromobenzene and 
propargyl alcohol as described in ref. [10] 

Even though, typical sulfonyl stabilized carbanions may be stable enough for isolation, treating 

sulfones 10a-b with different bases (KOtBu, NaH, n-BuLi or KHMDS) in diethyl ether did not 

lead to any stable product. Therefore, the corresponding nucleophiles were generated by 

deprotonation with KOtBu prior to combining them with electrophiles, both in kinetic and 

product studies. 

3.1.2.2 Product Studies 

The reaction of the carbanion 13a with indandione 14b should lead to an anionic species 17ab, 

that can be easily isolated by further acidic work-up as was described previously in ref. [11] 

However, after treating the sulfone 10a with 1.05 eq. of KOtBu and mixing this solution in 

DMSO with 14b, no product was obtained after acidic work-up (Scheme 3.8). The experiment 
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was repeated, varying mixing order and ratio of the reagents but did not lead to any isolated 

product. 

 

Scheme 3.8. Reaction of the carbanion 13a, formed in situ from 10a and KOtBu, and indandione 14b. 

Further attempts to get a stable product in the reaction of carbanion 13a with different 

electrophiles are summarized in Table 3.2. Based on previous studies on sulfonyl 

carbanions[12] we examined different reaction conditions to get representative products with 

electrophiles 15a-c. Changing the base (Entries 1-2 and 9-10), solvent (Entries 1-2 and 5-6), 

reaction temperature (Entries 6-7) or mixing order (Entries 2-4 and 6-8) did not influence the 

result. In all shown examples analysis of the reaction mixture after acidic work-up indicated the 

mixture of undefined substances in the absence of the starting materials. The nature of an 

electrophile also did not have an effect. An effort to study the reaction course was made (Entry 

3), however, the 1H and 13C NMR spectrum, recorded after addition of electrophile, showed 

complete consumption of the starting sulfone 10a and formation of a complicated mixture of 

products, none of which could be identified. 

Table 3.2. Conditions screening for the reaction of sulfone 10a with reference electrophiles 15a-c 

Entry Base[a] Electrophile Conditions[b] 

1 KOtBu 15a A[c]; r.t.[d]; DMSO 

2 NaH 15a A; r.t.; THF 

3 NaH 15a A; r.t.; THF-d8
[e] 

4 NaH 15a B; r.t.; THF 

5 KOtBu 15b A; r.t.; DMSO 

6 KHMDS[f] 15c A; r.t.; THF 

7 KOtBu 15c A; -78 °C; THF 

8 KOtBu 15c B; r.t.; THF 

9 KOtBu CH3I A; -78 °C; THF 

10 n-BuLi CH3I A; -78 °C; THF 

[a] 1.05 eq. of base was used. [b] Mixing order; temperature; solvent. [c] 
A – carbanion is generated in situ by mixing base and 10a and 
electrophile is added subsequently; B – mixture of 10a and electrophile 

are added to solution of base. [d] r.t. – room temperature, 23 °C. [e] 
Reaction performed in the NMR tube. [f] KHMDS – potassium 
hexamethyldisilazane. 



Chapter 3. Reactivity Studies of Alkynyl-Stabilized Carbanions 

96 

 

3.1.2.3 Kinetic Investigation 

Even though no products were obtained, the nucleophilic species 13 obtained after treating 

sulfones 10a-b with KOtBu showed the reaction with reference electrophiles 14 that can be 

monitored photometrically. Since the nucleophile 13 possess an absorption maximum around 

400 nm, all measurements were performed near the absorption maximum of the corresponding 

electrophiles (500 nm) in DMSO and the remaining absorbance of the excess of the 

nucleophile was still observed. To simplify the evaluation of the kinetic experiments nucleophile 

was used in excess, thus the concentration of this component remained constant throughout 

the reactions. The first-order rate constants kobs were derived by least-squares fitting of the 

exponential function At = A0exp(-kobst) + C to the time-dependent absorbances At of the 

electrophile. Second-order rate constants k2 were obtained as the slopes of plots of kobs versus 

the concentration of the nucleophile (Figure 3.1). 

  

Figure 3.1. Exponential decay of absorbance A (at 500 nm) of the reaction of 13b (9.08  10-4 mol L-1) 

with 14c (5.73  10-5 mol L-1) in DMSO at 20 °C (left). Plot of the first-order rate constants kobs versus 
the concentration of 13b (right). 

Table 3.3. Second-order rate constants k2 for the reactions of carbanions 13a-b with reference 
electrophiles 14 in DMSO at 20 C. 

Nucleophile N (sN) Electrophile k2 / L mol-1 s-1 

 

23.73 (0.44) 14b 3.83  104 

 4.04  104 [a] 

14c 7.33  103 

 7.51  103 [a] 

14d 9.07  102 [a] 

 

21.94 (0.51) 14a 8.57  103 [b] 

14b 1.96  104 

14c 3.49  103 

14d 2.47  102 

[a] Kinetic measurements were performed in the presence of 18-crown-6 (1.05 eq. 
with respect to sulfone 10). [b] Data not included in the correlation analysis. 
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For all investigations in DMSO solution, sulfones 10 were deprotonated with 1.05 eq. of KOtBu, 

leading to anions with potassium as counter ion. It was found, that the addition of 18-crown-6 

ether to coordinate the cation did not influence the obtained kobs values significantly, thus 

indicating the absence of the counter ion effect on the reactivity of 13. Thereby the determined 

rate constants (Table 3.3) reflect the reactivities of the free carbanions. 

3.1.2.4 Correlation Analysis 

Plots of lg k2 for the reactions of nucleophiles 13 with reference electrophiles 14b-d against 

their electrophilicity parameters E show linear correlations (Figure 3.2). Therefore Equation (1) 

is applicable and both N and sN values for the nucleophiles 13a and 13b are calculated. The 

reason for the deviation of the rate of the reaction between 14a and 13b is currently unknown 

and the data is excluded from the linear correlation. 

  

Figure 3.2. Correlation of the logarithms of the rate constants k2 for the reaction of 13a-b with 
electrophiles 14b-d in DMSO with their electrophilicity parameters E. Reaction between 13b and 14a 
excluded from the correlation due to high deviation (empty circle on the graph). 

3.1.2.5 Structure-Reactivity Relationships 

The obtained range of the sensitivity parameters (sN) for nucleophiles 13 reflect the low 

dependence of relative reactivities on the nature of the attacking electrophile that is typical for 

carbanions, including sulfonyl stabilized carbanions.[12] 

Figure 3.3 shows the reactivity of 13a in comparison with previously studied sulfonyl 

carbanions 18.[12a, 13] Due to possible resonance stabilization (Scheme 3.1) the triple bond in 

the α-position to carbanionic center reduces the reactivity of 18b towards 14d by the factor of 

71. 
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Figure 3.3. Comparison of absolute (in L mol-1 s-1) and relative rate constants for the reaction of sulfonyl 
stabilized carbanions 13a and 18 with quinone methide 14d in DMSO at 20 °C. [a] Calculated using 
equation (1). 

The effect of the para-substituent in the phenyl ring at the reaction center is generally 

attenuated by further electron-withdrawing groups attached at the carbanionic center. For 

trifluoromethylsulfones (σp = 0.96)[14] 18e-f CF3-group in 4-position in the phenyl ring reduces 

the reactivity towards 14d by a factor of 8. The same modification in phenylsulfones (σp = 0.68) 

18b-d changes the reactivity by a factor of 15. However, for the studied nucleophiles 13a-b, a 

trifluoromethyl group in the phenyl ring reduces the rate of the addition to quinone methide 14d 

by only a factor of 4, since it is not directly attached at the reaction center (Figure 3.4). 

 

Figure 3.4. Effect of p-CF3 substitution in the phenyl ring on reactivity of sulfonyl stabilized carbanions 
13 and 18b,d-f towards 14d in terms of absolute (in L mol-1 s-1) and relative rate constants. 

It should be noted, that the nucleophilic species, formed after deprotonation of sulfones 11 was 

not identified and thus the center of nucleophilic attack at the electrophiles is unknown. It will 

be shown in the succeeding sections that the triple bond in sulfones 11 is activated enough for 

a typical Michael addition. Furthermore, in the presence of base propargyl sulfones may 

isomerize to even more electrophilic allenic and acetylenic compounds. With this in mind one 

should consider a mixture of nucleophilic oligomers as the reactive intermediates towards 

reference electrophiles. 
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3.2 Nucleophilic Attack on the Activated Triple Bond 

3.2.1 Intoduction 

A typical nucleophilic attack at the unsaturated electron-deficient C-C bond is among the most 

often used reactions for building new carbon-carbon and carbon-heteroatom bonds. A strong 

electron-withdrawing group such as sulfonyl may serve as an activator for an olefin molecule 

for this transformation. Due to their high reactivity and synthetic versatility, vinyl[3c, 15] and 

conjugated dienyl[16] sulfones have received much attention in the past decades. Acetylenic 

and propargyl sulfones can potentially undergo single or double additions of nucleophiles at 

the β-position and, subsequently, single or double reactions with electrophiles at the α-position 

(Scheme 3.9). These abilities and other applications of these sulfones have been reviewed in 

2001.[3a] However, in the context of our study it is necessary to highlight several publications, 

discussing the nucleophilic attack at the triple bond in a sulfone molecule. 

 

Scheme 3.9. Sequential addition of nucleophile and electrophile on the triple bond activated with the 
sulfonyl group. 

In 1967 Stirling et al. published a kinetic study of amines addition to acetylene-allene isomers 

19a-c in ethanol.[17] The obtained results showed that formation of the enamine 20 occurred at 

the same rate either from terminal acetylene 19a or allene 19b (Scheme 3.10, Table 3.4). The 

authors suggested the fast isomerization to 19a precede the slow addition to allene 19b. The 

much slower rate with internal alkyne 19c is consistent with the direct addition of the amine. 

This statement is also supported by the very small effect of the N-methylpyrrolidine (pKa in 

acetonitrile = 18.42),[18] which should accelerate isomerization of 19c (Table 3.4), on the rate 

of enamine formation. 

 

Scheme 3.10. Addition of piperidine to the sulfones 19 in ethanol at 25 °С. 
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Table 3.4. Rates of addition of piperidine to acetylenic and allenic sulfones 19 in ethanol at 25 °С. 

Sulfone k2 / L mol-1 s-1 

19a 3.87  10-1 

19b 3.87  10-1 

19c 3.69  10-2, 3.77  10-2 [a] 

[a] In the presence of 7 moles of N-
methylpyrrolidine per mole of acetylene 

By using the linear free energy relationship (1) and obtained N-parameters for piperidine in 

methanol-acetonitrile mixture,[19] we can roughly estimate the electrophilicity parameter for 

propargyl sulfone 19a to be E = log (k2) / sN + N = -15, which makes it more reactive than a 

typical vinyl sulfone.[20] 

In 1992 Inomata’s group reported[21] on the synthesis of the acetylene 22, obtained after 

treating the sulfone 21 with excess of the base at -78 °C (Scheme 3.11a). However, repeating 

the reaction at higher temperature (-16 °C) led to the formation of enyne 23 in 83% yield 

(Scheme 3.11b). The suggested reaction mechanism is shown on Scheme 3.12. 

 

Scheme 3.11. a) Formation of acetylenic sulfone 22 from sulfone 21 at -78 °C. b) Formation of dimer 23 at -
16 °C. 

Treating the sulfone 22 with base led to the carbanion 24a and its isomer 24b, obtained via 

protonation equilibrium, well stabilized by the adjacent sulfonyl group. Further nucleophilic 

attack at the activated triple bond in 22, subsequent proton migration and final protonation 

gave the described enyne 23. 
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Scheme 3.12. Suggested reaction mechanism of formation of the dimer 23 after treating sulfone 22 with 
base. 

3.2.2 Results and Discussion 

For continuation of our study on the nucleophilicity of acetylenic carbanions, we have further 

functionalized the propargyl skeleton with electron-withdrawing groups. The first attempt was 

made to introduce the methylsulfonyl group (-SO2CH3) by typical SN2 reaction of propargyl 

bromide 25a with sodium methanesulfinate in DMF. However, what we have found was the 

quantitative (with respect to sulfinate) formation of styrene 27 (Scheme 3.13a). The suggested 

mechanism involved the formation of the desired sulfone 26a, which was then attacked by the 

second equivalent of sodium sulfinate, yielding after aqueous work-up the disulfone 27. It is 

necessary to emphasize exclusive attack at the β-position in acetylene 26, which is in contrast 

to previously reported reactions,[22] where authors observed γ-attack of sodium phenylsulfinate 

on an analogous intermediate propargyl sulfonate 26b, obtained from 1-(3-chloroprop-1-yn-1-

yl)-4-nitrobenzene 25b (Scheme 3.13b). The authors have suggested that the allenic sulfone 

26b-A may be an intermediate structure in this transformation. 

 
Scheme 3.13a. Formation of the disulfone 27a after treating the propargyl bromide 25a with sodium 
methanesulfinate. 
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Scheme 3.13b. Suggested mechanism of the attack of the sodium phenylsulfinate at the propargyl 
chloride 26a. Adopted from ref. [22] 

After unsuccessful results with propargyl sulfones, we switched to propargylic carbanions, 

stabilized with a weaker electron-withdrawing group, such as an ester group. This replacement 

should also reduce the reactivity of starting acetylene towards nucleophilic attack. Alkyne 30 

was easily prepared from phenylacetylene 28 and ethyl diazoester 29 in presence of catalytic 

amount of CuI (Scheme 3.14).[23] 

 

Scheme 3.14. Preparation of the alkyne 30. 

When combined with strong base, such as KOtBu, alkyne 30 should be deprotonated to furnish 

a carbanion stabilized by both electron-withdrawing effect of the ester group and resonance 

effect with the neighboring triple bond. As expected by the nucleophilicity of typical carbanions, 

reaction with 15b-BF4 should proceed within milliseconds. However, in the result of this 

reaction an unidentified mixture of substances was obtained. GC-MS analysis showed a trace 

amount of dimer 31 (Scheme 3.15), whose formation may be explained by the nucleophilic 

attack of the obtained carbanion on the activated triple bond of the starting alkyne 30. 
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Scheme 3.15. Formation of the dimer 31 in the reaction of 15b-BF4 and 30, treated with KOtBu. 

To support our suggestion of nucleophilic attack on the triple bond of the sulfone, we have 

performed the reaction between sulfonyl 10a and potassium diethyl malonate (prepared in situ 

from diethyl malonate and KOtBu) in DMSO (Scheme 3.16). After acidic work-up and 

purification by column chromatography, sulfonyl 32 was obtained in 64% yield of the Z isomer. 

It is necessary to point out the same regioselectivity of the nucleophilic attack at the β-position, 

as was obtained with sodium methanesulfinate. 

 

Scheme 3.16. Nucleophilic attack of the potassium diethyl malonate on the sulfone 10a. 

Thus, we can summarize the possible transformations that occur by mixing sulfone 10a with 

base, e.g. KOtBu (Scheme 3.17): initial deprotonation at the α-position leads to an acetylenic 

carbanion, that can be protonated at γ-position. Even though the equilibrium is highly shifted 

to carbanion 13a, low amount of sulfonyl allene 10a-A is present and are nucleophilically 

attacked by the previously formed carbanion 13a. The resulting species still possess an anionic 

center and can further attack the allene 10a-A. However, the final composition of the product 

mixture could not be identified via GC-MS or NMR techniques. 
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Scheme 3.17. Possible transformations of the propargyl sulfone 10a induced by Brønsted bases. 

3.3 Reactivity of Propargyl and Allenic Organometallic Compounds 

3.3.1 Introduction 

Another approach to apply propargyl or allenic motifs in nucleophilic substitution reactions is 

based on building covalent carbon-metal bonds.[24] This should reduce the reactivity of such 

species,[25] thus preventing oligomerization side-products. The existence of metallotropic 

equilibrium between propargyl and allenic forms (Scheme 3.18) may also have an impact on 

the configurational stability of the organometallic species[26] and influence the regioselectivity 

of the nucleophilic attack. For example, in reaction with aldehydes (e.g. Scheme 3.18) allenyl 

stanannes,[27] indiums[27] and zincs[24a, 28] give the products with high selectivity towards 

propargyl alcohols, while their magnesium,[29] boron[30] or titanium[31] analogues generally react 

less selective. 

 

Scheme 3.18. Metallotropic equilibrium between propargyl (P) and allenic (A) metals. 

In 2012 Ferreira et al. published the quantitative study[32] of metallotropic equilibrium (Scheme 

3.20) between 1-choloro-3-(trimethylsilyl)propargyl 33-P and -allenyl 33-A metals. They have 

investigated their reactions with achiral aldehydes and calculated the ratio between allenic and 

acetylenic products 34, obtained through cyclic SE2’ processes[28a] (Scheme 3.19). The lithium 

and zinc species were shown to react mainly in their allenic metallotropic forms, whereas the 

titanium species proved to react in both its forms. General trends for the metallotropic 

equilibrium are provided in Table 3.5. 
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Scheme 3.19. Addition of metallo-carbenoids 33 to aldehydes. 

Table 3.5. General trends of the metallotropic equilibrium. 

Met =  Conditions 

Li ke >> kA > kP at -95 °C in Et2O 

Ti(OiPr)3 ke >> kA  kP at -80 °C and -40 °C in THF/Et2O 

ZnBr ke >> kA >> kP at -80 °C in THF 

Particularly interesting in the context of further transformations are allenylsilanes and their 

propargyl subunits. Recently, Knochel has reported[33] on the preparation of tri- and 

tetrasubstituted allenes via regioselective metalation of 35 with 2,2,6,6-tetramethylpiperidynyl 

zinc chloride lithium chloride (TMPZnCl·LiCl) (Scheme 3.20). The procedure includes 

sequential zincation and Pd-catalyzed coupling with aryl halides and provides allenes 36 with 

moderate to good yields. This sequence can also be performed in a one-pot procedure. 

 

Scheme 3.20. Tetrafuntionalized allenes via successive zincation using TMPZnCl‧LiCl and Negishi 
cross-coupling reactions. 

We now aim to quantify the difference in reactivity of lithium 35-Li and zinc 35-Zn 

intermediates, obtained after deprotonation of 1-(trimethylsilyl)-3-phenyl-1-propyne 35. The 

exclusive formation of propargyl and allenic species after treating with n-BuLi and 
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TMPZnCl·LiCl respectively (Scheme 3.21) has been determined[32] from 13C NMR spectra of 

35-Li and 35-Zn in THF-d8. 

 

Scheme 3.21. Metallation of 35 with n-BuLi or TMPZnCl‧LiCl. 

3.3.2 Results and Discussion 

3.3.2.1 Product Analysis 

Propyne 35 was metallated either with n-BuLi or with TMP-ZnCl·LiCl, leading to 35-Li and 35-

Zn respectively. The obtained species reacted with 15d in THF as detected by the 

disappearance of the yellow color of electrophile. The product 37 was isolated in 67% yield as 

a 79:21 mixture of two diastereomers without further purification from allenyl zincate 35-Zn. 

The same product is expected to form from 35-Li, however, after purification on silica gel the 

conjugated enyne 38 was obtained in 71% yield (Scheme 3.22). 

 

Scheme 3.22. Products of the reaction of electrophile 15d with 35-Li and 35-Zn, obtained from 35 after 
treatment with base. [a] Conditions: r.t., 20 min for TMPZnCl·LiCl; -40 °С, 20 min for n-BuLi. [b] Isolated 
yield after column chromatography purification. 

The reaction of metallic species 35-Li and 35-Zn with 15b proceeded to furnish 39 in 27% 

(from 35 and n-BuLi) and 46% (from 35 and TMP-ZnCl·LiCl) yield. It should be noted that 

despite formation of allenic zincate 35-Zn, attack at the electrophile leads to a propargyl 

derivative (Scheme 3.23). 
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Scheme 3.23. Reaction of 15b-BF4 with metallic species, obtained after treating 35 with base. [a] 
Conditions: r.t., 15 min. 

3.3.2.2 Kinetic Investigation 

The reaction of zincate 35-Zn and 15b-BF4 was studied photometrically at 635 nm in THF at 

20 °C. Even though the absorbance decay was monoexponential, the kobs values did not 

correlate linearly with concentration of nucleophiles as demonstrated in Figure 3.5. It should 

be noted that fast side reactions between the electrophile and TMPH may proceed in the same 

time range as the desired reaction with 35-Zn (e.g. half-life time of 15b is appr. 0.5 sec for 35-

Zn and 0.4 sec for TMP-H with comparable concentrations of the nucleophiles, see Figure 3.6 

in the Experimental Section), therefore rate constants couldn’t be assigned. 

 

Figure 3.5. Plot of the first-order rate constants kobs versus the concentration of 35-Zn. 

3.4 Conclusion 

It has been demonstrated that addition of the base to phenyl-propargyl sulfones 10a-b form 

nucleophilic species that show reactivity towards standard electrophiles. These reactions have 

been investigated photometrically and the obtained rate constants were used to calculate the 

nucleophilicity parameters. The suggested carbanionic structures 13a-b showed reactivity 

similar to previously studied sulfonyl-stabilized carbanions, decreased by 2 orders of 

magnitude due to resonance stabilization of the anion by the triple bond.  

The reaction of propargyl sulfone with potassium diethyl malonate demonstrated high reactivity 

of such structural motifs towards nucleophiles. Furthermore, compounds with propargyl 
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skeleton may isomerize in the presence of base to the corresponding allenic forms that are 

known for their electrophilic activity. Taking the possible oligomerization reactions, i.e. those 

between carbanions and their protonated allenic forms into account, one could not correctly 

identify the reactive intermediate in the studied reactions. 

To overcome these difficulties propargyl organometallic species 35-Li and 35-Zn were used 

for quantitative kinetic studies. The covalent character of the carbon-metal bonds in these 

structures should reduce the reactivity towards electrophiles and thus reduce possible side 

processes. However, the obtained rate constants in the reaction of 35-Zn with 15b did not 

correlate linearly with the nucleophile concentration due to possible self-association of these 

organometallic species. 

3.5 Experimental section 

3.5.1  General 

All reactions were performed in carefully dried Schlenk glassware in an atmosphere of dry 

nitrogen. The reactions were not optimized for high yields. 

1H NMR (600, 400, or 300 MHz) and 13C NMR (151, 101, or 75.5 MHz) were recorded on 

Varian or Bruker NMR systems in d6-DMSO, d8-THF or CDCl3. Chemical shifts in ppm refer to 

the solvent residual signal in d6-DMSO (δH 2.50, δC 39.52 ppm), d8-THF (δH 1.72, δC 67.21 

ppm) or CDCl3 (δH 7.26, δC 77.16 ppm) as internal standard respectively. The following 

abbreviations are used to describe the mutiplicities of 1H resonances: br s = broad singlet, s = 

singlet, d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet. NMR signal assignments 

are based on additional 2D-NMR experiments (COSY, HSQC, and HMBC). 

Solvents. For the kinetic experiments commercially available DMSO (Sigma-Aldrich, 99.9%, 

anhydrous, SureSeal) was used as received, THF (Sigma-Aldrich, 99.9%, anhydrous, 

stabilized with BHT) was distilled over Na/benzophenone. Et2O (technical grade), DMF 

(Sigma-Aldrich, 99.8%, anhydrous) and CH2Cl2 (technical grade) were used as received. 

Chemicals. Commercially available chemicals 3-phenyl-2-propyn-1-ol 16a (99%), 

methanesulfonyl chloride, sodium thiophenolate (90%, technical grade), 3-Chloroperbenzoic 

acid (mCPBA, 77%), propargyl alcohol (99%), 4-bromobenzotrifluoride (99%), palladium 

bis(triphenylphosphine) chloride (99%), copper (I) iodide (99%), potassium tert-butoxide 

(99.99%, sublimed grade), sodium methanesulfonate (98%) and diethyl malonate 

(ReagentPlus, 99%) were purchased from Sigma-Aldrich and used as received. Technical 

grade triethylamine was dried over KOH and distilled from CaH2 for Sonogashira cross-
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coupling reactions. 3-(4-Trifluoromethylphenyl)-2-propyn-1-ol 16b,[34] ethyl 4-phenylbut-3-

ynoate 30,[23] (3-bromoprop-1-yn-1-yl)benzene 25,[35] 1-(trimethylsilyl)-3-phenyl-1-propyne 

33[33] and TMPZnCl‧LiCl[33] were prepared by the described procedures. 

Reference electrophiles were prepared by Nathalie Hampel. 

3.5.2  Synthesis of sulfones 10a-b 

((3-Phenylprop-2-yn-1-yl)sulfonyl)benzene (10a) ARLE-10 

 

To a solution of propargyl alcohol 16a (1.00 g, 7.60 mmol, 1 eq.) and methanesulfonyl chloride 

(0.88 ml, 11.40 mmol, 1.5 eq.) in Et2O (20 ml) was added triethylamine (1.59 ml, 11.40 mmol, 

1.5 eq.) at 0° C and the mixture was left stirring overnight at r.t. The solid was filtered and the 

filtrate concentrated in vacuum to give crude A (1.6 g, 100 %) which was used subsequently 

without purification. 

To a suspension of sodium thiophenolate (90%, 1.23 g, 8.40 mmol, 1.1 eq.) in THF (25 ml) 

was added A (1.60 g, 7.60 mmol, 1 eq.) and the mixture was stirred for 18 h. Thereafter the 

reaction mixture was quenched with saturated aqueous NH4Cl (30 ml) and extracted EtOAc (3 

× 30 ml). Organic layers were washed with brine (20 ml), dried over MgSO4 and concentrated 

in vacuum to give B (1.7 g, 100 %), which was used without further purification. 

To a solution of B (0.68 g, 3.0 mmol, 1 eq.) in DCM (10 ml) was added dropwise a solution of 

mCPBA (75%, 1.4 g, 6.0 mmol, 2 eq.) in DCM (10 ml) at 0° C and the mixture was kept 

overnight at 4° C. Thereafter it was diluted with DCM (20 ml) and carefully washed with 

saturated aqueous Na2CO3 (3 × 30 ml). The organic layer was dried over MgSO4 and 

concentrated in vacuum. The crude mixture was purified by liquid chromatography on silica 

gel (n-pentane/EtOAc = 4/1, Rf = 0.37) to give 0.62 g (81%) sulfone 16a as white solid. 
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1H NMR (400 MHz, d6-DMSO) δ = 4.79 (s, 2H, H-7), 7.28 – 7.36 (m, 2H, H-3), 7.32 – 7.41 (m, 

3H, H-2, H-1), 7.68 – 7.73 (m, 2H, H-10), 7.77 – 7.83 (m, 1H, H-11), 7.97 – 8.03 (m, 2H, H-9). 

13C NMR (101 MHz, d6-DMSO) δ = 47.9 (C-7), 78.8 (C-6), 86.1 (C-5), 121.3 (C-4), 128.4 (C-

9), 128.8 (C-2), 129.2 (C-1), 129.3 (C-10), 131.3 (C-3), 134.3 (C-11), 138.0 (C-8). 

1-(3-(Phenylsulfonyl)prop-1-yn-1-yl)-4-(trifluoromethyl)benzene (10b) ARLE-47 

Sulfone 10b was synthesized analogously to 10a from 3-(4-(trifluoromethyl)phenyl)prop-2-yn-

1-ol 16b (1.09 g) in overall 81% yield (yellowish solid, 1.42 g). 

 

1H NMR (400 MHz, d6-DMSO) δ = 4.87 (s, 2H, H-7), 7.52 – 7.57 (m, 2H, H-3), 7.68 – 7.76 (m, 

4H, H-2, H-10), 7.78 – 7.83 (m, 1H, H-11), 7.99 – 8.03 (m, 2H, H-9). 

13C NMR (101 MHz, d6-DMSO) δ = 47.8 (C-7), 81.8 (C-6), 84.7 (C-5), 123.8 (q, 1JCF = 272.3 

Hz, C-12), 125.7 (q, 3JCF = 3.8 Hz, C-2), 128.4 (C-9), 129.1 (q, 2JCF = 32.2 Hz, C-1), 129.4 (C-

10), 132.2 (C-3), 134.4 (C-11), 137.9 (C-8). 
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3.5.3  Product study 

Reaction of (3-bromoprop-1-yn-1-yl)benzene 25 with sodium methanesulfinate ALE-99 

(3-Bromoprop-1-yn-1-yl)benzene 25 (300 mg, 1.54 mmol, 1 eq.) was added dropwise to a 

warm (60 °C) suspension of sodium methanesulfinate (189 mg, 1.85 mmol, 1.2 eq.) in DMF 

(10 ml). Reaction mixture was stirred at this temperature for further 90 minutes, cooled to 

ambient temperature, poured into water (50 ml) and extracted EtOAc (3 × 30 ml). Combined 

organic layers were washed with brine (20 ml), dried over MgSO4 and concentrated in vacuum. 

Crude material was purified by column chromatography (silica, n-pentane/EtOAc = 4/1) and 

27 was obtained as white solid (220 mg, 86%). 

(2,3-Bis(methylsulfonyl)prop-1-en-1-yl)benzene (27) 

 

1H NMR (300 MHz, CDCl3) δ = 3.05 (s, 3H, H-9), 3.23 (s, 3H, H-7), 4.53 (s, 2H, H-8), 7.45 – 

7.50 (m, 3H, H-1, H-2), 7.61 – 7.66 (m, 2H, H-3), 8.09 (s, 1H, H-5). 

13C NMR (75 MHz, CDCl3) δ = 43.0 (C-9), 43.9 (C-7), 53.9 (C-8), 129.3 (C-2), 129.5 (C-3), 

131.2 (C-1), 131.5 (C-6), 132.2 (C-4), 148.3 (C-5). 
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Reaction of ((3-phenylprop-2-yn-1-yl)sulfonyl)benzene 10a with potassium diethyl 

malonate ALE-183 

Diethyl malonate (0.15 ml, 1.00 mmol, 1 eq.) was added to a solution of potassium tert-butoxide 

(0.12 g, 1.05 mmol, 1.05 eq.) in THF (10 ml) at ambient temperature. The resulting solution 

was added to 10a (0.26 g, 1.00 mmol, 1 eq.), dissolved in THF (10 ml), stirred for 90 minutes, 

poured into water (50 ml) and extracted EtOAc (3 × 30 ml). The combined organic layers were 

washed with brine (20 ml), dried over MgSO4 and concentrated in vacuum. The crude material 

was purified by column chromatography (silica, n-pentane/EtOAc = 5/4) and 32 was obtained 

as Z isomer (white solid, 0.26 g, 64%). 

Diethyl (Z)-2-(1-phenyl-3-(phenylsulfonyl)prop-1-en-2-yl)malonate (32) 

 

1H NMR (400 MHz, CDCl3) δ = 1.32 (t, J = 7.1 Hz, 6H, H-10), 4.15 (s, 2H, H-11), 4.28 (q, J = 

7.1 Hz, 4H, H-9), 4.90 (s, 1H, H-7), 6.71 (d, J = 7.2 Hz, 2H, H-3), 6.90 (s, 1H, H-5), 7.10 – 7.17 

(m, 3H, H-1, H-2), 7.38 – 7.45 (m, 2H, H-14), 7.57 (t, J = 7.4 Hz, 1H, H-15), 7.71 (d, J = 8.1 

Hz, 2H, H-13). 

13C NMR (101 MHz, CDCl3) δ = 14.2 (C-10), 56.2 (C-7), 57.8 (C-11), 62.0 (C-9), 122.4 (C-6), 

127.7 (C-1), 127.9 (C-3), 128.4 (C-2), 128.6 (C-13), 129.1 (C-14), 133.9 (C-15), 135.0 (C-4), 

138.2 (C-12), 138.7 (C-5), 167.8 (C-8). 
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Reaction of 35-Zn with 15d ALE-139 

To a solution of 35 (87 mg, 0.46 mmol, 1 eq.) in THF (5 ml) was added dropwise a solution of 

TMP-ZnCl·LiCl (0.81 M in THF, 0.6 ml, 0.49 mmol, 1.07 eq.). After 15 minutes the resulting 

solution was added to a solution of 15d (89 mg, 0.48 mmol, 1.05 eq.) in THF (10 ml) and stirred 

at ambient temperature overnight. Reaction was carefully treated with water (20 ml) and 

extracted EtOAc (3 × 30 ml). Combined organic layers were washed with brine (20 ml), dried 

over MgSO4 and concentrated in vacuum to give 37 as 79:21 mixture of two diastereomers 

(yellowish solid, 42 mg, 46%). 

2-(1-(4-Methoxyphenyl)-2-phenyl-4-(trimethylsilyl)but-3-yn-1-yl)malononitrile (37) 

 

1H NMR (599 MHz, CDCl3) δ = 0.13 (s, 9H, H-8, major isomer), 0.23 (s, 9H, H-8, minor isomer), 

3.38 (dd, J = 10.3, 5.0 Hz, 1H, H-9, minor isomer), 3.41 (dd, J = 8.7, 7.5 Hz, 1H, H-9, major 

isomer), 3.77 (s, 3H, H-16, minor isomer), 3.80 (s, 3H, H-16, major isomer), 4.12 (d, J = 8.6 

Hz, 1H, H-10, major isomer), 4.21 (d, J = 10.2 Hz, 1H, H-5, minor isomer), 4.37 (d, J = 7.2 Hz, 

1H, H-5, major isomer), 4.75 (d, J = 5.0 Hz, 1H, H-10, minor isomer), 6.79 – 6.84 (m, 2H, H-

14, both isomers), 7.08 – 7.15 (m, 2H, H-13, both isomers), 7.17 – 7.21 (m, 2H, H-2, major 

isomer), 7.27 – 7.36 (m, 3H, H-1, H-3, both isomers). 

13C NMR (151 MHz, CDCl3) δ = -0.1 (C-8, major isomer), 0.0 (C-8, minor isomer), 27.9 (C-10, 

major isomer), 28.6 (C-10, minor isomer), 42.2 (C-5, both isomers), 52.1 (C-9, both isomers), 

55.3 (C-16, minor isomer), 55.4 (C-16, major isomer), 92.5 (C-7, minor isomer), 92.7 (C-7, 

major isomer), 102.7 (C-6, major isomer), 104.0 (C-6, minor isomer), 111.7 (CN), 112.3 (CN) 

114.0 (C-14, major isomer), 114.4 (C-14, minor isomer), 125.8 (C-12, major isomer), 128.1 (C-

2, major isomer), 128.2 (C-1, major isomer), 129.1 (C-3, major isomer), 129.8 (C-13, minor 

isomer), 130.0 (C-13, major isomer), 136.9 (C-4, major isomer), 160.1 (C-15, minor isomer), 

160.2 (C-15, major isomer). 

C-1, C-2, C-3, C-4 and C-12 of the minor isomer could not be correctly identified due to 

superimposition of resonances with those of the major isomer. 
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Reaction of 35-Li with 15d ALE-136 

To a precooled (-40 °C, acetone/liquid N2) solution of 35 (74 mg, 0.39 mmol, 1 eq.) in THF (2 

ml) was added dropwise solution of n-BuLi (2.5 M in n-hexane, 0.17 ml, 0.41 mmol, 1.05 eq.). 

The mixture was stirred for 10 minutes at this temperature, warmed up to ambient temperature 

and stirred for another 10 minutes. After recooling to -40 °C, a solution of 15d (73 mg, 0.39 

mmol, 1 eq.) in THF (4 ml) was added and the mixture was warmed to ambient temperature 

and stirred for another 20 minutes. Thereafter the mixture was carefully treated with water (20 

ml) and extracted EtOAc (3 × 30 ml). The combined organic layers were washed with brine (20 

ml), dried over MgSO4 and concentrated in vacuum. The crude material was purified by column 

chromatography (silica, n-pentane/EtOAc = 10/1) and 38 was obtained as yellow oil (84 mg, 

71%). 

(E)-(4-(4-Methoxyphenyl)-3-phenylbut-3-en-1-yn-1-yl)trimethylsilane (38) 

 

1H NMR (599 MHz, CDCl3) δ = 0.31 (s, 9H, H-8), 3.86 (s, 3H, H-14), 6.90 – 6.94 (m, 2H, H-

12), 7.13 (s, 1H, H-9), 7.28 – 7.32 (m, 1H, H-1), 7.36 – 7.41 (m, 2H, H-2), 7.69 – 7.73 (m, 2H, 

H-3), 7.99 – 8.04 (m, 2H, H-11). 

13C NMR (151 MHz, CDCl3) δ = 0.0 (C-8), 55.5 (C-14), 103.0 (C-7), 104.5 (C-6), 113.7 (C-12), 

119.2 (C-5), 126.4 (C-3), 127.6 (C-1), 128.5 (C-2), 129.5 (C-10), 130.9 (C-11), 135.4 (C-9), 

139.6 (C-4), 159.9 (C-13). 

HR-MS (EI, pos.) m/z calcd. for C20H22OSi•+ [M]•+ 306.1434, found 306.1442. 
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Reaction of 33-Li with 15b-BF4 ALE-174 

To a solution of 35 (36 mg, 0.19 mmol, 1 eq.) in THF (3 ml) was added dropwise a solution of 

n-BuLi (1,85 M in n-hexane, 0.11 ml, 0.2 mmol, 1.05 eq.). After 15 minutes the resulting 

solution was added to a suspension of 15b-BF4 (64 mg, 0.19 mmol, 1 eq.) in THF (5 ml) and 

stirred at ambient temperature for 1 hour. Reaction was carefully treated with water (20 ml) 

and extracted EtOAc (3 × 30 ml). Combined organic layers were washed with brine (20 ml), 

dried over MgSO4 and concentrated in vacuum. Crude material was purified by column 

chromatography (silica, n-pentane/EtOAc = 15/1, with 3 vol. % Et3N) and 39 was obtained as 

yellowish solid (22 mg, 27%). 

4,4'-(2-Phenyl-4-(trimethylsilyl)but-3-yne-1,1-diyl)bis(N,N-dimethylaniline) (39) 

 

1H NMR (300 MHz, CDCl3) δ = 0.11 – 0.13 (m, 9H, H-14), 2.89 (s, 6H, H-11’), 2.91 (s, 6H, H-

11’), 4.10 (d, J = 7.1 Hz, 1H, H-6), 4.40 (d, J = 7.1 Hz, 1H, H-5), 6.59 – 6.66 (m, 4H, H-9), 7.04 

– 7.11 (m, 2H, H-8), 7.15 – 7.23 (m, 7H, H-1, H-2, H-3, H-7’). 

13C NMR (75 MHz, CDCl3) δ = 0.1 (C-14), 40.9 (C-11), 41.0 (C-11’), 44.7 (C-5), 57.0 (C-6), 

90.0 (C-12), 108.2 (C-13), 112.3 (C-9), 112.6 (C-9’), 126.5 (C-1), 128.0 (C-2), 128.7 (C-3), 

129.1 (C-8), 130.1 (C-8’), 130.9 (C-7), 131.9 (C-7’), 141.0 (C-4), 149.1 (C-10), 149.3 (C-10’). 

HR-MS (EI, pos.) m/z calcd. for C29H35N2Si+ [M-H]+ 439.2564, found 439.2576. 
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Reaction of 33-Zn with 15b ALE-113 

To a solution of 33 (40 mg, 0.21 mmol, 1 eq.) in THF (3 ml) was added dropwise a solution of 

TMP-ZnCl·LiCl (1.1 M in THF, 0.21 ml, 0.23 mmol, 1.1 eq.). After 15 minutes the resulting 

solution was added to suspension of 15b (71 mg, 0.21 mmol, 1 eq.) in THF (5 ml) and stirred 

at ambient temperature for 1 hour. Reaction was carefully treated with water (20 ml) and 

extracted EtOAc (3 × 30 ml). Combined organic layers were washed with brine (20 ml), dried 

over MgSO4 and concentrated in vacuum. Crude material was purified by column 

chromatography (silica, n-pentane/EtOAc = 15/1, with 3% Et3N) and 39 was obtained as white 

solid (42 mg, 46%). 

Analytical data is consistent with that obtained above for 33-Li and 15b. 

Formation of 31 ALE-180 

To a solution of potassium tert-butoxide (60 mg, 0.53 mmol, 1 eq.) in DMSO (5 ml) was added 

dropwise solution of 30 (0.2 g, 1.1 mmol, 2 eq.) and the mixture was stirred for 30 minutes. 

Thereafter it was treated with saturated aqueous NH4Cl (20 ml) solution and extracted EtOAc 

(3 × 30 ml). Combined organic layers were washed with brine (20 ml), dried over MgSO4 and 

concentrated in vacuum. Crude material was subjected to GC-HRMS analysis. 

HR-MS (ESI, pos.) m/z calcd. for C24H25O4 [M+H]+ 377.1747, found 377.1747. 
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3.5.4  Kinetic Investigations 

3.5.4.1 Reactions of the Sulfone 10a 

Table 3.6. Kinetics of the reaction of 13a (generated from 10a by addition of 1.05 equivalents of 

KOtBu) with 14b in DMSO (stopped-flow, 20 °C, at 500 nm) 

[14b] / 

mol L-1 

[13a] / 

mol L-1 

[13a] / 

[14b] 

kobs / 

s-1 

 

4.33  10-5 3.81  10-4 9 1.20  101 

4.33  10-5 7.62  10-4 18 2.58  101 

4.33  10-5 1.14  10-3 26 3.93  101 

4.33  10-5 1.52  10-3 35 5.54  101 

4.33  10-5 1.90  10-3 44 6.84  101 

4.33  10-5 2.28  10-3 53 8.49  101 

k2 = 3.83  104 L mol-1 s-1 

 

Table 3.7. Kinetics of the reaction of 13a (generated from 10a by addition of 1.05 equivalents of 

KOtBu) with 14c in DMSO (stopped-flow, 20 °C, at 500 nm) 

[14c] / 

mol L-1 

[13a] / 

mol L-1 

[13a] / 

[14c] 

kobs / 

s-1 

 

5.47  10-5 3.81  10-4 7 1.79 

5.47  10-5 7.62  10-4 14 4.62 

5.47  10-5 1.14  10-3 21 7.84 

5.47  10-5 1.52  10-3 28 1.08  101 

5.47  10-5 1.90  10-3 35 1.36  101 

5.47  10-5 2.28  10-3 42 1.53  101 

k2 = 7.33  103 L mol-1 s-1 
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Table 3.8. Kinetics of the reaction of 13a (generated from 10a by addition of 1.05 equivalents of 

KOtBu) with 14b in DMSO (stopped-flow, 20 °C, at 500 nm) in presence of 18-Crown-6 (1.05 

equivalents with respect to 13a) 

[14b] / 

mol L-1 

[13a] / 

mol L-1 

[13a] / 

[14b] 

kobs / 

s-1 

 

5.05  10-5 3.49  10-4 7 4.94 

5.05  10-5 6.98  10-4 14 2.25  101 

5.05  10-5 1.05  10-3 21 3.41  101 

5.05  10-5 1.40  10-3 28 5.14  101 

5.05  10-5 1.74  10-3 34 6.09  101 

k2 = 4.04  104 L mol-1 s-1 

 

Table 3.9. Kinetics of the reaction of 13a (generated from 10a by addition of 1.05 equivalents of 

KOtBu) with 14c in DMSO (stopped-flow, 20 °C, at 500 nm) in presence of 18-Crown-6 (1.05 

equivalents with respect to 13a) 

[14c] / 

mol L-1 

[13a] / 

mol L-1 

[13a] / 

[14c] 

kobs / 

s-1 

 

5.53  10-5 3.49  10-4 6 1.62 

5.53  10-5 6.98  10-4 13 4.31 

5.53  10-5 1.05  10-3 19 6.41 

5.53  10-5 1.40  10-3 25 1.01  101 

5.53  10-5 1.74  10-3 31 1.18  101 

k2 = 7.51  103 L mol-1 s-1 

 
 

Table 3.10. Kinetics of the reaction of 13a (generated from 10a by addition of 1.05 equivalents of 

KOtBu) with 14d in DMSO (stopped-flow, 20 °C, at 500 nm) in presence of 18-Crown-6 (1.05 

equivalents with respect to 13a) 

[14d] / 

mol L-1 

[13a] / 

mol L-1 

[13a] / 

[14d] 

kobs / 

s-1 

 

5.26  10-5 3.49  10-4 7 1.53  10-1 

5.26  10-5 6.98  10-4 13 4.64  10-1 

5.26  10-5 1.05  10-3 20 7.53  10-1 

5.26  10-5 1.40  10-3 27 1.15 

5.26  10-5 1.74  10-3 33 1.39 

k2 = 9.07  102 L mol-1 s-1 
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Determination of the Reactivity Parameters N and sN for 13a in DMSO 

 

Table 3.11. Rate constants for the reaction of 13a with different electrophiles (20 °C) 

Electrophile E k2 / L mol-1 s-1 log k2 

 

14b -13.56 3.94  104 [a] 4.60 

14c -14.68 7.42  103 [a] 3.87 

14d -17.18 9.07  102 2.96 

N = 23.73, sN = 0.44 

[a] Average of two experiments. 

 

3.5.4.2 Reactions of the Sulfone 10b 

Table 3.12. Kinetics of the reaction of 13b (generated from 10b by addition of 1.05 equivalents of 

KOtBu) with 14a in DMSO (stopped-flow, 20 °C, at 500 nm) 

[14a] / 

mol L-1 

[13b] / 

mol L-1 

[13b] / 

[14a] 

kobs / 

s-1 

 

4.23  10-5 3.03  10-4 7 1.56 

4.23  10-5 6.06  10-4 14 3.80 

4.23  10-5 9.08  10-4 21 6.17 

4.23  10-5 1.21  10-3 29 9.39 

4.23  10-5 1.51  10-3 36 1.17  101 

k2 = 8.57  103 L mol-1 s-1 

 

Table 3.13. Kinetics of the reaction of 13b (generated from 10b by addition of 1.05 equivalents of 

KOtBu) with 14b in DMSO (stopped-flow, 20 °C, at 500 nm) 

[14b] / 

mol L-1 

[13b] / 

mol L-1 

[13b] / 

[14b] 

kobs / 

s-1 

 

3.02  10-5 3.03  10-4 10 3.25 

3.02  10-5 6.06  10-4 20 8.26 

3.02  10-5 9.08  10-4 30 1.42  101 

3.02  10-5 1.21  10-3 40 1.98  101 

3.02  10-5 1.51  10-3 50 2.71  101 

k2 = 1.96  104 L mol-1 s-1 
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Table 3.14. Kinetics of the reaction of 13b (generated from 10b by addition of 1.05 equivalents of 

KOtBu) with 14c in DMSO (stopped-flow, 20 °C, at 500 nm) 

[14c] / 

mol L-1 

[13b] / 

mol L-1 

[13b] / 

[14c] 

kobs / 

s-1 

 

5.73  10-5 3.03  10-4 5 5.41  10-1 

5.73  10-5 6.06  10-4 11 1.48 

5.73  10-5 9.08  10-4 16 2.51 

5.73  10-5 1.21  10-3 21 3.62 

5.73  10-5 1.51  10-3 26 4.74 

k2 = 3.49  103 L mol-1 s-1 

 

Table 3.15. Kinetics of the reaction of 13b (generated from 10b by addition of 1.05 equivalents of 

KOtBu) with 14d in DMSO (stopped-flow, 20 °C, at 500 nm) 

[14d] / 

mol L-1 

[13b] / 

mol L-1 

[13b] / 

[14d] 

kobs / 

s-1 

 

3.35  10-5 6.06  10-4 18 1.05  10-1 

3.35  10-5 1.21  10-3 36 2.50  10-1 

3.35  10-5 1.51  10-3 45 3.29  10-1 

k2 = 2.47  102 L mol-1 s-1 

 

Determination of the Reactivity Parameters N and sN for 13b in DMSO 

 

Table 3.16. Rate constants for the reaction of 13b with different electrophiles (20 °C) 

Electrophile E k2 / L mol-1 s-1 log k2 

 

14a -12.76 8.57  103 3.93[a] 

14b -13.56 1.96  104 4.29 

14c -14.68 3.49  103 3.54 

14d -17.18 2.47  102 2.39 

N = 21.94, sN = 0.51 

[a] Not included in the correlation (black square on the graph) 
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Table 3.17. Kinetics of the reaction of 35-Zn (generated from 35 by addition of 1.05 equivalents of 

TMPZnCl·LiCl) with 15b in THF (stopped-flow, 20 °C, at 605 nm) 

[15b] / 

mol L-1 

[35-Zn] / 

mol L-1 

[35-Zn] / 

[15b] 

kobs / 

s-1 

 

7.06  10-5 8.72  10-4 12 1.52  10-1 

7.06  10-5 1.74  10-3 25 1.95  10-1 

7.06  10-5 3.49  10-3 49 5.46  10-1 

7.06  10-5 5.23  10-3 74 1.59 

7.06  10-5 6.97  10-3 99 2.64 

 

 

 

Figure 3.6. Exponential decay of absorbance A (at 635 nm) of the reaction of 15b (7.06  10-5 mol L-1) 

with 2,2,6,6-tetramethylpiperidine (TMPH, 9.16  10-4 mol L-1) in THF at 20 °C. 
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Chapter 4 
Lewis Acidic and Nucleophilic Properties of Grignard Reagents 

4.1 Introduction 

In 1900 Victor Grignard was optimizing conditions for reaction between methyl iodide and 

ketone 1 in the presence of magnesium (now known as Barbier reaction,[1] Scheme 4.1). He 

proposed the intermediate in this reaction to be a RMgI species and found a rapid reaction of 

alkyl halides with magnesium in diethyl ether as the solvent (Scheme 4.2). Addition of these 

reaction mixtures to ketones or aldehydes and subsequent aqueous work-up afforded the 

corresponding alcohols in higher yields than in the Barbier procedure.[2] 

 

Scheme 4.1. Interaction of ketone 1 with methyliodide in the presence of magnesium in water.[1] 

 

Scheme 4.2. Formation of a reactive species from alkyl halide and magnesium in diethyl ether. 

The synthetic potential of the organomagnesium reagents were recognized immediately, 

resulting in an increasing amount of investigations towards their preparation and application. 

For his discovery and subsequent development of this finding Grignard was awarded the Nobel 

Prize in Chemistry in 1912. 

4.1.1 Composition and Solvent Effect 

For further studies an insight on the nature of Grignard reagents in ethereal solvents is 

required. The Schlenk equilibrium[3] (Scheme 4.3) is generally accepted to describe the 

composition of the Grignard compounds in ethereal solutions. 

 

Scheme 4.3. Schlenk equilibrium. 

Since both R2Mg and RMgX can react with electrophilic substrates, knowledge of this 

equilibrium is vital for understanding the course of the reaction. As summarized in a review by 

Ashby in 1974,[4] Table 4.1 provides equilibrium constants for a number of Grignard reagents 
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in both diethyl ether and THF solvents. Even with the accuracy limitations, the table displays 

some rather clear trends: in Et2O equilibrium constants KSchlenk of magnitude 102-103 are 

obtained, in THF values of 1-10 are most common. 

Table 4.1. Values for Schlenk Equilibrium. 

Grignard Reagent Solvent KSchlenk Method 

CH3MgBr Et2O ~320 Cal.[a] 

  ~455 Kin.[b] 

C2H5MgBr Et2O 480-484 Cal.[a] 

C4H9MgBr Et2O ~103 Cal.[a] 

  ~400 Kin.[b] 

C6H5MgBr Et2O 55-62 Cal.[a] 

CH3MgCl THF 4.5 IR[c] 

  ~1 NMR[d] 

C2H5MgCl THF 5.52 Cal.[a] 

t-C4H9MgCl THF 1.12 NMR[d] 

C6H5MgCl THF 1.66 Cal.[a] 

CH3MgBr THF 3.5 IR[c] 

  ~4 NMR[d] 

C2H5MgBr THF 5.09 Cal.[a] 

C6H5MgBr THF 3.77 Cal.[a] 

  4.0 NMR[d] 

[a] Determined by calorimetric experiments from ref. [5] [b] 
Determined by kinetic experiments from ref. [6] [c] Determined by 
infrared experiments from ref. [7] [d] Determined by 1H and 13C 
NMR experiments from ref. [8] and [9] respectively. 

The presence of associated species is another important aspect of solution composition. Early 

reports describing the degree of aggregation in THF, even for commonly studied compounds 

(e.g. ethylmagnesium bromide), provided conflicting results.[10] Diethyl ether solutions, on the 

other hand, have been examined in more detail. It has been established that alkylmagnesium 

chlorides are dimeric in a wide range of concentration[11] while alkyl- and arylmagnesium 

bromides and iodides exist as monomers at low concentration (<0.1 M),[11-12] exhibiting 

increased association with concentration.[5b, 11, 13] 

Results of comprehensive ebullioscopic studies of a series of Grignard and related compounds 

(Figure 4.1), published by Ashby et al.,[14] clearly indicate the level of association in ethereal 

solvents. Figure 1a shows that typical Grignard reagents and their corresponding R2Mg 

counterparts are monomeric in THF. In diethyl ether on the other hand alkyl- and 
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arylmagnesium bromides and iodides are associated in a linear polymeric fashion and 

difference in association of R2Mg and MgX2 indicates that association takes place 

predominantly through halogen bridge bonds. 

 

Figure 4.1. Association (expressed as an i value, apparent molecular weight divided by the formula 
weight) against molar concentration of selected Grignard and related compound solutions in THF (left) 
and Et2O (right). Adopted from ref. [14] 

From these studies one can conclude the following structure of Grignard reagents in 

coordinating solvents: in Et2O (Figure 4.2, left) Grignard reagents (bromides and iodides) are 

best described by the Schlenk equilibrium highly shifted to RMgX, monomeric at concentration 

below 0.1 M. On the other hand, in THF (Figure 4.2, right) RMgX (for X = Cl, Br and I) are 

monomeric at all concentrations as well as corresponding R2Mg and MgX2 species that exist 

in THF at appreciable concentrations. Only RMgF and RMgOR form dimers. 

 

Figure 4.2. Composition of Grignard reagents in Et2O (left) and THF (right). 
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4.1.2 Mechanisms of Grignard Addition 

The first step of the attack of the Grignard reagent on the carbonyl compound is substitution 

of a molecule of coordinating solvent (typically THF or Et2O) with a molecule of the substrate 

(Scheme 4.4) to form complex 2 in a very fast equilibrium. Equilibrium constants for this 

process have been determined by IR and UV spectroscopy. They increase with the Lewis 

acidity in the series: R2Mg < RMgCl < RMgBr < RMgI and with Lewis basicity in the series: 

RCOOR < ArCOAr < ArCOR < RCOR.[5c] In more coordinating THF the complexation between 

organometallic species and ketones is quite unfavorable.[15] 

 

Scheme 4.4. Initial formation of the complex between Grignard reagent and carbonyl compound. 

Subsequent attack of the organomagnesium species at the carbonyl carbon may be described 

by two possible mechanisms.[6] On the one hand, reactions between Grignard reagents with 

strong C-Mg bond (e.g. phenylmagnesium bromide) and weak electron acceptors (e.g. 

acetone) will take place through a polar concerted mechanism (Scheme 4.5, top). On the other 

hand, reactions between t-butylmagnesium bromide (with the weakest C-Mg bond) and 

benzophenone, which is readily reduced to a stable ketyl radical, occur by a single electron 

transfer (SET) mechanism (Scheme 4.5, bottom). 

 

Scheme 4.5. Possible mechanisms for nucleophilic attack of Grignard reagents at carbonyl compounds: 
polar concerted (top) and SET (bottom). 
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In contrast to nucleophilic additions, the substitution reactions that involve Grignard reagents 

as the nucleophile are more limited in scope. As for reactions with ketones, a general 

mechanism that would be used to describe the formation of the new C-C bond in displacing a 

leaving group does not exist. Instead, depending on the nature of both Grignard reagent and 

a substrate, at least three mechanisms are possible – an SN2 mechanism of the direct 

nucleophilic substitution, an SN1 mechanism with ionization to a carbocationic intermediate, 

and a SET mechanism involving radical intermediates. 

The SET mechanism is clearly implicated in the reactions of poly-halides due to their low 

reduction potentials and formation of homo-coupling products. On the other hand, the SN2 

mechanism is suggested by Hill[16] for sulfonates or phosphates, since the leaving group is 

relatively reactive without coordination to a metal ion and does not readily accept an electron. 

Inversion of the configuration was found in the reaction (S)-sec-butyl-p-toluenesulfonate 3 with 

PhMgBr (Scheme 4.6).[17] 

 

Scheme 4.6. Inversion of configuration in reaction of 3 with PhMgBr in Et2O. 

Substrates that may easily be ionized to stable carbocations should react with Grignard 

reagents through an SN1 mechanism. Even though the leaving groups in such substrates 

(typically ether or ester) are relatively unreactive, coordination to a Lewis acidic 

organomagnesium species increases their leaving abilities. A representative transformation 

was demonstrated by Hill[18] in a range of ,-unsaturated ethers 4 with several Grignard 

reagents (Scheme 4.7) to yield olefins 5 for aryl and alkyl (lower than n-heptyl) organometallic 

species. Formation of 1,4-addition products 6 was found in the reaction of series of unsaturated 

ethers with n-heptyl- and n-octylmagnesium bromide. 

 

Scheme 4.7. Reaction of unsaturated ethers 4 with Grignard reagents. 
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Selected examples for the SN1-type reaction with Grignard reagents are summarized in Table 

2. In analogy to a reaction with ketones Hill and co-workers[18a] suggest that the initial step of 

the reaction is formation of the complex between the RMgX and substrate ether. Coordination 

of a Lewis acidic organomagnesium species to the ether molecule leads to increase of electron 

deficiency at the -carbon with subsequent nucleophilic attack. In all examples C-O bond is 

cleaved selectively – either to form the most stable carbocation or, with comparable stability of 

the carbocation, or to form the more stable anion (Table 4.2, Entry 4-5) 

Table 4.2. Selected examples of SN1-type reactions with Grignard reagents. 

 

Entry Substrate Grignard Reagent Product (yield, %) Reference 

1  
Ph-MgBr 

 
[19] 

2 

 

n-C3H7-MgBr 

 

[20] 

3 

 

Ph-MgBr 

 

[21] 

4 

 

n-C4H9-MgBr 

 

[22] 

5 

 

n-C4H9-MgBr 

 

[23] 

Similar interactions involving carbocationic intermediate were found in C-C bond cleavage 

reactions between the substituted dicarbonyl compound 7 and phenylmagnesium bromide 

(Scheme 4.8). Authors[24] reported the formation of a colored species with max = 611 nm, which 

is characteristic for the bis-(p-(dimethylamino)phenyl)methylium ion 8. Unfortunately, detailed 

information about this experiment is not available. 
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Scheme 4.8. C-C fragmentation of dicarbonyl 7 in reaction with PhMgBr. 

Extensive kinetic studies by Tuulmets et al. of the Grignard reaction with silanes in diethyl ether 

and ether-toluene mixtures provide the insight on the mechanism of such transformations. The 

authors[25] have provided the experimental evidence for a two-step reaction: initial replacement 

of the solvent molecule by the tetraalkoxy silane followed by subsequent rearrangement to 

products. The use of monosolvated Grignard reagents in toluene solution gave the quantitative 

data for equilibrium and rate constants (an example is presented on Scheme 4.9). In contrast 

to tetraalkoxysilanes, the reactions of n-BuMgCl with chlorosilanes were faster with increasing 

solvating power of the ether (THF > diethyl ether > methyl t-butyl ether) and were not affected 

by the replacement of ether by toluene.[25a] Thus, chlorosilanes are not involved in the initial 

coordination step. 

 

Scheme 4.9. Mechanism of nucleophilic substitution of tetraethoxysilane with monosolvated n-
butylmagnesium chloride in toluene at 20 °C; K = 1.03 L mol-1, k = 0.17 s-1. 

In this work we now present the quantitative kinetic analysis of SN1-type reactions between 

benzhydryl phenyl ethers 9 and Grignard reagents 10-15 in diethyl ether. Photometrical 

observations of the intermediate benzhydrylium ions allowed us to calculate both equilibrium 

(K = k2
i / k-1

i) and rate constants k2
i for ionization and k2

c consumption reactions shown on 

Scheme 4.10. The list of employed substrates is shown in Table 4.3 and Scheme 4.11. 

 

Scheme 4.10. SN1-type reaction between benzhydryl phenyl ethers 9 and the Grignard reagents 10-15 
in diethyl ether. 
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Table 4.3. Substrates 9 employed in the study of reactivity of Grignard reagents. 

Substrate E[a] Ef
[a] max

[b] / nm log [b] 

 

-10.04 5.05 628 5.11 

 

-9.45 5.61 632 5.24 

 

-8.76 4.83 616 5.11[c] 

[a] For corresponding carbocation from ref. [26] [b] In 10 vol. % CH2Cl2 solution in Et2O. [c] In 

acetonitrile. 

 

Scheme 4.11. Grignard reagents 10-15 used in this study. 

4.2 Results and Discussion 

4.2.1 Substrate Synthesis 

Benzhydryl phenyl ethers 9 were synthesized from the corresponding carbocations 9-CC and 

substituted sodium or potassium phenoxides 16a-b in DMSO at ambient temperature (Scheme 

4.12). After aqueous work-up in presence of 2 M NH3 (aq.), the crude material was 

recrystallized from Et2O/n-pentane and used for subsequent studies. The substrate 9b-CN 

tends to ionize in the presence of moisture and then forms polymers of unidentified structure. 

9b-CN was, therefore, not suitable for kinetic investigations. 
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Scheme 4.12. Formation of benzhydryl phenyl ethers 9 form the corresponding benzhydrylium 
tetrafluoroborates 9-CC. Structures are shown in Table 4.3. 

An attempt to prepare a benzhydryl ether with a bulkier leaving group for the succeeding 

ionization failed since benzhydrylium ion 9b-CC exclusively attack at the 4-C position of 

potassium 2,6-di-tert-butylphenoxide 16c (Scheme 4.13). 

 

Scheme 4.13. Formation of 17 in the reaction of benzhydrylium tetrafluoroborate 9b-CC and 16c in 
DMSO. 

4.2.2 Product Studies 

The reaction of benzhydryl phenyl ether 9b and isopropylmagnesium chloride 14 was 

performed in Et2O at ambient temperature (Scheme 4.14). Formation of the intermediate 

carbocation (as generalized on Scheme 4.10) was not observed visually, however the product 

of carbon-carbon bond formation 18 was obtained after subsequent work-up and purification 

using column chromatography in 64% yield. 

 

Scheme 4.14. Reaction of benzhydryl phenyl ether 9b with isopropylmagnesium chloride 14 in diethyl 
ether. 
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The more Lewis acidic Grignard reagents 11a, 13 and 15 (3-3.5 equiv.) in a reaction with the 

same substrate 9b led to the corresponding carbocation that was observed visually (λmax = 632 

nm) during the reaction course (Scheme 4.15). However, for product 18 3.5 equivalents of 11a 

were not sufficient to speed up the second step of the reaction and approx. 20% of the starting 

substrate 9b was still present in the solution after 3 hours. 

 

Scheme 4.15. Reaction of substrate 9b with Grignard reagents 11a, 13 and 15 proceeded through the 
intermediate carbocation 9b-CC in diethyl ether. 

4.2.3 Kinetic Investigations 

The reactions of Grignard reagents 10-15 with benzhydryl phenyl ethers 9 were performed in 

either Et2O or THF at 20 °C and monitored by UV-Vis spectroscopy at the absorption maxima 

of the corresponding benzhydrylium cation (listed in Table 4.4). To simplify the reaction 

mechanism and suppress the effect of the side reactions on the kinetic experiment Grignard 

reagents were used in very high excess (at least 200 equiv.), thus its concentration remained 

constant throughout the reactions. The first-order rate constant k1
i and k1

c were derived by 

separate least-squares fitting of the exponential function to the increase and the decrease of 

the experimental curve of absorbance of the carbocation, respectively (as exemplified in Figure 

4.3 for the reaction of 9a with MeMgBr 10). 

 

Figure 4.3. Experimental plot of absorbance A (at 635 nm) of the corresponding carbocation 9a-CC 
(black) in the reaction of 9a (2.18 × 10-5 mol L-1) with 10 (1.96 × 10-2 mol L-1) in Et2O at 20 °C; calculated 
exponential increase (light grey) and decrease (dark grey) for the corresponding parts of experimental 
curve versus time. 
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To analyze the Lewis acidic properties of Grignard reagents towards phenoxide groups, the 

reversibility in the first step of the reaction should be taken into account. Since the 

mathematical interpretation of the reversible consecutive reaction (Scheme 4.16) is 

complicated,[27] quantitative analysis of the kinetic data was performed using the COPASI 

software (an example for the reaction of 9a with MeMgBr 10 is shown in Figure 4.4).[28] For this 

purpose, the experimentally measured time-dependent absorption curves were converted to 

concentration vs time curves using the molar absorption coefficients ε of the carbocationic 

intermediates listed in Table 4.4. 

 

Scheme 4.16. Reversible consecutive reaction model used for calculation of the rate constants for 
reactions of substrates 9 with Grignard reagents (see Scheme 4.10). 

 

Figure 4.4. Experimental plot of concentration of the corresponding carbocation (black) in the reaction 
of 9a (2.18 × 10-5 mol L-1) with MeMgBr (1.96 × 10-2 mol L-1) in Et2O at 20 °C; calculated plot of the 
concentration (light grey) and weighted error (dark grey) found with COPASI software for a standard 
consecutive reaction (Scheme 4.16). 

Second-order rate constants for both ionization k2
i and consumption k2

c steps (Scheme 4.10) 

are obtained as slopes of linear correlations of k1 against the concentration of corresponding 

Grignard reagents. A representative example is shown in Figures 4.5 and 4.6 for separate 

single-exponential and COPASI analysis respectively for the reaction of 9a with 

methylmagnesium bromide (10). 
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Figure 4.5. Plot of the first-order rate constants k1
i (for ionisation reaction, left) and k1

c (for consumption 
reaction, right), obtained with separate single-exponential analysis, versus the concentration of 10 in 
reaction with 9a (2.18 × 10-5 mol L-1). 

 

Figure 4.6. Plot of the first-order rate constants k1
i (for ionisation reaction, left) and k1

c (for consumption 
reaction, right), obtained with COPASI software, versus the concentration of 10 in reaction with 9a (2.18 
× 10-5 mol L-1). 

The obtained second-order rate constants k2
i and k2

c and equilibrium constant K, calculated as 

k2
i/k-1

i (for experiments with low standard deviation) are summarized in Table 4.4. Different 

values found for separate single-equilibrium analysis and reversible consecutive reaction 

model analysis with COPASI indicate the impact of the equilibrium of the first step of the 

transformation (Scheme 4.10). 

Table 4.4. Second-order rate constants k2
i and k2

c for the reaction of benzhydryl phenyl ethers 9 with 
Grignard reagents 10-11, 13 and 15 in Et2O at 20 °C. 

Grignard Substrate K / L mol-1 
k2

i / L mol-1 s-1 [a] 

(k2
i / L mol-1 s-1) [b] 

k2
c / L mol-1 s-1 [a] 

(k2
c / L mol-1 s-1) [b] 

11a 9c 1.03 × 107 7.13 × 103 

(6.47 × 103) 

5.34 × 102 

(7.63 × 102) 

9b 7.37 × 107 1.40 × 104 

(1.40 × 104) 

6.74 × 102 

(9.39 × 102) 

 

k1
i = 2.85  103 [10]- 10.3

R² = 0.998
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Table 4.4. Continued. 

Grignard Substrate K / L mol-1 
k2

i / L mol-1 s-1 [a] 

(k2
i / L mol-1 s-1) [b] 

k2
c / L mol-1 s-1 [a] 

(k2
c / L mol-1 s-1) [b] 

11a 9a 1.06 × 106 
1.04 × 104 

(8.05 × 103) 

3.79 × 102 

(8.25 × 102) 

11b 9b 3.25 × 105 1.04 × 104 

(1.10 × 104) 

4.36 × 102 

(6.41 × 102) 

9a - 4.77 × 103 

(3.37 × 103) 

1.97 × 102 

(2.53 × 102) 

11c 9b - -[c] 6.35 × 102 

9a - 2.27 × 103 

(2.12 × 103) 

3.29 × 102 

(4.99 × 102) 

11d 9a 1.21 × 108 4.49 × 103 

(5.14 × 103) 

1.28 × 102 

(1.52 × 102) 

10 9c - 2.71 × 103 

(2.92 × 103) 

4.88 × 102 

(5.89 × 102) 

9b - 4.17 × 103 

(5.48 × 103) 

1.09 × 102 

(8.83 × 102) 

9a  1.83 × 103 

(2.85 × 103) 

2.94 × 102 

(2.08 × 102) 

13 9b 3.77 × 105 7.46 × 102 -[d] 

15 9a 4.76 × 104 2.05 × 102 -[d] 

[a] Determined using COPASI software. [b] Determined using separate mono-exponential fitting. 

[c] Higher reaction order observed. [d] Second step was not observed. 

The influence of the MgBr2 on the rate of the transformation was studied in the reaction of 

substrate 9b and Grignard reagent 11a (Table 4.8, Experimental Section). A linear correlation 

was found between the observed rate constant of the ionization step and the concentration of 

the magnesium bromide. The increase of the MgBr2 concentration (from 0 to 0.15 mol L-1) 

also leads to increase of the concentration of the nucleophilic species PhMgBr and PhMg2 due 

to Schlenk equilibrium (Scheme 4.3) and therefore increase the rate of the consumption step. 

The reaction between substrate 9b and mesitylmagnesium bromide 12 in diethyl ether could 

not be studied kinetically since the intermediate carbocation was not observed. We suggest 

that bulky arylmagnesium species prevent the initial coordination step and the formation of a 

carbocation (Scheme 4.17). Thus, the reaction proceeds directly to the substitution product, 

presumably through an SN2 mechanism. In contrast, in the reaction between substrate 9b-CN 

and phenylmagnesium bromide 11a, the intermediate carbocation was observed, albeit at a 

concentration too low for quantitative analysis, indicating that the rate of consumption of the 

intermediate is higher than the rate of its formation. 
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Scheme 4.17. Suggested mechanism for the reaction between substrate 9b and mesitylmagnesium 
bromide 12 in diethyl ether. 

The corresponding benzhydrylium ion was also not observed when the reaction between the 

substrate 9b and Grignard reagent 11a was performed in THF. Due to the Schlenk equilibrium 

(Scheme 4.3, Table 4.1) a high concentration of the more Lewis acidic MgBr2 was present in 

the solution. Therefore, we expected the acceleration of the ionization step that would lead to 

increased concentration of the intermediate carbocation. However, the high solvation power of 

the THF shifted the coordination equilibrium far to the starting material and prevented the 

formation of the carbocation (Scheme 4.18). This is also supported by the low rate of ionization 

of the substrate 9b by MgBr2: 1/2 > 1000 s in THF and 1/2 < 3 s for the same reaction in Et2O 

(Figures 4.13 and 4.14 in the experimental section respectively). 

 

Scheme 4.18. Suggested mechanism for initial steps of reaction of substrate 9b with phenylmagnesium 
bromide 11a in THF. 

As it was observed during the product study, the reaction between substrate 9b and 

isopropylmagnesium chloride 14 in diethyl ether did not proceed through an intermediate 

carbocation and thus could not be studied kinetically. Low Lewis acidity of organomagnesium 

chlorides corresponds to the shift in the coordination equilibria (in analogy to Scheme 4.18). 
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4.2.4 Correlation analysis 

lg k2 (20 °C) = sN (N + E)  (1) 

Plots of lg k2
c for the reaction of substrates 9 with Grignard reagents against the electrophilicity 

parameters of the corresponding benzhydrylium ions (Figure 4.7) did not correlate linearly and 

therefore Equation (1) is not applicable to calculate the nucleophile specific parameters N and 

sN for studied Grignard reagents. Several factors may be responsible for these deviations: 

experimental errors in titration and kinetic investigations, influence of the Schlenk equilibrium 

that will produce more Lewis acidic MgBr2 and more nucleophilic R2Mg, and the contribution 

of the SET mechanism for the reaction between formed carbocation and organomagnesium 

species. 

 

Figure 4.7. Correlation of the logarithms of the second-order rate constants k2
c for the consumption 

reaction of Grignard reagents 10-11 with the substrates 9 in Et2O with the electrophilicity parameters E 
of the corresponding benzhydrylium ions. 

Significant deviations were also found during parameter optimization for pseudo-first order 

reaction conditions (Figure 4.8) when the COPASI software was used. Due to these deviations, 

for some experiments fitting was performed to match the maximum of the concentration of the 

intermediate carbocation to estimate the values of the rate constants. The simple consecutive 

reaction mechanism with reversibility of the first step does not hold with reliable standard 

deviation for the reaction of 11c with substrates 9a-b. Attempts to include the organometallic 

species present in the solution due to Schlenk equilibrium into the reaction mechanism 

(Scheme 4.19) increases the number of kinetic parameters and makes the quantitative 

analysis impossible (standard deviation >10%). 
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Figure 4.8. Experimental plot of concentration of the corresponding carbocation (black) in the reaction 
of 9a (2.32 × 10-5 mol L-1) with 11c (7.86 × 10-3 mol L-1) in Et2O at 20 °C; calculated plot of the 
concentration (light grey) and weighted error (dark grey) found with COPASI software for a standard 
consecutive reaction. 

 

Scheme 4.19. Extended mechanism of the reaction of substrate 9 with Grignard reagents, including 
organometallic species from Schlenk equilibrium. 

At the same time, plots of logarithms of k2
i for the ionization reaction of substrates 9 with 

Grignard reagents against the electrofugality parameters of the corresponding benzhydrylium 

carbocations (Figure 4.9) did not show linear correlations, too. Therefore, the quantitative 

analysis of activation of the phenoxide as a leaving group by Grignard reagent is not possible. 
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Figure 4.9. Correlation of the logarithms of the rate constants k2
i for the ionization reaction of the 

substrates 9 with Grignard reagents 10-11 in Et2O with the electrofugality parameters Ef of the 
corresponding benzhydrylium ions. 

Even though nucleophile specific parameters for Grignard reagents could not be obtained, it 

is still possible to compare their reactivities with those of other species. Figure 4.10 shows the 

comparison of ionization rates of benzhydryl phenyl ether 9a in presence of >1000 eq. of 

PhMgBr 11a (c = 1.45 × 10-2 mol L-1) with those of solvolysis of substrates 22 in various 

solvents. As demonstrated, coordination of the phenoxy group to PhMgBr makes the rates of 

ionization of the substrate 9a in diethyl ether 27 and 7 times faster than solvolysis of the 

benzhydryl phenylsulfinate 22a and acetate 22b in 60% acetonitrile 40% water mixture. 

 

Figure 4.10. General scheme of ionization of substrates 9a and 22 (top). Comparison of absolute (in s-

1) and relative rate constants for the ionization of the benzhydryl phenyl ether 9a with PhMgBr (1.45 × 
10-2 mol L-1) in diethyl ether at 20 °C with those for ionization of substrates 22 in a specific solvent at 20 
°C from ref. [26b] [a] Mixture of solvents are given as (v/v); AN = acetonitrile, W = water. [b] Calculated 
using Ef, Nf and sf parameters from ref. [26b] 
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As one would expect from electron-donating/-withdrawing properties, the ionization power of 

4-substituted arylmagnesiumbromides increases in the range: 4-F < 4-Cl < 4-H with an 

exception of 4-MeO due to its possible intermolecular dimerization that leads to reduced 

reaction rates (Figure 4.11). The Grignard reagent with a relatively strong C-Mg bond, such as 

MeMgBr 10, differs by less than one order of magnitude from PhMgBr 11a with respect to 

ionization of 9a. 

 

Figure 4.11. Reactivity comparison of studied Grignard reagents 10-11 in terms of logarithms of the 
second-order constants of the ionization of 9a in diethyl ether at 20 °C. 

Figure 4.12 demonstrates the comparison of rates of reaction between 9a-derived carbocation 

(9a-CC) with Grignard reagents 10-11 and reference nucleophiles 23-25. The very narrow 

range of reactivities of 4-substituted arylmagnesiumbromides 11 shows the same trend that 

was observed before for ionization reactions (Figure 4.11). However, in terms of nucleophilic 

reactivity MeMgBr (10) differs from the PhMgBr (11a) only by a factor of 1.3. This small 

difference indicates, from one side, the influence of the Schlenk equilibrium and presence of 

more nucleophilic R2Mg species for phenylmagnesium bromide that leads to increased values 

for reactivity of this Grignard reagent. From the other side, the strong Csp3-Mg bond and 

solvation effects for MeMgBr (10) put its reactivity towards carbocations in the SN1 reaction in 

the same range as enamines, highly reactive silyl enol ethers and highly stabilized carbanions. 
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Figure 4.12. Reactivity comparison between studied Grignard reagents and several reference 
nucleophiles (from ref. [26a, 29]) towards 9a-CC in diethyl ether and indicated solvent at 20 °C respectively. 

4.3 Conclusion 

Our study has demonstrated the formation of benzydrylium ions from the corresponding 

benzhydryl phenyl ethers in the presence of the Grignard reagents with successive 

nucleophilic attack as it is described by the SN1 mechanism. In addition, we have performed 

quantitative analysis of the obtained kinetic plots and calculated the rates of the involved 

reactions. Even with the mechanistic limitations and possible side reactions with different 

organomagnesium species present in the solution the obtained values provide the estimation 

of the reactivity of the Grignard reagents both as a Lewis acid and as a nucleophile. 

Organomagnesium bromides in diethyl ether have shown the ability to shift the coordination 

equilibrium and substitute the solvent molecules with the substrate (benzhydryl phenyl ether) 

with following formation of the benzhydrylium carbocation. The preliminary experiments 

showed significant increase of the reaction rates with addition of the MgBr2. In contrast, with 

the stronger solvating THF or weaker Lewis acidic organomagnesium chlorides the 

intermediate carbocation is not observed, which may indicate a different mechanism for the 

nucleophilic displacement of a phenoxy group. 
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The influence of the Schlenk equilibrium as well as solvent coordination on the course of 

reaction is still an open question. Significant deviations from the simple consecutive reversible 

reaction model were found in many reactions indicating the necessity to include these factors 

into the study. 

4.4 Experimental Section 

4.4.1 General 

All reactions were performed in carefully dried Schlenk glassware in an atmosphere of dry 

argon. The reactions were not optimized for high yields. 

NMR spectra were recorded on Varian NMR instruments (300, 400 and 600 MHz). Chemical 

shifts are expressed in ppm and refer to CDCl3 (δH: 7.26, δC: 77.16). MS and HRMS were 

performed on a Finnigan MAT 95 instrument (EI). 

Solvents. For the kinetic experiments, p.a. grade diethyl ether was dried for 24h with CaCl2 

and distilled over Na/benzophenone in atmosphere of dry N2 before use. CH3CN (Sigma-

Aldrich, 99.8%, extra dry). CH2Cl2 (technical grade) and DMSO (Sigma-Aldrich, 99.8%, 

anhydrous) were used as received. 

Chemicals. Sodium phenoxide 16a (ABCR, 95%, anhydrous) was used as received. 

Potassium 1,3-di-tert-butylphenolate 16c, potassium 4-cyanophenolate 16b and 

benzhydrylium tetrafluoroborates were prepared by Nathalie Hampel. MgBr2 was prepared 

from Mg (Alfa, 99.98%) and freshly distilled 1,2-dibromoethane. 

Grignard Reagents. Commercially available phenylmagnesium bromide 11a (3 M in Et2O), 

methylmagnesium bromide 10 (3 M in Et2O), 4-fluorophenylmagnesium bromide 11d (2 M in 

Et2O), isopropylmagnesium chloride 14 (2 M in Et2O), 2-mesitylmagnesium bromide 12 (1 M 

in Et2O) were purchased from Sigma-Aldrich and used as received. Isopropylmagnesium 

bromide 13,[30] benzylmagnesium bromide 15,[31] 4-methoxyphenylmagnesium bromide 11c[32] 

and a control sample of the phenylmagnesium bromide 11a[33] were prepared from 

corresponding freshly distilled bromides and Mg (Alfa, 99.98%) in diethyl ether by the 

described procedures. 4-Chlorophenyl magnesium bromide 11c was generously gifted by Dr. 

Ilya Makarov. 

All used Grignard reagents were titrated to iodine or salicylaldehyde phenylhydrazone[34] in 

THF at 20 °C. The final concentrations were calculated as an average result of at least three 
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titration experiments. All kinetic investigations were performed within 1-2 days after the final 

concentration of the Grignard reagent was established. 

Kinetic evaluation. All kinetic data was analyzed by a fit to two separate singe-exponential 

functions (see Figure 3). In addition, the “evolutionary programming” optimization method 

implemented in the COPASI software was used to calculate the rate constants k1
i, k-1

i and k1
c 

(Scheme 10). For this procedure the experimentally measured time-dependent absorption 

curves were converted to concentration vs time curves using the ε parameters listed in Table 

4. A set of equations that describes a simple SN1 reaction (Scheme 16) was used as input for 

the COPASI software. The “evolutionary programming” method then searches for a global 

minimum of the sum of squares of residuals ssq of the adjustable variables (rate constants k1
i, 

k-1
i and k1

c), the experimental kinetic curves, and the initial concentrations of the involved 

species. The smaller ssq, the better the fit. Due to complications in the reaction mechanism 

and deviations from the consecutive system, for some experiments fitting was performed to 

match the maximum of the concentration of the intermediate carbocation to estimate the values 

of the rate constants. 
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4.4.2 General procedure for the synthesis of substrates 9 

The solution of the corresponding benzhydrylium tetrafluoroborate (1 eq.) in DMSO (5 ml) was 

added dropwise to the suspension of sodium phenoxide in DMSO (5 ml) at ambient 

temperature. Upon fading of the color of the cation (typically <10 min.) the reaction mixture 

was poured into ice-cold water (100 ml) with 2 M aqueous solution NH3 (20 ml). The resulting 

precipitate was filtered, dried under high vacuum for 12 h and stored in the glovebox. 

8,8'-(Phenoxymethylene)bis(1,2,5,6-tetrahydro-4H-pyrrolo[3,2,1-ij]quinoline) (9a) 

 

Following the general procedure, starting from (lil)2CH+BF4
- (400 mg, 0.96 mmol, 1 eq.) and 

sodium phenoxide 16a (176 mg, 1.44 mmol, 1.5 eq.), 9a was obtained in 38% (155 mg) yield 

as light grey powder after recrystallization from Et2O-pentane mixture. 

1H NMR (599 MHz, CDCl3): δ = 2.06 (qd, J = 6.5 Hz, 4.4 Hz, 4H, H-6), 2.65 (td, J = 6.6 Hz, 3.5 

Hz, 4H, H-7), 2.87 (td, J = 7.6 Hz, 2.6 Hz, 4H, H-3), 2.93 – 2.98 (m, 4H, H-5), 3.23 (t, J = 7.9 

Hz, 4H, H-4), 5.97 (s, 1H, H-12), 6.82 – 6.84 (m, 2H, H-9), 6.85 – 6.88 (m, 1H, H-16), 6.94 – 

6.97 (m, 4H, H-11, H-14), 7.19 (dd, J=8.8, 7.3, 1H, H-15). 

13C NMR (151 MHz, CDCl3): δ = 23.4 (C-6), 24.1 (C-7), 28.9 (C-3), 47.5 (C-5), 55.4 (C-4), 82.9 

(C-12), 116.3 (C-14), 119.2 (C-8), 120.4 (C-16), 121.0 (C-11), 125.4 (C-9), 129.0 (C-2), 129.3 

(C-15), 132.5 (C-10), 149.6 (C-1), 159.0 (C-13). 
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9,9'-(Phenoxymethylene)bis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinoline) (9b) 

 

Following the general procedure, starting from (jul)2CH+BF4
- (302 mg, 0.68 mmol, 1 eq.) and 

sodium phenoxide 16a (118 mg, 1.02 mmol, 1.5 eq.), 9b was obtained in 39% (120 mg) yield 

as light blue powder after recrystallization from Et2O-pentane mixture. 

1H NMR (599 MHz, CDCl3) δ = 1.91 – 1.98 (m, 4H, H-2), 2.72 (td, J = 6.3 Hz, 3.6 Hz, 4H, H-

3), 3.09 – 3.12 (m, 4H, H-1), 5.87 (s, 1H, H-8), 6.78 (s, 4H, H-5), 6.86 (t, J = 7.3 Hz, 1H, H-12), 

6.96 (dd, J = 8.8 Hz, 1.0 Hz, 2H, H-10), 7.20 (dd, J = 8.7 Hz, 7.3 Hz, 2H, H-11). 

13C NMR (151 MHz, CDCl3) δ = 22.3 (C-2), 27.9 (C-3), 50.2 (C-1), 82.3 (C-8), 116.3 (C-10), 

120.2 (C-12), 121.5 (C-4), 125.8 (C-5), 129.1 (C-6), 129.2 (C-11), 142.4 (C-7), 159.1 (C-9). 

4-(Bis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methoxy)benzonitrile (9b-CN) 

 

Following the general procedure, starting from (jul)2CH+BF4
- (151 mg, 0.34 mmol, 1 eq.) and 

potassium 4-cyanophenolate 16b (59 mg, 0.37 mmol, 1.1 eq.), 9b-CN was obtained in 51% 

(83 mg) yield as dark blue powder after recrystallization from Et2O. 

1H NMR (599 MHz, CDCl3) δ = 1.90 – 1.99 (m, 4H, H-2), 2.67 – 2.75 (m, 4H, H-3), 3.08 – 3.15 

(m, 4H, H-1), 5.89 (s, 1H, H-8), 6.73 (s, 4H, H-5), 6.98 (d, J = 8.7 Hz, 2H, H-10), 7.48 (d, J = 

8.6 Hz, 2H, H-11). 

13C NMR (151 MHz, CDCl3) δ = 22.1 (C-2), 27.9 (C-3), 50.1 (C-1), 83.0 (C-8), 103.2 (C-12), 

116.9 (C-10), 119.7 (C-13), 121.5 (C-4), 125.7 (C-5), 127.4 (C-6), 133.9 (C-11), 142.7 (C-7), 

162.4 (C-9). 
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5,5'-(Phenoxymethylene)bis(1-methylindoline) (9c) 

 

Following the general procedure, starting from (ind)2CH+BF4
- (251 mg, 0.69 mmol, 1 eq.) and 

sodium phenoxide 16a (92 mg, 0.76 mmol, 1.1 eq.), 9c was obtained in 42% (107 mg) yield 

as light blue powder after recrystallization from Et2O. Contaminated with <20% of C-attack 

product. 

1H NMR (599 MHz, CDCl3) δ = 2.73 (s, 6H, H-1) 2.88 – 2.93 (m, 4H, H-3), 3.24 – 3.31 (m, 4H, 

H-2), 6.04 (s, 1H, H-10), 6.39 – 6.44 (m, 2H, H-8), 6.86 (tt, J = 7.5 Hz, 1.1 Hz, 1H, H-14), 6.93 

– 6.97 (m, 2H, H-12), 7.06 – 7.10 (m, 4H, H-5, H-7), 7.16 – 7.23 (m, 2H, H-13). 

13C NMR (151 MHz, CDCl3) δ = 28.7 (C-3), 36.2 (C-1), 56.2 (C-2), 82.1 (C-10), 106.6 (C-8), 

116.1 (C-12), 120.3 (C-14), 123.2 (C-5), 126.4 (C-7), 129.1 (C-13), 130.6 (C-4), 131.2 (C-6), 

152.8 (C-9), 158.7 (C-11). 

  



Chapter 4. Lewis Acidic and Nucleophilic Properties of Grignard Reagents 

148 

 

9,9'-((3,5-Di-tert-butylphenoxy)methylene)bis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-

ij]quinoline) (17) 

 

Following the general procedure, starting from (jul)2CH+BF4
- (151 mg, 0.34 mmol, 1 eq.) and 

potassium 1,3-di-tert-butylphenolate 16c (91 mg, 0.37 mmol, 1.1 eq.), 17 was obtained in 92% 

(176 mg) yield as light pink powder after recrystallization from Et2O. 

1H NMR (599 MHz, CDCl3) δ = 1.38 (s, 18H, H-14), 1.95 (p, J = 6.4 Hz, 8H, H-2), 2.68 (t, J = 

6.5 Hz, 8H, H-3), 3.05 – 3.11 (m, 8H, H-1), 4.96-5.00 (m, 2H, H-8, H-15), 6.55 (s, 4H, H-5), 

6.98 (s, 2H, H-10). 

13C NMR (151 MHz, CDCl3) δ = 22.5 (C-2), 27.8 (C-3), 30.6 (C-14), 34.5 (C-13), 50.4 (C-1), 

55.8 (C-8), 121.3 (C-4), 126.1 (C-10), 127.9 (C-5), 133.5 (C-6), 135.1 (C-11), 135.7 (C-9), 

141.0 (C-7), 151.8 (C-12). 
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4.4.3 Product studies 

Reaction of substrate 9b with isopropylmagnesium chloride 14 

A suspension of 9b (50 mg, 0.11 mmol, 1 eq.) in Et2O (5 ml) was treated with a solution of 

isopropylmagnesium chloride 13 (1.95 M in Et2O, 0.2 ml, 0.39 mmol, 3.5 eq.) at ambient 

temperature. The resulting mixture was stirred for 1 hour, treated with water (50 ml) and 

extracted with CH2Cl2 (3 × 20 ml). The combined organic phase was washed with brine (20 

ml) and dried over MgSO4. The crude material was purified with column chromatography (silica 

gel, 1/10 mixture of Et2O/pentane) to get 28 mg (64%) of 18 as white solid. 

9,9'-(2-Methylpropane-1,1-diyl)bis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinoline) (18) 

 

1H NMR (599 MHz, CDCl3) δ = 0.84 (d, J = 6.5 Hz, 6H, H-10), 1.90 – 1.98 (m, 8H, H-2), 2.27 

(ddt, J = 13.0 Hz, 10.8 Hz, 6.5 Hz, 1H, H-9), 2.71 (t, J = 6.6 Hz, 8H, H-3), 2.95 (d, J = 10.6 Hz, 

1H, H-8), 3.01 – 3.07 (m, 8H, H-1), 6.63 (s, 4H, H-5). 

13C NMR (151 MHz, CDCl3) δ = 22.4 (C-10), 22.5 (C-2), 27.8 (C-3), 32.0 (C-9), 50.3 (C-3), 59.4 

(C-8), 121.5 (C-4), 126.4 (C-5), 133.8 (C-6), 141.0 (C-7). 

HR-MS (EI, pos.) m/z calcd. for C28H36N2 [M]•+ 400.2873, found 400.2881. 

Reaction of substrate 9b with isopropylmagnesium bromide 13 

Reaction was performed in analogy to 18 from 9b (50 mg, 0.11 mmol, 1 eq.) and solution of 

iPrMgBr 13 (1.02 M in Et2O, 0.33ml, 0.33 mmol, 3 eq.). 19 was obtained as white solid in 47% 

(21 mg) yield. 

Analytical data is in agreement with that from 18. 
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Reaction of substrate 9b with phenylmagnesium bromide 11a 

The reaction was performed in analogy to 18 from 9b (52 mg, 0.12 mmol, 1 eq.) and a solution 

of PhMgBr 11a (2.87 M in Et2O, 0.14 ml, 0.40 mmol, 3.5 eq.). 19 was obtained after 3 hours 

as white solid in 30% (16 mg) yield. 

9,9'-(Phenylmethylene)bis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinoline) (19) 

 

1H NMR (599 MHz, CDCl3) δ = 1.95 (dt, J = 12.1 Hz, 6.5 Hz, 8H, H-2), 2.68 (t, J = 6.6 Hz, 8H, 

H-3), 3.07 – 3.12 (m, 8H, H-1), 5.15 (s, 1H, H-8), 6.54 (s, 4H, H-5), 7.15 – 7.18 (m, 3H, H-10, 

H-12), 7.24 – 7.27 (m, 2H, H-11). 

13C NMR (151 MHz, CDCl3) δ = 22.4 (C-2), 27.8 (C-3), 50.3 (C-1), 55.6 (C-8), 121.5 (C-4), 

125.7 (C-12), 128.0 (C-5), 128.1 (C-11), 129.6 (C-10), 132.4 (C-6), 141.2 (C-7), 145.9 (C-9). 

  



Chapter 4. Lewis Acidic and Nucleophilic Properties of Grignard Reagents 

151 

 

Reaction of substrate 9b with benzylmagnesium bromide 15 

Reaction was performed in analogy to 18 from 9b (50 mg, 0.11 mmol, 1 eq.) and solution of 

BnMgBr (1.31 M in Et2O, 0.25 ml, 0.33 mmol, 3 eq.). 20 was obtained as white solid in 55% 

(27 mg) yield. 

9,9'-(2-Phenylethane-1,1-diyl)bis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinoline) (20) 

 

1H NMR (599 MHz, CDCl3) δ = 1.93 – 1.98 (m, 8H, H-2), 2.70 (t, J = 6.6 Hz, 8H, H-3), 3.05 – 

3.09 (m, 8H, H-1), 3.22 (d, J = 7.6 Hz, 2H, H-9), 3.83 (t, J = 7.6 Hz, 1H, H-8), 6.62 (s, 4H, H-

5), 7.02 – 7.06 (m, 2H, H-11), 7.11 (t, J = 7.3 Hz, 1H, H-13), 7.15 – 7.21 (m, 2H, H-12). 

13C NMR (151 MHz, CDCl3) δ = 22.4 (C-2), 27.8 (C-3), 42.8 (C-9), 50.3 (C-1), 51.6 (C-8), 121.6 

(C-4), 125.5 (C-13), 126.5 (C-5), 127.9 (C-12), 129.3 (C-11), 133.3 (C-6), 141.2 (C-7), 141.7 

(C-10). 

HR-MS (EI, pos.) m/z calcd. for C32H36N2 [M]•+ 448.2873, found 448.2866. 
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4.4.4 Kinetic investigations 

Reactions of phenylmagnesium bromide 11a 

Table 4.4. Kinetics of the reaction of 9c with 11a in Et2O (stopped flow, 20 °C at 620 nm) derived 

from separate single-exponential analysis. 

Entry 
[11a] / 

mol L-1 

[9c] / 

mol L-1 

[11a] / 

[9c] 

k1
i / 

s-1 

k1
c / 

s-1 

1 7.62 × 10-3 2.83 × 10-5 269 2.22 × 101 1.36 

2 1.14 × 10-2 2.83 × 10-5 403 5.17 × 101 4.92 

3 1.52 × 10-2 2.83 × 10-5 537 7.75 × 101 7.42 

4 1.90 × 10-2 2.83 × 10-5 672 1.01 × 102 1.07 × 101 

5 2.28 × 10-2 2.83 × 10-5 806 1.22 × 102 1.30 × 101 

  

k2
i = 6.51 × 103 L mol-1 s-1; k2

c = 7.63 × 102 L mol-1 s-1 

 

Table 4.5. Kinetics of the reaction of 9c with 11a in Et2O (stopped flow, 20 °C at 620 nm) derived from 
COPASI analysis. 

Entry 
[11a] / 

mol L-1 

[9c] / 

mol L-1 

[9c] / 

[11a] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 7.62 × 10-3 2.83 × 10-5 269 1.46 × 101 -[b] 7.96 × 10-1 1.03 × 10-7 

2 1.14 × 10-2 2.83 × 10-5 403 3.99 × 101 -[b] 2.79 1.89 × 10-7 

3 1.52 × 10-2 2.83 × 10-5 537 6.88 × 101 6.67 × 10-4 4.92 7.59 × 10-8 

4 1.90 × 10-2 2.83 × 10-5 672 9.51 × 101 6.39 × 10-4 6.97 1.03 × 10-7 

5 2.28 × 10-2 2.83 × 10-5 806 1.09 × 102[a] 7.57 × 10-4 8.84 7.05 × 10-8 

6 3.05 × 10-2 2.83 × 10-5 1075 1.39 × 102[a] -[b] 1.07 × 101[a] 1.67 × 10-7 

  

k2
i = 7.13 × 103 L mol-1 s-1; k2

c = 5.34 × 102 L mol-1 s-1; k-1
i = 6.89 × 10-4 s-1 

[a] high deviations due to oligomers formation, not included in the correlation, empty circles on the 
graph; [b] standard deviations exceed 10% 

k1
i = 6.51  103 [11a]- 24.4

R² = 0.996
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Table 4.6. Kinetics of the reaction of 9b with 11a in Et2O (stopped flow, 20 °C at 635 nm) 

derived from separate single-exponential analysis. 

Entry 
[11a] / 

mol L-1 

[9b] / 

mol L-1 

[11a] / 

[9b] 

k1
i / 

s-1 

k1
c / 

s-1 

1 6.20 × 10-3 1.40 × 10-5 442 1.49 × 101 1.06 

2 9.30 × 10-3 1.40 × 10-5 663 6.94 × 101 4.58 

3 1.24 × 10-2 1.40 × 10-5 883 9.79 × 101 6.28 

4 1.55 × 10-2 1.40 × 10-5 1104 1.50 × 102 1.02 × 101 

  

k2
i = 1.40 × 104 L mol-1 s-1; k2

c = 9.39 × 102 L mol-1 s-1 

 

Table 4.7. Kinetics of the reaction of 9b with 11a in Et2O (stopped flow, 20 °C at 635 nm) derived from 

COPASI analysis. 

Entry 
[11a] / 

mol L-1 

[9b] / 

mol L-1 

[11a] / 

[9b] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 6.20 × 10-3 1.40 × 10-5 442 2.04 × 101 8.50 × 10-5 2.37 × 10-1 4.53 × 10-7 

2 9.30 × 10-3 1.40 × 10-5 663 7.30 × 101 1.86 × 10-4 2.39 1.03 × 10-7 

3 1.24 × 10-2 1.40 × 10-5 883 1.01 × 102 1.98 × 10-4 3.88 8.47 × 10-8 

4 1.55 × 10-2 1.40 × 10-5 1104 1.56 × 102 2.90 × 10-4 6.70 1.54 × 10-7 

  

k2
i = 1.40 × 104 L mol-1 s-1; k2

c = 6.74 × 102 L mol-1 s-1; k-1
i = 1.90 × 10-4 s-1 
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Table 4.8. Kinetics of the reaction of 9b (1.40 × 10-5 mol L-1) with 11a (1.55 × 10-2 mol L-1) in 

Et2O (stopped flow, 20 °C at 635 nm) in presence of MgBr2 derived from COPASI analysis. 

Entry 
[MgBr2] / 

mol L-1 

[MgBr2] / 

[11a] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 0 0 1.00 × 102 3.46 × 10-4 3.10 4.53 × 10-7 

2 5.61 × 10-2 4 3.34 × 102 3.59 × 10-3 1.14 × 101 1.03 × 10-7 

3 9.30 × 10-2 6 4.82 × 102 3.28 × 10-3 1.20 × 101 8.47 × 10-8 

4 1.32 × 10-2 9 6.61 × 102 -[a] 1.66 × 101 1.54 × 10-7 

  

 

Table 4.9. Kinetics of the reaction of 9a with 11a in Et2O (stopped flow, 20 °C at 630 nm) 

derived from separate single-exponential analysis. 

Entry 
[11a] / 

mol L-1 

[9a] / 

mol L-1 

[11a] / 

[9a] 

k1
i / 

s-1 

k1
c / 

s-1 

1 1.45 × 10-2 1.19 × 10-5 1212 3.05 × 101 1.69 

2 1.73 × 10-2 1.19 × 10-5 1454 5.78 × 101 3.40 

3 2.02 × 10-2 1.19 × 10-5 1696 7.89 × 101 5.51 

4 2.31 × 10-2 1.19 × 10-5 1938 9.86 × 101 8.17 

5 2.89 × 10-2 1.19 × 10-5 2423 1.49 × 102 1.34 × 101 

  

k2
i = 8.05 × 103 L mol-1 s-1; k2

c = 8.25 × 102 L mol-1 s-1 
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Table 4.10. Kinetics of the reaction of 9a with 11a in Et2O (stopped flow, 20 °C at 630 nm) derived 

from COPASI analysis. 

Entry 
[11a] / 

mol L-1 

[9a] / 

mol L-1 

[11a] / 

[9a] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 1.45 × 10-2 1.19 × 10-5 1212 4.15 × 101 6.86 × 10-3 6.06 × 10-1 2.43 × 10-7 

2 1.73 × 10-2 1.19 × 10-5 1454 7.63 × 101 1.67 × 10-2 1.34 1.89 × 10-7 

3 2.02 × 10-2 1.19 × 10-5 1696 1.15 × 102 9.44 × 10-3 2.43 1.40 × 10-7 

4 2.31 × 10-2 1.19 × 10-5 1938 1.38 × 102 6.16 × 10-3 3.47 9.92 × 10-8 

5 2.89 × 10-2 1.19 × 10-5 2423 1.93 × 102 1.01 × 10-2 6.02 6.75 × 10-8 

  

k2
i = 1.04 × 104 L mol-1 s-1; k2

c = 3.79 × 102 L mol-1 s-1; k-1
i = 9.85 × 10-3 s-1 

 

  

k1
i = 1.04  104 [11a] - 103.7
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Reactions of 4-chlorophenylmagnesium bromide 11b 

Table 4.11. Kinetics of the reaction of 9b with 11b in Et2O (stopped flow, 20 °C at 635 nm) 

derived from separate single-exponential analysis. 

Entry 
[11b] / 

mol L-1 

[9b] / 

mol L-1 

[9b] / 

[11b] 

k1
i / 

s-1 

k1
c / 

s-1 

1 6.08 × 10-3 3.11 × 10-5 196 8.01 -[a] 

2 9.12 × 10-3 3.11 × 10-5 293 3.92 × 101 5.12 × 10-1 

3 1.22 × 10-2 3.11 × 10-5 391 7.58 × 101 2.84 

4 1.82 × 10-2 3.11 × 10-5 587 1.41 × 102 6.01 

5 3.04 × 10-2 3.11 × 10-5 978 -[b] 1.43 × 101 

  

k2
i = 1.10 × 104 L mol-1 s-1; k2

c = 6.41 × 102 L mol-1 s-1 

[a] rate constant too slow for analysis; [b] rate constant too big for analysis 

 

Table 4.12. Kinetics of the reaction of 9b with 11b in Et2O (stopped flow, 20 °C at 635 nm) derived 

from COPASI analysis. 

Entry 
[11b] / 

mol L-1 

[9b] / 

mol L-1 

[11b] / 

[9b] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 9.12 × 10-3 3.11 × 10-5 293 3.82 × 101 2.10 × 10-2 6.55 × 10-1 1.43 × 10-7 

2 1.22 × 10-2 3.11 × 10-5 391 7.29 × 101 3.84 × 10-2 2.17 2.24 × 10-7 

3 1.82 × 10-2 3.11 × 10-5 587 1.34 × 102 6.83 × 10-3[a] 3.56[a] 4.40 × 10-8 

4 3.04 × 10-2 3.11 × 10-5 978 1.72 × 102[a] 3.66 × 10-2 1.00 × 101 3.08 × 10-7 

  

k2
i = 1.04 × 104 L mol-1 s-1; k2

c = 4.36 × 102 L mol-1 s-1; k-1
i = 3.20 × 10-2 s-1 

[a] not used in the correlation, empty circle on the graph 
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Table 4.13. Kinetics of the reaction of 9a with 11b in Et2O (stopped flow, 20 °C at 630 nm) 

derived from separate single-exponential analysis. 

Entry 
[11b] / 

mol L-1 

[9a] / 

mol L-1 

[11b] / 

[9a] 

k1
i / 

s-1 

k1
c / 

s-1 

1 9.12 × 10-3 2.78 × 10-5 328 3.24 × 101 1.73 

2 1.09 × 10-2 2.78 × 10-5 393 3.85 × 101 2.32 

3 1.34 × 10-2 2.78 × 10-5 481 4.63 × 101 2.76 

4 1.52 × 10-2 2.78 × 10-5 546 5.25 × 101 3.41 

5 1.82 × 10-2 2.78 × 10-5 655 6.25 × 101 4.04 

6 2.19 × 10-2 2.78 × 10-5 786 7.59 × 101 4.53[a] 

7 2.43 × 10-2 2.78 × 10-5 874 8.33 × 101 4.54[a] 

  

k2
i = 3.37 × 103 L mol-1 s-1; k2

c = 2.53 × 102 L mol-1 s-1 

[a] high deviations due to oligomers formation, not included in the correlation, empty circles on 

the graph 

 

Table 4.14. Kinetics of the reaction of 9a with 11b in Et2O (stopped flow, 20 °C at 630 nm) derived 

from COPASI analysis. 

Entry 
[11b] / 

mol L-1 

[9a] / 

mol L-1 

[11b] / 

[9a] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 6.08 × 10-3 2.78 × 10-5 218 7.98 6.53 7.04 × 10-1 1.92 × 10-7 

2 1.34 × 10-2 2.78 × 10-5 481 4.09 × 101 5.02 1.92 2.40 × 10-7 

3 1.52 × 10-2 2.78 × 10-5 546 5.63 × 101 1.24 × 10-1 2.33 2.26 × 10-7 

4 1.82 × 10-2 2.78 × 10-5 655 6.41 × 101 4.92 × 10-2 3.09 1.55 × 10-7 

5 2.19 × 10-2 2.78 × 10-5 786 7.27 × 101[a] 1.31 × 10-1 3.78 1.40 × 10-7 

  

k2
i = 4.77 × 103 L mol-1 s-1; k2

c = 1.97 × 102 L mol-1 s-1; k-1
i could not be identified due to high 

deviation values 

[a] not used in the correlation, empty circle on the graph 
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Reactions of 4-methoxyphenylmagnesium bromide 

Table 4.15. Kinetics of the reaction of 9b with 11c in Et2O (stopped flow, 20 °C at 635 nm) derived 

from COPASI analysis. 

Entry 
[11c] / 

mol L-1 

[9b] / 

mol L-1 

[11c] / 

[9b] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 4.91 × 10-3 2.35 × 10-5 209 4.27 5.65 × 10-3 -[b] 1.96 × 10-7 

2 7.86 × 10-3 2.35 × 10-5 334 3.01 × 101 5.59 × 10-2 1.39 1.41 × 10-7 

3 1.08 × 10-2 2.35 × 10-5 459 1.30 × 102 2.55 × 10-1 3.43 9.82 × 10-8 

4 1.23 × 10-2 2.35 × 10-5 522 1.35 × 102[a] 4.36 4.16 9.66 × 10-8 

5 1.38 × 10-2 2.35 × 10-5 584 2.62 × 102 1.13 × 101 5.17 6.10 × 10-8 

6 1.47 × 10-2 2.35 × 10-5 626 3.59 × 102 2.02 4.77[a] 1.03 × 10-7 

  

k2
i = not identified; k2

c = 6.35 × 102 L mol-1 s-1; k-1
i could not be identified due to high 

deviation values 

[a] not used in the correlation, empty circle on the graph; [b] rate constant too low for analysis 

 

Table 16. Kinetics of the reaction of 9a with 11c in Et2O (stopped flow, 20 °C at 630 nm) derived 

from separate single-exponential analysis. 

Entry 
[11c] / 

mol L-1 

[9a] / 

mol L-1 

[11c] / 

[9a] 

k1
i / 

s-1 

k1
c / 

s-1 

1 4.91 × 10-3 2.32 × 10-5 212 3.19 2.56 × 10-1 

2 6.39 × 10-3 2.32 × 10-5 275 6.50 9.38 × 10-1 

3 7.86 × 10-3 2.32 × 10-5 339 9.91 1.43 

4 9.33 × 10-3 2.32 × 10-5 402 1.25 × 101 2.55 

  

k2
i = 2.12 × 103 L mol-1 s-1; k2

c = 4.99 × 102 L mol-1 s-1 
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Table 4.17. Kinetics of the reaction of 9a with 11c in Et2O (stopped flow, 20 °C at 630 nm) derived 

from COPASI analysis. 

Entry 
[11c] / 

mol L-1 

[9a] / 

mol L-1 

[11c] / 

[9a] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 4.91 × 10-3 2.32 × 10-5 212 3.55 2.45 × 10-3 1.25 × 10-1 2.40 × 10-7 

2 6.39 × 10-3 2.32 × 10-5 275 7.90 9.77 × 10-6 5.47 × 10-1 1.71 × 10-7 

3 7.86 × 10-3 2.32 × 10-5 339 9.44 2.15 × 10-5 9.64 × 10-1 1.50 × 10-7 

4 9.33 × 10-3 2.32 × 10-5 402 1.42 × 101 1.00 × 10-6 1.60 1.57 × 10-7 

  

k2
i = 2.27 × 103 L mol-1 s-1; k2

c = 3.29 × 102 L mol-1 s-1; k-1
i could not be identified due to high 

deviation values 

 

Reactions of 4-fluorophenylmagnesium bromide 

Table 4.18. Kinetics of the reaction of 9a with 11d in Et2O (stopped flow, 20 °C at 630 nm) 
derived from separate single-exponential analysis. 

Entry 
[11d] / 

mol L-1 

[9a] / 

mol L-1 

[11d] / 

[9a] 

k1
i / 

s-1 

k1
c / 

s-1 

1 7.10 × 10-3 3.76 × 10-5 189 1.61 × 101 1.54 × 10-1 

2 1.07 × 10-2 3.76 × 10-5 283 2.61 × 101 6.25 × 10-1 

3 1.42 × 10-2 3.76 × 10-5 377 4.95 × 101 1.41 

4 1.78 × 10-2 3.76 × 10-5 472 6.91 × 101 1.70 

5 2.13 × 10-2 3.76 × 10-5 566 7.22 × 101 [a] 1.52[a] 

6 2.84 × 10-2 3.76 × 10-5 755 7.79 × 101 [a] 1.16[a] 

7 3.55 × 10-2 3.76 × 10-5 943 1.32 × 102 [a] 5.49 × 10-1 [a] 

  

k2
i = 5.14 × 103 L mol-1 s-1; k2

c = 1.52 × 102 L mol-1 s-1 

[a] high deviations due to oligomers formation, not included in the correlation, empty circles on 
the graph 
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Table 4.19. Kinetics of the reaction of 9a with 11d in Et2O (stopped flow, 20 °C at 630 nm) derived 

from COPASI analysis. 

Entry 
[11d] / 

mol L-1 

[9a] / 

mol L-1 

[11d] / 

[9a] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 1.07 × 10-2 3.76 × 10-5 283 3.52 × 101 1.55 × 10-5 4.71 × 10-1 3.86 × 10-7 

2 1.42 × 10-2 3.76 × 10-5 377 4.59 × 101 4.01 × 10-5 9.24 × 10-1 6.05 × 10-7 

3 1.78 × 10-2 3.76 × 10-5 472 6.35 × 101 5.75 × 10-5 1.04[a] 6.12 × 10-7 

4 2.13 × 10-2 3.76 × 10-5 566 7.75 × 101 2.47 × 10-5 9.73 × 10-1[a] 4.64 × 10-7 

5 2.84 × 10-2 3.76 × 10-5 755 1.00 × 102[a] 5.89 × 10-5 7.84 × 10-1[a] 4.43 × 10-7 

6 3.55 × 10-2 3.76 × 10-5 943 1.45 × 102 1.32 × 10-4 4.57 × 10-1[a] 3.19 × 10-7 

  

k2
i = 4.49 × 103 L mol-1 s-1; k2

c = 1.28 × 102 L mol-1 s-1; k-1
i = 3.71 × 10-5 s-1 

[a] high deviations due to oligomers formation, not included in the correlation, empty circles on the 

graph 

 

Reactions of methylmagnesium bromide 

Table 4.20. Kinetics of the reaction of 9b with 10 in Et2O (stopped flow, 20 °C at 635 nm) 
derived from separate single-exponential analysis. 

Entry 
[10] / 

mol L-1 
[9b] / 

mol L-1 
[10] / 
[9b] 

k1
i / 

s-1 
k1

c / 
s-1 

1 8.58 × 10-3 1.34 × 10-5 640 2.39 × 101 1.28 

2 1.14 × 10-2 1.34 × 10-5 851 4.72 × 101 4.78 

3 1.43 × 10-2 1.34 × 10-5 1067 5.65 × 101 7.40 

4 1.72 × 10-2 1.34 × 10-5 1284 7.34 × 101 8.88 

5 2.29 × 10-2 1.34 × 10-5 1709 9.58 × 101 [a] 9.23[a] 

6 2.86 × 10-2 1.34 × 10-5 2134 1.12 × 102 [a] 8.85[a] 

  

k2
i = 5.48 × 103 L mol-1 s-1; k2

c = 8.83 × 102 L mol-1 s-1 

[a] high deviations due to oligomers formation, not included in the correlation, empty circles on the graph 
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Table 4.21. Kinetics of the reaction of 9b with 10 in Et2O (stopped flow, 20 °C at 635 nm) derived from 

COPASI analysis. 

Entry 
[10] / 

mol L-1 

[9b] / 

mol L-1 

[10] / 

[9b] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 1.14 × 10-2 1.15 × 10-5 991 3.65 × 101 9.90 4.57 2.10 × 10-8 

2 1.43 × 10-2 1.15 × 10-5 1238 5.21 × 101 4.51 6.62 1.71 × 10-8 

3 1.72 × 10-2 1.15 × 10-5 1486 5.40 × 101 9.80 1.08 × 101 2.38 × 10-8 

4 2.29 × 10-2 1.15 × 10-5 1981 8.09 × 101 1.32 9.20[b] 3.31 × 10-8 

5 2.86 × 10-2 1.15 × 10-5 2476 1.10 × 102 -[a] 7.74[b] 5.00 × 10-8 

  

k2
i = 4.17 × 103 L mol-1 s-1; k2

c = 1.09 × 103 L mol-1 s-1; k-1
i = could not be identified due to 

high deviation values 

[a] standard deviations exceed 10%; [b] high deviations due to oligomers formation, not included in 

the correlation, empty circles on the graph 

 

Table 4.22. Kinetics of the reaction of 9a with 10 in Et2O (stopped flow, 20 °C at 630 nm) 

derived from separate single-exponential analysis. 

Entry 
[10] / 

mol L-1 

[9a] / 

mol L-1 

[10] / 

[9a] 

k1
i / 

s-1 

k1
c / 

s-1 

1 1.12 × 10-2 2.18 × 10-5 515 2.16 × 101 1.81 

2 1.40 × 10-2 2.18 × 10-5 644 2.97 × 101 2.38 

3 1.68 × 10-2 2.18 × 10-5 773 3.75 × 101 2.90 

4 1.96 × 10-2 2.18 × 10-5 902 4.66 × 101 3.58 

5 2.24 × 10-2 2.18 × 10-5 1030 5.31 × 101 3.67[a] 

  

k2
i = 2.85 × 103 L mol-1 s-1; k2

c = 2.08 × 102 L mol-1 s-1 

[a] high deviations due to oligomers formation, not included in the correlation, empty circle on 

the graph 
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Table 4.23. Kinetics of the reaction of 9a with 10 in Et2O (stopped flow, 20 °C at 630 nm) derived from 

COPASI analysis. 

Entry 
[10] / 

mol L-1 

[9a] / 

mol L-1 

[10] / 

[9a] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 8.41 × 10-3 2.18 × 10-5 386 9.83 1.58 × 10-2 4.17 × 10-1 3.64 × 10-8 

2 1.12 × 10-2 2.18 × 10-5 515 1.81 × 101 3.16 × 10-2 1.28 4.34 × 10-8 

3 1.40 × 10-2 2.18 × 10-5 644 2.18 × 101 1.19 2.19 2.03 × 10-8 

4 1.68 × 10-2 2.18 × 10-5 773 2.79 × 101 8.76 × 10-1 2.91 2.94 × 10-8 

5 1.96 × 10-2 2.18 × 10-5 902 3.06 × 101 3.50 3.73 2.82 × 10-8 

  

k2
i = 1.83× 103 L mol-1 s-1; k2

c = 2.94 × 102 L mol-1 s-1; k-1
i = could not be identified due to 

high deviation values 

 

Table 4.24. Kinetics of the reaction of 9c with 10 in Et2O (stopped flow, 20 °C at 620 nm) derived 

from separate single-exponential analysis. 

Entry 
[10] / 

mol L-1 

[9c] / 

mol L-1 

[10] / 

[9c] 

k1
i / 

s-1 

k1
c / 

s-1 

1 7.85 × 10-3 5.31 × 10-5 296 1.16 × 101 1.17 

2 1.18 × 10-2 5.31 × 10-5 443 2.62 × 101 3.52 

3 1.57 × 10-2 5.31 × 10-5 591 3.93 × 101 6.00 

4 1.96 × 10-2 5.31 × 10-5 739 4.68 × 101 8.04 

5 2.36 × 10-2 5.31 × 10-5 887 5.85 × 101 1.05 × 101 

6 3.14 × 10-2 5.31 × 10-5 1182 7.67 × 101 [a] 1.22 × 101 [a] 

7 3.93 × 10-2 5.31 × 10-5 1478 9.41 × 101 [a] 1.43 × 101 [a] 

  

k2
i = 2.92 × 103 L mol-1 s-1; k2

c = 5.89 × 102 L mol-1 s-1 

[a] high deviations due to oligomers formation, not included in the correlation, empty circles on 

the graph 
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Table 4.25. Kinetics of the reaction of 9c with 10 in Et2O (stopped flow, 20 °C at 620 nm) derived from 

COPASI analysis. 

Entry 
[10] / 

mol L-1 

[9c] / 

mol L-1 

[10] / 

[9c] 

k1
i / 

s-1 

k-1
i / 

s-1 

k1
c / 

s-1 
ssq 

1 3.93 × 10-3 2.66 × 10-5 148 6.18 × 10-1 9.01 × 10-3 -[a] 4.61 × 10-8 

2 7.85 × 10-3 2.66 × 10-5 296 1.05 × 101 2.41 × 10-3 7.02 × 10-1 1.20 × 10-7 

3 1.18 × 10-2 2.66 × 10-5 443 2.37 × 101 3.56 × 10-6 2.55 5.01 × 10-8 

4 1.57 × 10-2 2.66 × 10-5 591 3.56 × 101 1.39 × 10-5 4.46 5.36 × 10-8 

5 1.96 × 10-2 2.66 × 10-5 739 4.35 × 101 4.34 × 10-5 6.37 3.73 × 10-8 

6 2.36 × 10-2 2.66 × 10-5 887 5.31 × 101 2.16 × 10-3 8.38 4.28 × 10-8 

7 3.14 × 10-2 2.66 × 10-5 1182 6.51 × 101[b] 2.88 × 10-4 1.02 × 101[b] 4.62 × 10-8 

  

k2
i = 2.71 × 103 L mol-1 s-1; k2

c = 4.88 × 102 L mol-1 s-1; k-1
i = could not be identified due to 

high deviation values 

[a] rate constant too low for analysis [b] high deviations due to oligomers formation, not included in the 

correlation, empty circles on the graph 
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Reaction of isopropylmagnesium bromide 

Table 4.26. Kinetics of the reaction of 9b with 13 in Et2O (stopped flow, 20 °C at 635 nm) 

derived from single-exponential analysis. 

Entry 
[13] / 

mol L-1 

[9b] / 

mol L-1 

[13] / 

[9b] 

k1
i / 

s-1 

k1
c [a] / 

s-1 

1 1.87 × 10-3 2.59 × 10-5 72 7.09 × 10-1 - 

2 4.37 × 10-3 2.59 × 10-5 168 2.39 - 

3 6.24 × 10-3 2.59 × 10-5 240 3.70 - 

 

k2
i = 6.84 × 102 L mol-1 s-1 

[a] second step was not observed 

 

Reaction of benzylmagnesium bromide 

Table 27. Kinetics of the reaction of 9b with 15 in Et2O (stopped flow, 20 °C at 635 nm) derived 

from single-exponential analysis. 

Entry 
[15] / 

mol L-1 

[9b] / 

mol L-1 

[15] / 

[9b] 

k1
i / 

s-1 

k1
c [a] / 

s-1 

1 3.93 × 10-3 2.75 × 10-5 143 1.70 × 10-1 - 

2 7.86 × 10-3 2.75 × 10-5 285 6.94 × 10-1 - 

3 1.18 × 10-2 2.75 × 10-5 428 1.64 - 

 

k2
i = 1.87 × 102 L mol-1 s-1 

[a] second step was not observed 

 

k1
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R² = 0.9999
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Figure 11. Curve of absorbance of the corresponding carbocation 9b-CC (at 630 nm) formed in the 
reaction of substrate 9b (5.84 × 10-6 mol L-1) and MgBr2 (5.35 × 10-5 mol L-1) in THF at 20 °C versus 
time. 

 

Figure 12. Curve of absorbance of the corresponding carbocation 9b-CC (at 635 nm) formed in the 
reaction of substrate 9b (5.84 × 10-6 mol L-1) and MgBr2 (5.35 × 10-5 mol L-1) in Et2O at 20 °C versus 
time. 
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Chapter 5 
Reactivity Comparison of Structurally Related Enamines and Silyl 

Enol Ethers 

5.1 Introduction 

Enamines[1] and silylated enol ethers[2] represent important classes of carbon nucleophiles 

widely used in organic synthesis. Their utilization in electrophilic functionalizations towards -

substituted carbonyl compounds includes numerous examples of fluorinations,[3] 

trifluoromethylthiolations[4] and trifluoromethylations[5] (Scheme 5.1). Even though, many of 

these transformations are known to proceed directly from the carbonyl substrates, such 

reactions often lead to increased number of side-products, lower yields and loss of 

stereoselectivity. 

 

Scheme 5.1. General scheme of electrophilic -functionalization of carbonyl compounds. 

Mukaiyama in 1973 reported[6] on the successful application of silicon enolates in directed aldol 

reactions, that has become a valuable method for constructing new carbon-carbon bonds and 

found its application in natural product synthesis.[7] On the other hand, the development of 

amine-catalyzed aldol reactions has proven to be a powerful tool for constructing complex 

carbon skeleton with defined stereochemistry.[8] Extensive studies by Cordova,[9] Tsogoeva,[10] 

Jacobsen[11] and others have provided evidence for in situ formation of catalytically active 

enamines (Scheme 5.2). 

 

Scheme 5.2. General scheme of amine-catalyzed aldol reaction. 

In this context the reactivity of enamines and silyl enol ethers are of particular interest. During 

the last decades, Mayr and co-workers have developed a comprehensive nucleophilicity 

scale,[12] which also include these types of compounds.[12a, c, 13] The second-order rate 
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constants of reactions of various nucleophiles with benzhydrylium ions, quinone methides, 

diethyl benzylidenemalonates and benzylidenemalononitriles have been described by 

Equation 1, where E is an electrophile-specific parameter, and N and sN are nucleophile-

specific parameters.[14] 

lg k2 (20 °C) = sN (N + E)  (1) 

To quantify the difference in reactivity between these C-centered nucleophiles, we have 

studied the kinetics of the reactions of silyl enol ethers 1a-e and enamines 2a-b (Scheme 5.3) 

with reference electrophiles (listed in Table 5.1) in CH3CN and calculated the nucleophilicity 

parameters of these compounds by using the linear free-energy relationship (1).  

 

Scheme 5.3. Silyl enol ethers 1a-e and enamines 2a-b used for the quantification of reactivities for 
different C-nucleophiles. 
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Table 5.1. Indolylmethylium ions 3c-e, benzhydrylium ions 3a-b and 3f-o and quinone methides 3p-q 
employed as reference electrophiles in this study. 

Electrophile   E[a] λmax
[b] 

 

R1 = H; R2 = OCH3 

R2, R1 = -O(CH2)2- 

3a 

3b 

0.00 

-1.36 

513[c] 

535[c] 

 

R = H 

R = CH3 

R = OCH3 

3c 

3d 

3e 

-1.80 

-2.19 

-3.02 

413 

434 

471 

 

R = N(Ph)CH2CF3 

R = N(CH3)CH2CF3 

R = N(Ph)2 

R = N(CH2CH2)2O 

R = N(CH3)2 

R = N(CH2)4 

3f 

3g 

3h 

3i 

3j 

3k 

-3.14 

-3.85 

-4.72 

-5.53 

-7.02 

-7.69 

601[d] 

586 

622[d] 

612 

605 

612 

 

n = 2 

n = 1 

3l 

3m 

-8.22 

-8.76 

620 

616 

 

n = 2 

n = 1 

3n 

3o 

-9.45 

-10.04 

635 

632 

 

R = H 

R = OCH3 

3p 

3q 

-11.87 

-12.18 

384 

414 

 
 3r -10.80 354 

[a] Electrophilicity parameters E were taken from ref. [12a, b, e, 15] [b] In nm in CH3CN solution. [c] 

In CH2Cl2. 
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5.2 Results and Discussion 

5.2.1 Product Studies 

The reactions of silyl enol ethers 1a, 1d and 1e with reference electrophiles, either 

benzhydrylium or indolylmethylium tetrafluoroborates, proceeded through intermediate siloxy 

substituted carbenium ions 5. Due to fast subsequent desilylation, ketones 6a-c were obtained 

in high yields (Scheme 5.4) after purification by column chromatography and characterized by 

NMR spectroscopy and mass spectrometry. Electrophilic attack of asymmetrical carbocation 

3c led to the mixture (approx. 1:1.35, determined by NMR spectroscopy) of two diastereomers 

for product 6c. 

 

 

Scheme 5.4. Reactions of silyl enol ethers 1a, 1e-d with reference eletrophiles (ani = 4-methoxyphenyl; 
mfa = 4-(methyl(trifluoroethyl)amino)phenyl. Yields refer to isolated products. 

Nucleophilic attack of enamine 2b at benzhydrylium ion 3j led to quantitative formation of the 

iminium salt 7. Though it was not isolated, the 1H and 13C NMR spectra clearly indicated the 

formation of 7, when the reaction was performed in CD3CN. Upon the hydrolysis of the iminium 

ion 7, the ketone 6d was obtained in rather poor yet significant yield (Scheme 5.5). 
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Scheme 5.5. Reaction of the enamine 2b with reference electrophile 3j-BF4. dma = 4-
(dimethylamino)phenyl. 

The reaction between two neutral compounds, enamine 2a and quinone methide 3p, should 

be highly reversible and give the zwitter-ionic structure 8a. However, the subsequent proton 

shift is much faster than the backward reaction, and therefore the product 9 was obtained 

quantitatively already after 30 minutes as determined by NMR spectroscopy (Scheme 5.6). 

The enamine structure was confirmed by 2D NMR spectroscopy. 

 

Scheme 5.6. Reaction between enamine 2a and quinone methide 3p. 

Following the previous scenario, the attack of the enamine 2b at the benzylidenemalonitrile 3r 

led to the zwitter-ionic species 8b (presumably in equilibrium with cyclobutane B),[16] which is 

nucleophilic enough to attack a second molecule of the electrophile to give another zwitterion 

8c, which cyclized by intramolecular attack of the malononitrile anion moiety at the iminium 

carbon[16c] to give the tricyclic product 10 (Scheme 5.7). Upon aqueous work-up, the crude 

reaction mixture was purified by column chromatography and each of the obtained compounds 

was characterized by NMR spectroscopy and mass spectrometry. Formation of the compound 

11a can be explained by direct elimination of the amine in 10 and subsequent loss of one HCN 

molecule. When the same reaction was performed in CD3CN, the 1H NMR acquired after 1 

hour indicated quantitative formation of 11c and an equimolar amount of an α-aminonitrile A 

without identification of intermediate structures. However, detailed mechanism of the 

intramolecular transformations towards 11b-c still remains to be elucidated. 
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Scheme 5.7. Products of the reaction of the enamine 2b with benzylidenemalononitrile 3n in CH3CN at 
room temperature and HMBC correlations (double-headed arrows in formulas 11b-c). Yields refer to 
isolated products after column chromatography. [a] ani = p-Methoxyphenyl. [b] Observed via 1H and 13C 
NMR spectroscopy in CD3CN.[17] 

5.2.2 Kinetic Investigations 

The reactions of silyl enol ethers 1a-e and enamines 2a-b with reference electrophiles 3c-q 

were performed in either CH3CN or CH2Cl2 at 20 °C and monitored by UV-Vis spectroscopy at 

the absorption maxima of the electrophile (listed in Table 5.2). To simplify the evaluation of the 

kinetic experiments, the nucleophile was used in large excess (at least 9 equiv.), thus the 

concentration of this component remained constant throughout the reactions. The first-order 

rate constants kobs were derived by least-squares fitting of the exponential function At = A0exp(-

kobst) + C to the time-dependent absorbances At of the electrophile. Second-order rate 

constants k2 were obtained as the slopes of plots of kobs versus the concentration of the 

nucleophile as exemplified in the Figure 5.1 for the reaction of the silyl enol ether 1b with 

reference electrophile 3c. 

The second-order rate constants for all investigated reactions are collected in Table 5.2. 
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Figure 5.1. Exponential decay of absorbance A (at 413 nm) of the reaction of 1b (6.10  10-3 mol L-1) 

with 3c (7.16  10-5 mol L-1) in CH3CN at 20 °C (left). Plot of the first-order rate constants kobs versus the 
concentration of 1b (right). 

Table 5.2. Second-order rate constants k2 for the reactions of the silyl enol ethers 1a-e and enamines 
2a-b with reference electrophiles 3 in CH3CN at 20 °C. 

Nucleophile 
N 

(sN)[a] 
Electrophile 

λ / 
nm[b] 

k2 / 
L mol-1 s-1 

 

3.00 (0.82) 
3.13 (0.82)[c] 

3c 413 9.54 

 425[c] 1.24  101 [c] 

3d 434 4.77 

3e 471 9.67  10-1 

 492[c] 1.23[c] 

 

3.51 (0.80) 

3c 413 2.51  101 

3d 434 1.00  101 

3e 471 2.53 

 

5.16 (0.94) 

3c 413 1.32  103 

3d 434 7.26  102 

3e 471 1.00  102 

 

7.34 (0.82) 

3c 413 2.60  104 

3d 434 1.39  104 

3e 471 4.94  103 
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Table 5.2. continued. 

Nucleophile 
N 

(sN)[a] 
Electrophile 

λ / 
nm[b] 

k2 / 
L mol-1 s-1 

 

7.34 (0.82) 

3g 586 8.94  102 

3i 612 3.34  101 

3j 605 1.36 

 

5.04 (0.91) 

3c 413 8.41  102 

3d 434 3.53  102 

3e 471 9.29  101 

3i 612 3.48  10-1 

 

15.27 (0.92) 

3n 635 2.23  105 

3o 632 7.73  104 

3p 384 1.57  103 

3q 414 7.00  102 

 

14.11 (0.66) 

3j 605 4.34  104 

3k 612 1.74  104 

3l 620 8.87  103 

3m 616 3.03  103 

3n 635 1.14  103 

3r 354 1.53  102 [d] 

[a] Determination see Section 5.2.3. [b] Monitored wavelength. [c] Measured in 
CH2Cl2. [d] Calculated, using eq. 1. 

Even though the reactions between enamine 2a and quinone methides 3p-q should be 

reversible, subsequent proton transfer is significantly faster than backward reaction, thereby 

the equilibrium were not observed during the kinetic investigations. However, the less reactive 

enamine 2b slows down the proton transfer reaction as well as initial C-C bond formation, and 

interaction with quinone methide 3p did not follow second-order kinetics. 

Attempts to measure the kinetics of the reactions of enamines 2a-b and 

benzylidenemalononitrile 3r were unsuccessful due to high absorbance overlap of the 

enamines and reaction products with 3r. 

5.2.3 Correlation Analysis 

Plots of lg k2 for the reactions of the silyl enol ethers 1 and enamines 2 with indolylmethylium 

ions 3d-e, benzhydrylium ions 3g-o and quinone methides 3p-q against their electrophilicity 

parameters E showed linear correlations for all studied nucleophiles (Figure 5.2). Therefore 
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Equation (1) is applicable and the N and sN parameters for the nucleophiles 1 and 2 were 

calculated (Table 5.2). 

 

Figure 5.2. Correlations of the second-order rate constants lg (k2) for the reactions of C-nucleophiles 1 
and 2 with the electrophiles 3 in CH3CN at 20 °C with the electrophilicity parameters E of 3. 

These correlations do not only confirm the consistency of the rate constants determined in this 

work, but also allow to extrapolate rate constants for reactions that cannot be directly 

measured. 

5.2.4 Structure-Reactivity Relationships 

The obtained narrow range of nucleophile-specific susceptibilities (0.80 < sN < 0.94) for silyl 

enol ethers 1 indicates a low dependence of relative reactivities of these -systems on the 

nature of the attacking electrophile. Therefore, the reactivities towards carbenium ions, both 

indolylmethylium 3c-e and benzhydrylium 3g-o, reflect general structure-reactivity trends. 

Figure 5.3 demonstrates the reactivities of silyl enol ethers 1a and 1c compared to those of 

12a-b, studied before.[12a] Introduction of a methyl group at the β-position in enol ether 12a 

stabilizes the intermediate carbenium cation in the reaction of 1c with cationic electrophiles 

(e.g. Scheme 5.4) only slightly. However, this effect is not enough to overcome the steric 

hindrance at the reaction center and the reactivity is reduced by 1 order of magnitude (12a → 

1c). Substitution of a methyl group by a phenyl not only further reduces the reactivity by a 

factor of 1000, but also makes the nucleophile less sensitive towards changes in the reactivities 

of the electrophiles: sN (1c) = 0.94; sN (1a) = 0.82. 
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Figure 5.3. Comparison of absolute (in L mol-1 s-1) and relative rate constants for the reaction of silyl 
enol ethers 1a and 1c with indolylmethylium ion 3d in CH3CN at 20 °C with those for the reaction of 12a-
b with 3d in CH2Cl2 at 20 °C. [a] Calculated using equation (1). 

Annulation of an aromatic system to the cyclic enol ethers 12c and 12d reduces their sensitivity 

towards the nature of the electrophile: sN is reduced by the value of 0.1 for both 1d and 1e. In 

case of the five-member ring, the reactivity towards 3i is increased by a factor of 3.6 (12c → 

1d). At the same time for 1-(trimethylsiloxy)cyclohexene (12d) addition of a planar moiety does 

not have a significant effect on the reactivity (12d → 1e). 

 

Figure 5.4. Comparison of absolute (in L mol-1 s-1) and relative rate constants for the reaction of silyl 
enol ethers 1d and 1e with benzhydrylium ion 3i in CH3CN at 20 °C with those for the reaction of 12c-d 
with 3i in CH2Cl2 at 20 °C. [a] Calculated using equation (1). 

It has been shown before, that reactivity of enamines is increased in more polar solvents, e.g. 

from dichloromethane to acetonitrile (see ref. [13c] and [13d]), however, this reactivity difference 

is neglected for the comparison below. Annulation of an aromatic system to 1-(N-

pyrrolidino)cyclohexene (13c) reduces the reactivity by a factor of 40 towards the 

benzhydrylium ion 3n (Figure 5.5). However, this structural change has a dramatic effect on 

the sensitivity parameter sN (0.86 and 0.66 for 13c and 2b respectively) making the reactivity 

order highly dependent on the nature of the electrophile. Though, the nucleophilicity of 13d 

was not studied in CH3CN, one can expect, that addition of an aromatic moiety does not have 

a great influence on reactivity of such enamines (see 13d and 2a). 
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Figure 5.5. Comparison of absolute (in L mol-1 s-1) and relative rate constants for the reaction of 
enamines 2a and 2b with benzhydrylium ion 3n in CH3CN at 20 °C with those for the reaction of 13c-d 
with 3n in CH2Cl2 at 20 °C. [a] Calculated using equation (1). 

The effect of para-substitution at the phenyl ring at the reaction center is nearly the same for 

silyl enol ethers 1a-b than for enamines 13a-b (Figure 5.6).[13e] Due to increased electron 

density at the reaction center and stabilization of the intermediate carbenium and iminium ion, 

the electron-donating methoxy group increases the reactivity of enols and enamines by 3 and 

2 times respectively (with negligible difference in sN parameters). A greater difference is 

observed in compounds with formal negative charge (carbanions 14a and 14b), e.g. methoxy 

group increases the N parameter by 4 orders of magnitude.[18] This substitution also 

significantly changes the sN parameter for these carbanions, making the comparison of their 

reactivity highly dependent on the nature of the electrophile. 

 

Figure 5.6. Effect of para-substitution at the phenyl ring at the reaction center for the series of 
deoxybenzoin-derived C-nucleophiles 1a-b, 13a-b and 14a-b in CH3CN. [a] In DMSO. 
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5.3 Silyl Enol Ethers, Derived from 1,3-Dicarbonyl Compounds 

5.3.1 Intoduction 

Silyl enol ethers, derived from 1,3-dicarbonyl compounds are versatile nucleophiles, which 

may be easily functionalized at β-carbon atom and utilized as substrates for [3+3]-

cycloadditions.[19] One of the crucial steps in such transformations is an electrophilic attack at 

silyl enol ether. To quantify the effect of an acetyl group on the reactivity of these compounds 

we have investigated the reactions between nucleophiles 15 (Scheme 5.8) and selected 

reference electrophiles. 

 

Scheme 5.8. Silyl enol ethers 15a-d, derived from 1,3-dicarbonyl compounds, used in this study. 

5.3.2 Product Analysis 

Electrophilic attack of the indolylmethylium tetrafluoroborate (3b) at the enol ethers 15b-c 

proceeded through intermediate cations 5d-e and after fast desilylilation yielded the diketones 

16a and 16b, respectively. After purification by column chromatography products were 

obtained in a good yield (Scheme 5.9). It has been reported[20] that unsymmetrical β-keto-silyl 

enol ethers (e.g. 15c) may undergo 1,5-sigmatropic rearrangement and may exist in a solution 

as a mixture of two regioisomers. 

 

 

Scheme 5.9. Reaction between silyl enol ethers 15b-c and indolylmethylium cation 3d-BF4. [a] As 3/1 
mixture of E/Z isomers respectively. [b] As 55/45 mixture of two regioisomers. 
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The same mechanism could be applied for the reaction between silyl enol ether 15a and 

several studied carbocations, e.g. indolylmethylium 3d, benzhydrylium 3a and 3g 

tetrafluoroborates. The obtained ketones 16c-f were isolated in their enol forms 17a-c 

(Scheme 5.10). 

 

Scheme 5.10. Reaction between silyl enol ether 15a and reference electrophiles 3a, 3d and 3g. (ani) = 
4-Methoxyphenyl; (mfa) = 4-(methyl(trifluoroethyl)amino)phenyl. 

5.3.3 Kinetic Investigation 

The reactions of silyl enol ether 15a with electrophiles 3a-c were performed in CH2Cl2 or 

CH3CN at 20 °C and monitored by UV-Vis spectroscopy at the absorption maxima of the 

electrophile (listed in Table 5.2). To simplify the evaluation of the kinetic experiments 

nucleophiles were used in large excess (at least 9 equiv.), thus the concentration of this 

component remained constant throughout the reactions. The first-order rate constants kobs 

were derived by least-squares fitting of the exponential function At = A0exp(-kobst) + C to the 

time-dependent absorbances At of the electrophile. Second-order rate constants were 

obtained as the slopes of plots of kobs versus the concentration of the nucleophile (Figure 5.8). 
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Figure 5.8. Exponential decay of absorbance A (at 425 nm) in the reaction of 15a (9.20  10-4 mol L-1) 

with 3c (4.38  10-5 mol L-1) in CH2Cl2 at 20 °C (left). Plot of the first-order rate constants kobs versus the 
concentration of 15a (right). 

Table 5.3. Second-order rate constants k2 for the reactions of the silyl enol ether 15a with reference 
electrophiles in CH2Cl2 at 20 °C. 

Nucleophile 

(N, sN)[a] 

Electrophile[b] 

(E) 

k2 / 

L mol-1 s-1 

 

3.61 (1.37) 

3b-GaCl4 (-1.36) 

3c-BF4 (-1.80) 

3d-BF4 (-2.19) 

3f-BF4 (-3.14) 

 

3g-BF4 (-3.85) 

3h-BF4 (-4.72) 

-[c] 

2.62  101 

1.15  101 

4.26 

7.17  101 [d] 

-[c] 

-[c] 

[a] For determination see Section 5.2.3. [b] From ref. [12a] [c] Rate constants 

could not be obtained, see text. [d] Measured in CH3CN. 

As shown in Table 5.3, the reactivity of 15a is increased by a factor of 17 when moving from 

dichloromethane to more polar acetonitrile, indicating the impact of stability of intermediate 

cation on the nucleophilicity of the enol ether. Kinetic investigations of the reactions between 

3b-GaCl4 and enol ether 15a showed significant deviations from first-order behavior, when the 

reaction was performed in CH2Cl2 with [3b] = 2.26  10-5 mol L-1 and [15a] = 3.01  10-4  1.51 

 10-3 mol L-1 (i.e. [15a]/[3b] from 13 to 67 equivalents), therefore determination of second-

order rate constant was not possible. Similar deviations were found for reactions between 15a 

and cations 3d-BF4 and 3h-BF4 in CH2Cl2 (see Figures 5.10-12 in the Appendix). Experiments 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 20 40 60 80 100

A
@

 4
2

5
 n

m

t / s

kobs = 2.62  101 [15a] + 0.046
R² = 0.983

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.000 0.002 0.004 0.006 0.008 0.010

k o
b

s
/ 

s-1

[15a] / mol L-1



Chapter 5. Reactivity Comparison of Structurally Related Enamines and Silyl Enol Ethers 

182 

 

between 3g and 15a in CH2Cl2 showed that obtained kobs values did not correlate linearly with 

the concentration of the nucleophile (see Table 5.46 in the Experimental Section), thus one 

can expect a more comprehensive mechanism for the formation of the product 17c. The results 

of the kinetic investigations of the reactions between 15c-d and 3d demonstrate the first order 

of these reactions with respect to the nucleophile (Tables 5.47-5.48 in the Experimental 

Section). 

It was found, that reactions between ethers 15b-c and carbocations 3c and 3g did not follow 

expected mechanism (e.g. Scheme 5.9). The obtained decays of the absorbance for certain 

electrophiles in reactions with high excess of 15b-c (up to 200 equiv.) showed extreme 

deviations from the first-order kinetics (see Figures 5.13-14 in the Appendix). Addition of 

Bu4N+BCl4- to exclude the counter-ion influence on the rate of desilylayion did not improve the 

situation. 

To explain such a behavior, one can suggest an equilibrium, leading to the fast formation of 

an unstable oxygen-adduct 18, which does not transform further. At the same time reversible 

attack at the C-center of the nucleophile is slower but leads to an irreversible desilylation of 

the carbenium ion 19 to yield a desired diketone 20 (Scheme 5.11). In addition, as different 

stereo- and regioisomers (e.g. for 15c, Scheme 5.9) present in a solution may have different 

nucleophilic reactivities, significant deviations from mono-exponential behavior were observed 

in the kinetic investigations of β-keto-silyl enol ethers 15. 

 

Scheme 5.11. Proposed mechanism for reaction between silyl enol ethers, derived from 1,3-dicarbonyl 
compounds (e.g. 15b) and carbocations (e.g. benzhydrylium ion). 

5.4 Conclusion 

The rate constants for the reaction of C-nucleophiles, such as silyl enol ethers and enamines, 

with reference electrophiles, either indolylmethylium or benzhydrylium cations, in CH2Cl2 and 

CH3CN followed the linear free-energy relationship (Equation 1), that allowed us to determine 
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nucleophilicity parameters and compare those with other nucleophiles. Variation of the 

substituent in the aromatic ring in the deoxybenzoin silyl enol ethers from X = H to X = OCH3 

increases the reactivity by a factor of 7. Substitution at the beta position to siloxy group has 

greater influence, reducing the nucleophilicity by 1 (for R = Me) and 3 (for R = Ph) orders of 

magnitude. Addition of the planar aromatic moiety to the skeleton of the nucleophile has almost 

no effect on the N-parameter, though reduces the sensitivity towards electrophile strength. 

With the obtained data it is possible to compare deoxybenzoin derived enolates, enamines 

and silyl enol ethers (Figure 5.9). In terms of nucleophilicity the reactivity of the anionic species 

is increased by 9 and 20 orders of magnitude from their neutral analogous enamines and silyl 

enol ethers, respectively. For the synthetic use of these species, the change in the reactivity 

should be considered: the high reaction rates with the electrophiles will increase the number 

of side-product and lead to loss of stereoselectivity. 

 

Figure 5.9. Comparison of the nucleophilicities of silyl enol ethers, enamines and enolates. 

The addition of a planar aromatic moiety to cyclopentanone- and cyclohexanone-derived 

enamines and silyl enol ethers, while influencing the nucleophilicity only slightly, has shown a 

significant effect on the sensitivity parameter making these substrates less sensitive towards 

changes in the nature of the electrophile (except for 2a). While the nucleophilicities of the 

enamines are increased in more polar solvent, it has almost no effect on the reactivity of the 

silyl enol ethers. 
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The kinetic parameters for the reactions between enamine 2a and neutral electrophiles 3l-m 

are in line with those obtained from reactions with benzhydrylium cations 3j-k, thus allowing 

us to include these data in the correlation analysis. Therefore, the Equation (1) is applicable 

for characterization of reactions between neutral species as was shown before for the 

reactions of enamines with β-nitrostyrenes.[21] 

The reactions of β-keto-silyl enol ethers 15 with various reference electrophiles did not follow 

the second-order behavior and thus their reactivities cannot be described in terms of 

nucleophile-specific parameters using the Equation 1. Different reactivities of stereo- and 

regioisomers, produced by1,5-sigmatropic rearrangements in unsymmetrical ethers cause 

significant deviations in the kinetic measurements. 

5.5 Experimental Section 

5.5.1 General 

All reactions were performed in carefully dried Schlenk glassware in an atmosphere of dry 

nitrogen. The reactions were not optimized for high yields. 

1H NMR (400 MHz), 13C NMR (100 MHz), and 19F NMR spectra (376 MHz) were recorded on 

Varian NMR spectrometers in CD3CN or CDCl3. Chemical shifts in ppm refer to the solvent 

residual signal in CD3CN (δH 1.94, δC 118.7 ppm) or CDCl3 (δH 7.24, δC 77.2 ppm) as internal 

standard or to external CFCl3 (δF 0.0 ppm), respectively. The following abbreviations were 

used to describe the multiplicities of resonances: br s = broad singlet, s = singlet, d = doublet, 

t = triplet, q = quartet, sept = septet, m = multiplet. NMR signal assignments are based on 

additional 2D-NMR experiments (COSY, HSQC, HMBC, and NOESY). HRMS was performed 

on a Finnigan MAT 95 (EI) or a Thermo Finnigan LTQ FT (ESI) mass spectrometer. 

Solvents. For the kinetic experiments commercially available acetonitrile (Acros, 99.9%, Extra 

Dry, AcroSeal) was used as received. Dichloromethane (Merck, p.a. grade) was successively 

treated with concentrated sulfuric acid, water, 10% NaHCO3 solution, and water. After drying 

with CaCl2, it was freshly distilled over CaH2 under exclusion of moisture (N2 atmosphere). 

Chemicals. Phenylacetone, α-tetralone, indan-1-one, dimedone, acetylacetone, 2-

acetylcyclopentanone, 2-acetylcyclohexanone, 2-(4-methoxyphenyl)acetyl chloride and 

pyrollidine were purchased from Aldrich and used as received. Triethylamine was dried over 

KOH, distilled and stored in an atmosphere of dry nitrogen. Chlorotrimethylsilane was 

purchased from Aldrich and distilled before use. 
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Nucleophiles. Trimethylsilyl enol ethers 1a,[22] 1b,[23] 1c,[24] 1e[24] and 1d[25] were prepared by 

the general procedure from ref. [22] and distilled before use. 1-(3,4-dihydro-1-

naphthyl)pyrrolidine 2b[26] and 1-(3H-inden-1-yl)pyrrolidine 2a[27] were prepared by the 

described procedures and distilled before use. 

Reference Electrophiles. Benzhydrylium tetrafluoroborates 3f-o and quinone methides 3p-q 

were obtained from Nathalie Hampel. Indolylmethylium tetrafluoroborates 3c-e[15b] were 

synthesized according to literature procedures. 

5.5.2 Synthesis of enol ethers 15a-d 

5,5-Dimethyl-3-((trimethylsilyl)oxy)cyclohex-2-en-1-one (15a) 

Dimedone (1.00 g, 7.13 mmol, 1 eq.) was dissolved in CH2Cl2 (20 ml) under nitrogen 

atmosphere and hexamethyldisilazane (2.00 ml, 9.54 mmol, 1.3 eq.) was added subsequently. 

Reaction was stirred for 1.5 h at room temperature and after removing volatiles under reduced 

pressure crude material was purified by distillation at 1.4 mbar / 123 °C. 

1H NMR data is in agreement with the literature.[28] 

4-((Trimethylsilyl)oxy)pent-3-en-2-one (15b) 

Acetylacetone (1.00 mL, 9.79 mmol, 1 eq.) was dissolved in Et2O (20 ml), Et3N (2.05 mL, 14.7 

mmol, 1.5 eq.) and TMSCl (1.86 mL, 14.7 mmol, 1.5 eq.) were added simultaneously at 0 °C. 

Precipitate was formed and reaction was left stirring overnight at room temperature. Upon 

completion, suspension was filtered through the plug of celite and washed with Et2O (3  25 

mL). All volatiles were removed under reduced pressure and crude material was dried at 10 

mbar at ambient temperature, followed by distillation at 10 mbar / 70 °C to give 15b as 3:1 

mixture of E and Z isomers respectively. 

1H NMR data is in agreement with the literature.[29] 
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1-(2-((Trimethylsilyl)oxy)cyclopent-1-en-1-yl)ethan-1-one (15c) 

Synthesized following the procedure for 15b from 2-acetylcyclopentanone (1.00 mL, 8.27 

mmol, 1 eq.), Et3N (1.26 mL, 9.92 mmol, 1.2 eq.) and TMSCl (1.38 mL, 9.92 mmol, 1.2 eq.) 

and used without further purification. Obtained as 55:45 mixture of two isomers. 

 

1H NMR (599 MHz, CDCl3) δ = 0.24 (s, 9H, -Si-CH3, major isomer), 0.29 (s, 9H, -Si-CH3, minor 

isomer), 1.75 – 1.84 (m, 4H, 2  -CH2-), 2.28-2.31 (m, 5H, -C(O)-CH3, major isomer, -CH2-), 

2.32 (s, 3H, -C(O)-CH3, minor isomer), 2.47 – 2.54 (m, 4H, 2  -CH2-), 2.54 – 2.60 (m, 2H, -

CH2-). 

13C NMR (151 MHz, CDCl3) δ = 0.9 (-Si-CH3, major isomer), 1.1 (-Si-CH3, minor isomer), 19.2 

(-CH2-), 19.5 (-CH2-, -C(O)-CH3, major isomer), 27.8 (-CH2-), 28.3 (-CH2-), 29.8 (-C(O)-CH3, 

minor isomer), 36.2 (-CH2-), 41.0 (-CH2-), 118.2 (C-2), 119.3 (C-2’), 160.7 (C-1), 165.7 (C-1’), 

195.8 (C-3, minor isomer), 207.8 (C-3, major isomer). 

29Si NMR (79 MHz, CDCl3) δ =19.8, 22.0. 
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1-(2-((Trimethylsilyl)oxy)cyclohex-1-en-1-yl)ethan-1-one (15d) 

Synthesized following the procedure for 15b from 2-acetylcyclohexanone (1.00 mL, 7.69 mmol, 

1 eq.), Et3N (1.07 mL, 8.46 mmol, 1.1 eq.) and TMSCl (1.29 mL, 9.23 mmol, 1.2 eq.) and 

distilled at 1 mbar / 96 °C. 

 

1H NMR (400 MHz, CDCl3) δ = 0.28 (m, 9H, -Si-CH3),[a] 1.49 – 1.58 (m, 2H, -CH2-), 1.62 – 1.71 

(m, 2H, -CH2-), 2.18 – 2.29 (m, 4H, 2 × -CH2-), 2.36 (m, 3H, -CH3).[a] 

13C NMR (101 MHz, CDCl3) δ = 1.4 (-Si-CH3), 22.3 (-CH2-), 23.1 (-CH2-), 24.3 (-CH2-), 32.4 (C-

CH2-), 32.7 (-CH3), 118.6 (C*), 161.4 (-C-O-Si(CH3)3), 199.4 (-C=O). 

29Si NMR (79 MHz, CDCl3) δ = 18.7. 

[a] Splitting of the resonance signal is splitting into two singlets may correspond to the mixture 

of two stereoisomers. 
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5.5.3 Products analysis 

 3,3-Bis(4-methoxyphenyl)-1,2-diphenylpropan-1-one (6a) 

A solution of silyl enol ether 1a (171 mg, 0.64 mmol, 2 eq.) in CH2Cl2 (5 mL) was added to 

solution of 3a (100 mg, 0.32 mmol, 1 eq.) in CH2Cl2 (5 mL) and reaction mixture was stirred 

until disappearance of red color. After the removal of volatiles under reduced pressure, the 

crude material was purified by flash column chromatography on silica gel, using Et2O/n-

pentane (1/4) mixture as eluent (Rf = 0.57). 6a obtained as white solid (128 mg, 94%) 

 

1H NMR (400 MHz, CDCl3) δ = 3.67 (s, 3H, H-16), 3.70 (s, 3H, H-21), 4.85 (d, 3J = 11.6 Hz, 

1H, H-11), 5.37 (d, 3J = 11.6 Hz, 1H, H-6), 6.58 – 6.63 (m, 2H, H-14), 6.71 – 6.76 (m, 2H, H-

19), 6.87 – 6.92 (m, 2H, H-13), 7.05 – 7.11 (m, 1H, H-10), 7.11 – 7.17 (m, 2H, H-9), 7.18 – 

7.25 (m, 4H, H-18, H-8), 7.34 – 7.40 (m, 2H, H-2), 7.44 – 7.50 (m, 1H, H-1), 7.89 – 7.95 (m, 

2H, H-3) ppm. 

13C NMR (101 MHz, CDCl3) δ = 53.5 (C-11), 55.2 (C-16/C-21), 55.3 (C-21/C-16), 58.8 (C-6), 

113.6 (C-14), 114.1 (C-19), 127.1 (C-10), 128.6-128.7 (C-2, C-3, C-8, C-9), 129.2 (C-18), 129.5 

(C-13), 133.0 (C-1), 135.2 (C-12), 136.1 (C-17), 137.4 (C-4/C-7), 137.5 (C-7/C-4), 157.8 (C-

15), 157.9 (C-20), 199.1 (C-5) ppm. 

HR-MS (EI, pos.) m/z calcd. for C29H26O3 [M]•+ 422.1876, found 422.1884. 
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 2-(Bis(4-(methyl(2,2,2-trifluoroethyl)amino)phenyl)methyl)-2,3-dihydro-1H-inden-1-

one (6b) 

Silyl enol ether 1d (100 mg, 0.49 mmol, 2 eq.) was dissolved in CH3CN (5 mL) and added 

dropwise to a solution of indolyl cation 3g (116 mg, 0.25 mmol, 1 eq.) in CH3CN (5 mL) and 

stirred for 2 hours. After fading of yellow color reaction mixture was treated with aqueous 

ammonia (20 mL) and extracted with CH2Cl2 (3  25 mL). The combined organic layers were 

dried over MgSO4 and the solvent was evaporated under reduced pressure. The crude product 

was purified by column chromatography using Et2O/n-pentane (gradient from 1/9 to 1/4) 

mixture as eluent. 6b was obtained as white solid (100 mg, 79% yield). 

 

1H NMR (400 MHz, CDCl3) δ = 2.94 (s, 3H, H-15/H-15’), 3.05 (s, 3H, H-15’/H-15), 3.09 (dd, 1J 

= 16.9 Hz, 3J = 3.9 Hz, 1H, H-6a), 3.32 – 3.47 (m, 2H, H-6b, H-7), 3.74 (q, 3JH-F = 9.0 Hz, 2H, 

H-16/H-16’), 3.85 (q, 3JH-F = 9.0 Hz, 2H, H-16’/H-16), 4.73 (d, 3J = 5.1 Hz, 1H, H-10), 6.60 (d, 

3J = 8.8 Hz, 2H, H-13/H-13’), 6.79 (d, 3J = 8.8 Hz, 2H, H-13’/H-13), 6.97 (d, 3J = 8.7 Hz, 2H, H-

12/H-12’), 7.22 (d, 3J = 8.7 Hz, 2H, H-12’/H-12), 7.30 – 7.40 (m, 2H, H-2, H-4), 7.50 – 7.56 (m, 

1H, H-3), 7.74 (d, 3J = 7.6 Hz, 1H, H-1). 

13C NMR (101 MHz, CDCl3) δ = 30.9 (C-6), 39.1 (C-15/C-15’), 39.2 (C-15’/C-15), 49.2 (C-10), 

52.0 (C-7), 54.5 (q, 2JC-F = 32.6 Hz, C-16/C-16’), 54.6 (q, 2JC-F = 32.5 Hz, C-16’/C-16) 112.6 

(C-13/C-13’), 112.8 (C-13’/C-13), 123.9 (C-1), 125.6 (q, 1JC-F = 282.7 Hz, C-17/C-17’), 125.7 

(q, 1JC-F = 282.7 Hz, C-17’/C-17) 126.5 (C-4), 127.3 (C-2), 129.2 (C-12/C-12’), 129.6 (C-12’/C-

12), 132.0 (C-11/C-11’), 133.6 (C-11’/C-11), 134.6 (C-3), 137.0 (C-9), 147.1 (C-14/C-14’), 

147.2 (C-14’/C-14), 153.7 (C-5), 207.2 (C-8). 

HR-MS (EI, pos.) m/z calcd. for C28H26F6N2O [M]•+ 520.1944, found 520.1935 
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2-((1-Methyl-1H-indol-2-yl)(phenyl)methyl)-3,4-dihydronaphthalen-1(2H)-one (6c) 

The reaction was performed following the above procedure for 6b from 1e (100 mg, 0.64 mmol, 

2 eq.) and 3c (70 mg, 0.23 mmol, 1 eq.). After column chromatography (silica gel, Et2O/n-

pentane, 1/9, Rf = 0.52) 6c was obtained as 43/57 mixture of two diastereoisomers, pale-yellow 

solid (60 mg, 71%). 

 

1H NMR (400 MHz, CDCl3, both isomers) δ = 1.83 – 1.96 (m, 1H, H-2a, minor isomer), 2.10 – 

2.23 (m, 1H, H-2b, minor isomer), 2.26 – 2.42 (m, 2H, H-2, major isomer), 2.91 – 3.17 (m, 4H, 

H-1), 3.42 – 3.51 (m, 2H, H-3), 3.75 (s, 3H, H-6, major isomer), 3.81 (s, 3H, H-6, minor isomer), 

5.16 (d, 3J = 7.0 Hz, 1H, H-4 major isomer), 5.27 (d, 3J = 6.2 Hz, 1H, H-4, minor isomer),6.95 

(s, 1H, H-5, major isomer), 6.97 – 7.09 (m, 2H, Ar-H), 7.14 (s, 1H, H-4, minor isomer), 7.16 – 

7.52 (m, 28H, Ar-H), 7.99 – 8.05 (m, 2H, H-7). 

13C NMR (101 MHz, CDCl3, both isomers) δ = 26.5 (C-2, minor isomer), 26.6 (C-2, major 

isomer), 28.3 (C-1, minor isomer), 28.4 (C-1, major isomer), 32.8 (C-6, major isomer), 32.8 (C-

6, minor isomer), 40.8 (C-4, minor isomer), 41.4 (C-4, major isomer), 52.5 (C-3), 52.9 (C-3*), 

109.1, 109.1, 115.3, 116.6, 118.7, 118.9, 119.7, 120.1, 121.5, 121.6, 126.1, 126.2, 126.4, 

126.6, 126.6, 127.6, 127.7, 127.8, 127.9, 128.2, 128.3, 128.6, 128.7, 129.2, 133.0, 133.1, 

133.1, 137.0, 137.1, 142.5, 143.5, 143.6, 143.8, 198.9 (C-8, minor isomer), 199.1 (C-8, major 

isomer). 

HR-MS (EI, pos.) m/z calcd. for C26H23NO [M]•+ 365.1774, found 365.1775 
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2-(Bis(4-(dimethylamino)phenyl)methyl)-3,4-dihydronaphthalen-1(2H)-one (6d) 

A solution of 2d (50 mg, 0.25 mmol, 1.2 eq.) in CH3CN (5 mL) was added dropwise to a solution 

of 3j (70 mg, 0.21 mmol, 1 eq.) in CH3CN (5 mL). After fading of the blue color, the reaction 

was treated with 2 M aqueous HCl (20 mL) and stirred for another 20 min following by 

extraction with CH2Cl2 (3  20 mL). The combined organic layers were dried over MgSO4, and 

the solvent was evaporated under reduced pressure. The crude product was purified by 

column chromatography using Et2O/n-pentane (1/4) mixture as eluent (Rf = 0.41). 6d was 

obtained as a white solid (31 mg, 37% yield). 

 

1H NMR (599 MHz, CDCl3) δ = 1.89 – 1.96 (m, 1H, H-7a), 2.17 – 2.23 (m, 1H, H-7b), 2.88 – 

2.91 (m, 12H, H-16/H-16’), 2.91 – 2.95 (m, 1H, H-6a), 3.03 – 3.10 (m, 1H, H-6b), 3.38 (td, 3J = 

8.6 Hz, 3J = 4.0 Hz, 1H, H-8), 4.52 (d, 3J = 8.6 Hz, 1H, H-11), 6.63 – 6.68 (m, 4H, H-14/H-14’), 

7.09 – 7.15 (m, 4H, H-13/H-13’), 7.22 (d, 3J = 7.6 Hz, 1H, H-4), 7.25 – 7.30 (m, 1H, H-2), 7.45 

(td, 3J = 7.5 Hz, 4J = 1.4 Hz, 1H, H-3), 7.93 (dd, 3J = 7.8 Hz, 4J = 1.0 Hz, 1H, H-1). 

13C NMR (151 MHz, CDCl3) δ = 26.5 (C-7), 27.4 (C-6), 40.7 (C-16/C-16’), 40.7 (C-16’/C-16), 

47.8 (C-11), 51.8 (C-8), 112.7 (C-14/C14’), 112.7 (C-14’/C-14), 126.5 (C-2), 127.7 (C-1), 128.5 

(C-13/C-13’), 128.6 (C-4), 129.3 (C-13’/C-13), 131.3 (C-12/C-12’), 132.0 (C-12’/C-12), 132.9 

(C-3), 133.1 (C-10), 143.4 (C-5), 148.9 (C-15/C-15’), 149.0 (C-15’/C-15), 199.7 (C-9). 

HR-MS (EI, pos.) m/z calcd. for C27H30N2O [M]•+ 398.2353, found 398.2353 
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5'-(Phenyl(3-(pyrrolidin-1-yl)-1H-inden-2-yl)methyl)-[1,1':3',1''-terphenyl]-2'-ol (9) 

The reaction was performed directly in the NMR tube by mixing 2a (12 mg, 0.06 mmol, 1 eq.) 

and 3p (20 mg, 0.06 mmol, 1 eq.) in CD3CN (0.6 mL). The 1H NMR spectrum was acquired 30 

minutes after mixing and showed quantitative formation of 9. 

 

1H NMR (400 MHz, CD3CN) δ = 1.80 – 1.88 (m, 4H, H-2), 3.10 – 3.25 (m AB-system, 2H, H-

10), 3.25 – 3.34 (m, 4H, H-1), 5.84 (s, 1H, H-12), 6.09 (bs, 1H, H-25), 7.01 (s, 2H, H-18), 7.07 

(t, 3J = 7.4 Hz, 1H, H-ind), 7.15-7.21 (m, 2H, H-16), 7.22 – 7.35 (m, 7H, H-14), 7.36 – 7.44 (m, 

5H, H-23, H-ind), 7.44 – 7.49 (m, 4H). 

13C NMR (101 MHz, CD3CN) δ = 26.3 (C-2), 38.5 (C-10), 49.6 (C-12), 51.5 (C-1), 121.1 (ind), 

124.9, 125.1 (ind), 126.7 (C-16), 127.1, 128.3, 129.3, 129.5 (C-23), 129.9 (C-14), 130.4, 131.4, 

134.1 (C-3), 137.7 (C-2), 139.3 (C-21), 143.7 (ind), 143.9, 145.7, 145.8, 149.2 (C-20). 

HR-MS (EI, pos.) m/z calcd. for C38H33NO [M]•+ 519.2557, found 519.2559 
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Reaction of enamine 2b with 3r 

A solution of 2b (50 mg, 0.25 mmol, 1.2 eq.) in CH3CN (5 mL) was added dropwise to a solution 

of 3r (40 mg, 0.21 mmol, 1 eq.) in CH3CN (5 mL). After 5 min, the reaction mixture was treated 

with water and extracted with CH2Cl2 (3  20 mL). The combined organic layers were dried 

over MgSO4 and the solvent was evaporated under reduced pressure. The crude product was 

purified by column chromatography using Et2O/n-pentane (gradient from 1/10 to 1/1) mixture 

as eluent. 

 1,3-Bis(4-methoxyphenyl)-9,10-dihydrophenanthrene-2,2,4(1H)-tricarbonitrile (11a) 

 

11a obtained as mixture with 11b 3 to 7 respectively (4 mg, 8%) 

HR-MS (EI, pos.) m/z calcd. for C31H23N3O2 [M]•+ 469,1785 found 469.1800 

3-Amino-1-(4-methoxyphenyl)-9,10-dihydrophenanthrene-2,2,4(1H)-tricarbonitrile 

(11b) 

 

11b was obtained as pale-yellow solid (15 mg, 38% yield) 

1H NMR (599 MHz, CDCl3) δ = 2.08 – 2.16 (m, 1H, H-1a), 2.41 – 2.51 (m, 1H, H-1b), 2.67 – 

2.73 (m, 2H, H-2), 3.83 (s, 3H, H-16), 3.99 (s, 1H, H-11), 5.28 (s, 2H, H-22), 6.91 – 6.94 (m, 

2H, H-14), 7.19 (d, 3J = 7.3 Hz, 1H, H-4), 7.27 (t, 3J = 7.0 Hz, 1H, H-5), 7.28 – 7.32 (m, 2H, H-

13), 7.33 (t, 3J = 7.5 Hz, 1H, H-6), 7.64 (d, 3J = 7.7 Hz, 1H, H-7). 

13C NMR (151 MHz, CDCl3) δ = 26.9 (C-1), 28.7 (C-2), 42.3 (C-17), 52.2 (C-11), 55.3 (C-16), 

80.1 (C-20), 111.2 (C-18), 112.5 (C-18), 114.7 (C-14), 116.5 (C-21), 122.6 (C-12), 124.6 (C-
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7), 126.1 (C-9), 126.9 (C-6), 127.8 (C-4), 127.9 (C-10), 128.3 (C-5), 130.5 (C-8), 130.8 (C-13), 

136.0 (C-3), 143.4 (C-19), 160.9 (C-15). 

HR-MS (EI, pos.) m/z calcd. for C24H18N4O [M]•+ 378.1475, found 378.1456 

3-Amino-1-(4-methoxyphenyl)-9,10-dihydrophenanthrene-2,4-dicarbonitrile (11c) 

 

11c was obtained as yellow oil (12 mg, 33% yield). 

1H NMR (599 MHz, CDCl3) δ = 2.46 – 2.50 (m, 2H, H-1), 2.62 – 2.66 (m, 2H, H-2), 3.88 (s, 3H, 

H-16), 5.23 (s, 2H, H-22), 7.00 – 7.04 (m, 2H, H-14), 7.23 – 7.26 (m, 2H, H-13), 7.27 – 7.29 

(m, 1H, H-4), 7.37 – 7.44 (m, 2H, H-5, H-6), 8.24 – 8.28 (m, 1H, H-7). 

13C NMR (151 MHz, CDCl3) δ = 26.3 (C-1), 29.3 (C-2), 55.5 (C-16), 92.6 (C-20/C-18), 97.1 (C-

18/C-20), 114.3 (C-14), 116.3 (C-21/C-17), 117.5 (C-17/C-21), 127.2 (C-6), 127.4 (C-7), 127.9 

(C-10), 128.0 (C-4), 129.1 (C-12), 130.3 (C-13), 130.5 (C-5), 131.6 (C-8), 140.0 (C-3), 143.0 

(C-9), 148.4 (C-11), 151.8 (C-19), 160.3 (C-15). 

HR-MS (EI, pos.) m/z calcd. for C23H17N3O [M]•+ 351.1366, found 351.1375 

In addition, the reaction was performed directly in the NMR tube by mixing 2b (20 mg, 0.10 

mmol, 1 eq.) and 3r (18 mg, 0.10 mmol, 1 eq.) in CD3CN (0.6 mL). The 1H NMR spectrum was 

acquired 1 hour after mixing and showed quantitative formation of 11c and α-aminonitrile A.[28] 

2-(4-methoxyphenyl)-2-(pyrrolidin-1-yl)acetonitrile (A)[17] 
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General procedure for product studies of silyl enol ethers 15a-d 

A solution of the silyl enol ether (3 eq.) in CH2Cl2 (5 mL) was added dropwise to the solution 

of carbocation (1 eq.) in CH2Cl2 (5 mL). Reaction mixture was stirred at ambient temperature 

for 3 h or until fading the color of the cation. Upon completion, the solution was passed through 

a plug of Al2O3 (neutral) and concentrated under reduced pressure to give the crude product, 

which was further purified using column chromatography on SiO2. 

3-((1-methyl-1H-indol-3-yl)(p-tolyl)methyl)pentane-2,4-dione (16a) 

Following GP from 15b (170 mg, 1 mmol) and 3d (100 mg, 0.33 mmol) 16a was obtained as 

pale-yellow solid in 75% (82 mg) yield. 

 

1H NMR (400 MHz, CDCl3) δ = 1.95 (s, 3H, H-9/H-9’), 2.05 (s, 3H, H-9’/H-9), 2.24 (s, 3H, H-

1), 3.73 (s, 3H, H-12), 4.63 (d, 3J = 12.3 Hz, 1H, H-7), 5.05 (d, 3J = 12.3 Hz, 1H, H-6), 6.95 (s, 

1H, H-11), 7.01 – 7.06 (m, 3H, H-3, H-16), 7.14 – 7.25 (m, 4H, H-4, H-14, H-15), 7.53 (d, 3J = 

8.0 Hz, 1H, H-17). 

13C NMR (101 MHz, CDCl3) δ = 21.1 (C-1), 27.9 (C-9/C-9’), 31.4 (C-9’/C-9), 33.0 (C-12), 42.9 

(C-6), 75.6 (C-7), 109.3 (C-14), 115.3 (C-14), 119.3 (C-10), 122.2 (C-17, C-16), 125.9 (C-15), 

126.9 (C-11), 128.0 (C-18), 129.5 (C-4), 136.4 (C-3), 137.2 (C-13), 138.7 (C-5), 203.8 (C-8/C-

8’), 204.4 (C-8’/C-8). 
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2-Acetyl-2-((1-methyl-1H-indol-3-yl)(p-tolyl)methyl)cyclopentan-1-one (16b) 

Following GP from 15c (200 mg, 1 mmol) and 3d (100 mg, 0.33 mmol) 16b was obtained as 

5:2 mixture of two diastereoisomers as pale yellow solid in 84% (100 mg) yield. 

 

1H NMR (400 MHz, CDCl3, major isomer) δ = 1.64 – 1.85 (m, 2H, -CH2-), 2.17-2.23 (s, 5H, -

C(O)-CH3, -CH2-), 2.29 (s, 3H, Ar-CH3), 3.04 – 3.18 (m, 2H, -CH2-), 3.78 (s, 3H, N-CH3), 5.56 

(s, 1H, H-1), 6.90 (s, 1H, H-2), 6.96 – 7.12 (m, 4H, Ar-H), 7.16 – 7.31 (m, 4H, Ar-H). 

1H NMR (400 MHz, CDCl3, minor isomer) δ = 1.36 – 1.45 (m, 2H, -CH2-), 1.64 – 1.86 (m, 2H, 

-CH2-), 2.16 (s, 3H, -C(O)-CH3), 2.32 (s, 3H, Ar-CH3), 3.72 (s, 3H, N-CH3), 5.44 (s, 1H, H-1), 

6.83 (s, 1H, H-2), 6.96 – 7.12 (m, 4H, Ar-H), 7.16 – 7.31 (m, 3H, Ar-H), 7.40 (d, 3J = 8.1 Hz, 

1H, Ar-H). 

13C NMR (101 MHz, CDCl3, both isomers) δ = 19.8 (-CH2-), 19.8 (-CH2-), 21.1 (Ar-CH3, major 

isomer), 21.1 (Ar-CH3, minor isomer), 25.9 (-C(O)-CH3, major isomer), 26.3 (-C(O)-CH3, minor 

isomer), 26.5 (-CH2-), 32.9 (N-CH3, minor isomer), 33.0 (N-CH3, major isomer), 39.3 (-CH2-), 

39.4 (-CH2-), 46.5 (C-1, major isomer), 47.7 (C-1, minor isomer), 74.4 (C-3, minor isomer), 

74.5 (C-3, major isomer), 109.1 (-CH-, Ar), 113.4 (-C-, Ar), 114.6 (-C-, Ar), 119.2 (Ar), 119.4 

(Ar), 119.5 (Ar), 120.3 (Ar), 121.6 (Ar), 122.1 (Ar), 127.1 (Ar), 127.3 (Ar), 127.5 (Ar), 128.7 (Ar), 

129.0 (Ar), 129.4 (Ar), 129.7 (Ar), 129.8 (Ar), 136.2 (Ar), 136.5 (Ar), 136.9 (Ar), 137.0 (Ar), 

137.0 (Ar), 138.4 (Ar), 204.0 (-C(O)-CH3, major isomer), 204.0 (-C(O)-CH3, minor isomer), 

215.3 (-C(O)-, major isomer), 215.9 (-C(O)-, minor isomer). 
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3-Hydroxy-5,5-dimethyl-2-((1-methyl-1H-indol-3-yl)(p-tolyl)methyl)cyclohex-2-en-1-

one (17a) 

Following GP from 15a (231 mg, 1.09 mmol, 5 eq.) and 3d (70 mg, 0.22 mmol, 1 eq.) 17a was 

obtained as pale-yellow solid in 67% (55 mg) yield. 

 

1H NMR (599 MHz, CDCl3) δ = 1.08 (s, 3H, H-21/H-21’), 1.12 (s, 3H, H-21’/H-21), 2.24 – 2.40 

(m, 7H, H-15, H-19, H-22), 3.68 (s, 3H, H-1), 5.88 (s, 1H, H-10), 6.44 (d, J = 1.0, 1H, H-2), 

6.98 (s, 1H, H-18), 7.08 – 7.12 (m, 1H, H-6), 7.15 (d, 3J = 8.0 Hz, 2H, H-13), 7.23 (d, 3J = 8.0 

Hz, 2H, H-14), 7.25 – 7.32 (m, 2H, H-7, H-8), 7.45 (d, 3J = 8.0 Hz, 1H, H-5). 

13C NMR (151 MHz, CDCl3) δ = 21.2 (C-15), 28.4 (C-21/C-21’), 28.7 (C-21’/C-21), 31.9 (C-20), 

32.9 (C-1), 36.5 (C-10), 43.1 (C-19), 50.8 (C-22), 109.6 (C-8), 115.8 (C-16), 116.7 (C-3), 119.8 

(C-6), 119.9 (C-5), 123.0 (C-7), 127.2 (C-4), 128.0 (C-2), 128.3 (C-12), 129.5 (C-13), 136.3 (C-

14), 138.2 (C-9), 138.8 (C-11), 171.4 (C-17), 197.1 (C-23). 

HR-MS (EI, pos.) m/z calc. for C25H27NO2 [M]•+ 373.2036, found 373.2042 
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2-(Bis(4-methoxyphenyl)methyl)-3-hydroxy-5,5-dimethylcyclohex-2-en-1-one (17b) 

Following GP from 15a (203 mg, 0.96 mmol) and 3a-BF4 (100 mg, 0.32 mmol) 17b was 

obtained as pale-yellow solid in 82% (96 mg) yield. 

 

1H NMR (599 MHz, CDCl3) δ = 1.08 (s, 6H, H-12), 2.29 (s, 2H, H-13), 2.33 (s, 2H, H-10), 3.79 

(s, 6H, H-1), 5.70 (s, 1H, H-6), 6.04 (s, 1H, H-9), 6.84 – 6.87 (m, 4H, H-3), 7.06 – 7.09 (m, 4H, 

H-4). 

13C NMR (151 MHz, CDCl3) δ = 28.5 (C-12), 31.9 (C-11), 43.0 (C-6), 43.3 (C-10), 50.6 (C-13), 

55.4 (C-1), 114.6 (C-3), 117.7 (C-7), 129.8 (C-4), 133.8 (C-5), 158.7 (C-2), 170.4 (C-8), 197.3 

(C-14). 

HR-MS (EI, pos.) m/z calc. for C23H26O4 [M]•+ 366.1826, found 366.1834 
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2-(Bis(4-(methyl(2,2,2-trifluoroethyl)amino)phenyl)methyl)-3-hydroxy-5,5-

dimethylcyclohex-2-en-1-one (17c) 

Following GP1 from 15a (156 mg, 0.75 mmol, 5 eq.) and 3g (70 mg, 0.15 mmol, 1 eq.) 17c 

was obtained as pale yellow solid in 25% yield. 

 

1H NMR (800 MHz, CDCl3) δ = 1.08 (s, 6H, H-14/H-14’), 2.28 (s, 2H, H-15), 2.33 (s, 2H, H-12), 

3.03 (s, 6H, H-3), 3.83 (q, 3JH-F = 8.9 Hz, 4H, H-2), 5.64 (s, 1H, H-8), 6.12 (s, 1H, H-11), 6.75 

(d, 3J = 8.8 Hz, 4H, H-5), 7.05 (d, 3J = 8.5 Hz, 4H, H-6). 

13C NMR (201 MHz, CDCl3) δ = 28.5 (C-14/C-14’), 31.9 (C-13), 39.3 (C-3), 42.6 (C-8), 43.3 

(C-12), 50.7 (C-15), 54.6 (q, 2JC-F = 32.7 Hz, C-2), 113.4 (C-5), 117.7 (C-9), 125.7 (q, 1JC-F = 

282.8 Hz, C-1), 129.6 (C-6), 131.3 (C-7), 147.8 (C-4), 170.3 (C-10), 197.3 (C-16). 

19F NMR (376 MHz, CDCl3) δ = -70.51 (t, 3JH-F = 8.9 Hz). 

HR-MS (EI, pos.) m/z calc. for C27H30F6N2O2 [M]•+ 528.2206, found 528.2209 
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5.5.4 Kinetic experiments 

5.5.4.1 Reactions of the Silyl Enol Ether 1a 

Table 5.4. Kinetics of the reaction of 1a with 3c in CH3CN (diode array spectrophotometer, 20 °C, at 
413 nm) 

[3c] / 
mol L-1 

[1a] / 
mol L-1 

[1a] / 
[3c] 

kobs / 
s-1 

 

9.27  10-5 8.82  10-4 10 9.60  10-3 

8.74  10-5 1.66  10-3 19 1.76  10-2 

9.16  10-5 2.62  10-3 29 2.73  10-2 

8.96  10-5 3.13  10-3 35 3.07  10-2 

k2 = 9.54 L mol-1 s-1 

 

Table 5.5. Kinetics of the reaction of 1a with 3d in CH3CN (diode array spectrophotometer, 20 °C, at 
434 nm) 

[3d] / 
mol L-1 

[1a] / 
mol L-1 

[1a] / 
[3d] 

kobs / 
s-1 

 

6.41  10-5 5.64  10-4 9 5.60  10-3 

6.77  10-5 1.19  10-3 18 7.90  10-3 

6.37  10-5 1.68  10-3 26 1.07  10-2 

6.80  10-5 2.39  10-3 35 1.39  10-2 

6.40  10-5 2.81  10-3 44 1.62  10-2 

k2 = 4.77 L mol-1 s-1 

 

Table 5.6. Kinetics of the reaction of 1a with 3e in CH3CN (diode array spectrophotometer, 20 °C, 

at 471 nm) 

[3e] / 
mol L-1 

[1a] / 
mol L-1 

[1a] / 
[3e] 

kobs / 
s-1 

 

6.85  10-5 8.07  10-4 12 7.50  10-4 

6.80  10-5 1.60  10-3 24 1.50  10-3 

6.23  10-5 2.20  10-3 35 2.10  10-3 

k2 = 9.67  10-1 L mol-1 s-1 
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Determination of the Reactivity Parameters N and sN for the silyl enol ether 1a in CH3CN 

Table 5.7. Rate constants for the reaction of 1a with different electrophiles (20 °C) 

Electrophile E k2 / L mol-1 s-1 log k2 

 

3c -1.80 9.54 0.98 

3d -2.19 4.77 0.68 

3e -3.02 9.67  10-1 -0.015 

N = 3.00, sN = 0.82 

 

Table 5.8. Kinetics of the reaction of 1a with 3c in CH2Cl2 (stopped-flow, 20 °C, at 425 nm) 

[3c] / 
mol L-1 

[1a] / 
mol L-1 

[1a] / 
[3c] 

kobs / 
s-1 

 

5.93  10-5 1.00  10-3 17 1.23  10-2 

5.93  10-5 2.00  10-3 34 2.40  10-2 

5.93  10-5 3.00  10-3 51 3.68  10-2 

5.93  10-5 4.00  10-3 67 4.81  10-2 

5.93  10-5 6.01  10-3 101 7.31  10-2 

5.93  10-5 1.00  10-2 169 1.24  10-1 

k2 = 1.24  101 L mol-1 s-1 

 

Table 5.9. Kinetics of the reaction of 1a with 3e in CH2Cl2 (diode array spectrophotometer, 20 °C, 
at 492 nm) 

[3e] / 
mol L-1 

[1a] / 
mol L-1 

[1a] / 
[3e] 

kobs / 
s-1 

 

5.08  10-5 2.36  10-3 46 3.00  10-3 

5.08  10-5 3.07  10-3 60 3.81  10-3 

5.07  10-5 3.77  10-3 74 4.67  10-3 

5.06  10-5 4.47  10-3 88 5.52  10-3 

5.06  10-5 5.17  10-3 102 6.47  10-3 

k2 = 1.23 L mol-1 s-1 
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Determination of the Reactivity Parameters N and sN for the silyl enol ether 1a in CH2Cl2 

Table 5.10. Rate constants for the reaction of 1a with different electrophiles (20 °C) 

Electrophile E k2 / L mol-1 s-1 log k2 

 

3c -1.80 1.24  101 1.09 

3e -3.02 1.23 0.09 

N = 3.13, sN = 0.82 

 

5.5.4.2 Reactions of the Silyl Enol Ether 1b 

Table 5.11. Kinetics of the reaction of 1b with 3c in CH3CN (stopped-flow, 20 °C, at 413 nm) 

[3c] / 
mol L-1 

[1b] / 
mol L-1 

[1b] / 
[3c] 

kobs / 
s-1 

 

7.16  10-5 1.07  10-3 15 2.91  10-2 

7.16  10-5 1.60  10-3 22 4.31  10-2 

7.16  10-5 2.14  10-3 30 5.56  10-2 

7.16  10-5 3.21  10-3 45 8.36  10-2 

7.16  10-5 4.27  10-3 60 1.10  10-1 

7.16  10-5 5.34  10-3 75 1.36  10-1 

k2 = 2.51  101 L mol-1 s-1 

 

Table 5.12. Kinetics of the reaction of 1b with 3d in CH3CN (stopped-flow, 20 °C, at 434 nm) 

[3d] / 
mol L-1 

[1b] / 
mol L-1 

[1b] / 
[3d] 

kobs / 
s-1 

 

5.61  10-5 2.14  10-3 38 2.39  10-2 

5.61  10-5 3.21  10-3 57 3.51  10-2 

5.61  10-5 4.27  10-3 76 4.59  10-2 

5.61  10-5 5.34  10-3 95 5.59  10-2 

k2 = 1.00  101 L mol-1 s-1 
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Table 5.13. Kinetics of the reaction of 1b with 3e in CH3CN (stopped-flow, 20 °C, at 471 nm) 

[3e] / 
mol L-1 

[1b] / 
mol L-1 

[1b] / 
[3e] 

kobs / 
s-1 

 

5.33  10-5 1.41  10-3 19 2.60  10-3 

5.32  10-5 1.83  10-3 24 3.27  10-3 

5.31  10-5 2.25  10-3 30 4.10  10-3 

5.31  10-5 2.67  10-3 35 4.75  10-3 

5.30  10-5 3.08  10-3 41 5.57  10-3 

k2 = 2.53 L mol-1 s-1 

 

Determination of the Reactivity Parameters N and sN for the silyl enol ether 1b in CH3CN 

Table 5.14. Rate constants for the reaction of 1b with different electrophiles (20 °C) 

Electrophile E k2 / L mol-1 s-1 log k2 

 

3c -1.80 2.51  101 1.40 

3d -2.19 1.00  101 1.00 

3e -3.02 2.53 0.40 

N = 3.51, sN = 0.80 

 

5.5.4.3 Reactions of the Silyl Enol Ether 1c 

Table 5.15. Kinetics of the reaction of 1c with 3a in CH3CN (stopped-flow, 20 °C, at 413 nm) 

[3c] / 
mol L-1 

[1c] / 
mol L-1 

[1c] / 
[3c] 

kobs / 
s-1 

 

8.80  10-5 6.64  10-4 8 9.19  10-1 

8.80  10-5 1.99  10-3 23 2.77 

8.80  10-5 2.66  10-3 30 3.61 

8.80  10-5 3.32  10-3 38 4.46 

8.80  10-5 3.98  10-3 45 5.33 

k2 = 1.32  103 L mol-1 s-1 
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Table 5.16. Kinetics of the reaction of 1c with 3d in CH3CN (stopped-flow, 20 °C, at 434 nm) 

[3d] / 
mol L-1 

[1c] / 
mol L-1 

[1c] / 
[3d] 

kobs / 
s-1 

 

7.37  10-5 2.66  10-3 36 1.98 

7.37  10-5 3.32  10-3 45 2.53 

7.37  10-5 3.98  10-3 54 2.99 

7.37  10-5 5.02  10-3 68 3.70 

7.37  10-5 6.70  10-3 91 4.95 

k2 = 7.26  102 L mol-1 s-1 

 

Table 5.17. Kinetics of the reaction of 1c with 3e in CH3CN (stopped-flow, 20 °C, at 471 nm) 

[3e] / 
mol L-1 

[1c] / 
mol L-1 

[1c] / 
[3e] 

kobs / 
s-1 

 

5.60  10-5 2.66  10-3 47 2.53  10-1 

5.60  10-5 3.32  10-3 59 3.19  10-1 

5.60  10-5 3.98  10-3 71 3.85  10-1 

5.60  10-5 5.02  10-3 90 4.80  10-1 

5.60  10-5 6.70  10-3 120 6.61  10-1 

k2 = 1.00  102 L mol-1 s-1 

 

Determination of the Reactivity Parameters N and sN for the silyl enol ether 1c in CH3CN 

 

Table 5.18. Rate constants for the reaction of 1c with different electrophiles (20 °C) 

Electrophile E k2 / L mol-1 s-1 log k2 

 

3c -1.80 1.32  103 1.25 

3d -2.19 7.26  102 0.85 

3e -3.02 1.00  102 0.25 

N = 5.16, sN = 0.94 
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5.5.4.4 Reactions of the Silyl Enol Ether 1d 

Table 5.19. Kinetics of the reaction of 1d with 3c in CH3CN (stopped-flow, 20 °C, at 413 nm) 

[3c] / 
mol L-1 

[1d] / 
mol L-1 

[1d] / 
[3c] 

kobs / 
s-1 

 

1.13  10-4 6.48  10-4 6 1.67  101 

1.09  10-4 1.30  10-3 12 3.36  101 

1.06  10-4 1.94  10-3 18 4.95  101 

1.04  10-4 2.59  10-3 25 6.62  101 

9.96  10-5 3.24  10-3 33 8.46  101 

k2 = 2.60  104 L mol-1 s-1 

 

Table 5.20. Kinetics of the reaction of 1d with 3d in CH3CN (stopped-flow, 20 °C, at 434 nm) 

[3d] / 
mol L-1 

[1d] / 
mol L-1 

[1d] / 
[3d] 

kobs / 
s-1 

 

6.41  10-5 1.94  10-3 30 2.84  101 

6.41  10-5 3.24  10-3 51 4.65  101 

6.41  10-5 5.83  10-3 91 8.65  101 

6.41  10-5 7.78  10-3 121 1.08  102 

k2 = 1.39  104 L mol-1 s-1 

 

Table 5.21. Kinetics of the reaction of 1d with 3e in CH3CN (stopped-flow, 20 °C, at 471 nm) 

[3e] / 
mol L-1 

[1d] / 
mol L-1 

[1d] / 
[3e] 

kobs / 
s-1 

 

8.87  10-5 1.31  10-3 15 6.14 

8.52  10-5 2.62  10-3 31 1.25  101 

8.45  10-5 3.92  10-3 46 1.87  101 

8.17  10-5 5.23  10-3 64 2.54  101 

7.96  10-5 6.54  10-3 82 3.20  101 

k2 = 4.94  103 L mol-1 s-1 
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Table 5.22. Kinetics of the reaction of 1d with 3g in CH3CN (stopped-flow, 20 °C, at 586 nm) 

[3g] / 
mol L-1 

[1d] / 
mol L-1 

[1d] / 
[3g] 

kobs / 
s-1 

 

3.43  10-5 1.31  10-3 38 1.43 

3.43  10-5 2.62  10-3 76 2.64 

3.43  10-5 3.92  10-3 115 3.83 

3.43  10-5 5.23  10-3 153 5.00 

3.43  10-5 6.54  10-3 191 6.09 

k2 = 8.94  102 L mol-1 s-1 

 

Table 5.23. Kinetics of the reaction of 1d with 3i in CH3CN (stopped-flow, 20 °C, at 612 nm) 

[3i] / 
mol L-1 

[1d] / 
mol L-1 

[1d] / 
[3i] 

kobs / 
s-1 

 

1.78  10-5 2.25  10-3 126 1.05  10-1 

1.78  10-5 4.49  10-3 253 1.79  10-1 

1.78  10-5 6.74  10-3 379 2.60  10-1 

1.78  10-5 8.42  10-3 474 3.22  10-1 

1.78  10-5 2.81  10-2 1581 9.83  10-1 

k2 = 3.34  101 L mol-1 s-1 

 

Table 5.24. Kinetics of the reaction of 1d with 3j in CH3CN (stopped-flow, 20 °C, at 605 nm) 

[3j] / 
mol L-1 

[1d] / 
mol L-1 

[1d] / 
[3j] 

kobs / 
s-1 

 

1.72  10-5 1.69  10-3 98 2.29  10-3 

1.89  10-5 2.23  10-3 118 3.00  10-3 

1.89  10-5 2.79  10-3 148 3.78  10-3 

1.88  10-5 3.34  10-3 177 4.56  10-3 

1.71  10-5 3.71  10-3 217 5.01  10-3 

k2 = 1.36 L mol-1 s-1 
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Determination of the Reactivity Parameters N and sN for the silyl enol ether 1d in CH3CN 

Table 5.25. Rate constants for the reaction of 1d with different electrophiles (20 °C) 

Electrophile E k2 / L mol-1 s-1 log k2 

 

3c -1.80 2.60  104 4.41 

3d -2.19 1.39  104 4.14 

3e -3.02 4.94  103 3.69 

3g -3.85 8.94  102 2.95 

3i -5.53 3.34  101 1.52 

3j -7.02 1.36 0.13 

N = 7.34, sN = 0.82 

 

5.5.4.5 Reactions of the Silyl Enol Ether 1e 

Table 5.26. Kinetics of the reaction of 1e with 3c in CH3CN (stopped-flow, 20 °C, at 413 nm) 

[3c] / 
mol L-1 

[1e] / 
mol L-1 

[1e] / 
[3c] 

kobs / 
s-1 

 

2.34  10-4 2.07  10-3 9 1.55 

2.34  10-4 4.13  10-3 18 3.15 

2.34  10-4 6.20  10-3 26 4.80 

2.34  10-4 8.27  10-3 35 6.65 

2.34  10-4 1.03  10-2 44 8.67 

2.34  10-4 2.07  10-2 88 1.71  101 

k2 = 8.41  102 L mol-1 s-1 

 

Table 5.27. Kinetics of the reaction of 1e with 3d in CH3CN (stopped-flow, 20 °C, at 434 nm) 

[3d] / 
mol L-1 

[1e] / 
mol L-1 

[1e] / 
[3d] 

kobs / 
s-1 

 

7.69  10-5 2.96  10-3 39 1.11 

7.69  10-5 4.44  10-3 58 1.66 

7.69  10-5 5.91  10-3 77 2.17 

7.69  10-5 7.39  10-3 96 2.72 

7.69  10-5 2.46  10-2 320 8.76 

k2 = 3.53  102 L mol-1 s-1 
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Table 5.28. Kinetics of the reaction of 1e with 3e in CH3CN (stopped-flow, 20 °C, at 471 nm) 

[3e] / 
mol L-1 

[1e] / 
mol L-1 

[1e] / 
[3e] 

kobs / 
s-1 

 

1.10  10-4 2.07  10-3 19 1.91  10-1 

1.10  10-4 4.13  10-3 37 3.19  10-1 

1.10  10-4 6.20  10-3 56 4.96  10-1 

1.10  10-4 8.27  10-3 75 7.21  10-1 

1.10  10-4 1.03  10-2 93 9.47  10-1 

k2 = 9.29  101 L mol-1 s-1 

 

Table 5.29. Kinetics of the reaction of 1e with 3i in CH3CN (stopped-flow, 20 °C, at 612 nm) 

[3i] / 
mol L-1 

[1e] / 
mol L-1 

[1e] / 
[3i] 

kobs / 
s-1 

 

2.84  10-5 1.46  10-3 51 5.26  10-4 

2.83  10-5 2.04  10-3 72 7.26  10-4 

2.83  10-5 2.47  10-3 87 8.94  10-4 

2.82  10-5 2.90  10-3 103 1.02  10-3 

k2 = 3.48  10-1 L mol-1 s-1 

 

Determination of the Reactivity Parameters N and sN for the silyl enol ether 1e in CH3CN 

Table 5.30. Rate constants for the reaction of 1e with different electrophiles (20 °C) 

Electrophile E k2 / L mol-1 s-1 log k2 

 

3c -1.80 8.41  102 2.92 

3d -2.19 3.53  102 2.55 

3e -3.02 9.29  101 1.97 

3i -5.53 3.48  10-1 -0.46 

N = 5.04, sN = 0.91 
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5.5.4.5 Reactions of the Enamine 2a 

Table 5.31. Kinetics of the reaction of 2a with 3l in CH3CN (stopped-flow, 20 °C, at 635 nm) 

[3l] / 
mol L-1 

[2a] / 
mol L-1 

[2a] / 
[3l] 

kobs / 
s-1 

 

7.48  10-6 3.05  10-4 41 6.63  101 

7.48  10-6 4.57  10-4 61 1.07  102 

7.48  10-6 5.48  10-4 73 1.29  102 

7.48  10-6 6.70  10-4 90 1.58  102 

7.48  10-6 7.62  10-4 102 1.83  102 

k2 = 2.52  105 L mol-1 s-1 

 

Table 5.32. Kinetics of the reaction of 2a with 3m in CH3CN (stopped-flow, 20 °C, at 632 nm) 

[3m] / 
mol L-1 

[2a] / 
mol L-1 

[2a] / 
[3m] 

kobs / 
s-1 

 

7.59  10-6 2.33  10-4 31 1.75  101 

7.59  10-6 4.67  10-4 62 3.51  101 

7.59  10-6 7.00  10-4 92 5.40  101 

7.59  10-6 9.33  10-4 123 7.14  101 

7.59  10-6 1.17  10-3 154 8.98  101 

k2 = 7.73  104 L mol-1 s-1 

 

Table 5.33. Kinetics of the reaction of 2a with 3p in CH3CN (stopped-flow, 20 °C, at 384 nm) 

[3p] / 
mol L-1 

[2a] / 
mol L-1 

[2a] / 
[3p] 

kobs / 
s-1 

 

2.47  10-5 2.33  10-4 9 3.93  10-1 

2.47  10-5 4.67  10-4 19 8.07  10-1 

2.47  10-5 7.00  10-4 28 1.18 

2.47  10-5 9.33  10-4 38 1.54 

2.47  10-5 1.17  10-3 47 1.86 

k2 = 1.57  103 L mol-1 s-1 
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Table 5.34. Kinetics of the reaction of 2a with 3q in CH3CN (stopped-flow, 20 °C, at 414 nm) 

[3q] / 
mol L-1 

[2a] / 
mol L-1 

[2a] / 
[3q] 

kobs / 
s-1 

 

2.88  10-5 2.33  10-4 8 1.64  10-1 

2.88  10-5 4.67  10-4 16 3.33  10-1 

2.88  10-5 7.00  10-4 24 4.91  10-1 

2.88  10-5 9.33  10-4 32 6.59  10-1 

2.88  10-5 1.17  10-3 40 8.20  10-1 

k2 = 7.00  102 L mol-1 s-1 

 

Determination of the Reactivity Parameters N and sN for the enamine 2a in CH3CN 

Table 5.35. Rate constants for the reaction of 2a with different electrophiles (20 °C) 

Electrophile E k2 / L mol-1 s-1 log k2 

 

3m -9.45 2.23  105 4.64 

3o -10.04 7.73  104 4.24 

3p -11.87 1.57  103 3.95 

3q -12.18 7.00  102 3.48 

N = 15.27, sN = 0.92 

 

5.5.4.6 Reactions of the Enamine 2b 

Table 5.36. Kinetics of the reaction of 2b with 3j in CH3CN (stopped-flow, 20 °C, at 605 nm) 

[3j] / 
mol L-1 

[2b] / 
mol L-1 

[2b] / 
[3j] 

kobs / 
s-1 

 

8.79  10-6 4.87  10-4 55 2.15  101 

8.72  10-6 7.31  10-4 84 3.31  101 

8.51  10-6 9.74  10-4 114 4.42  101 

8.51  10-6 1.22  10-3 143 5.38  101 

8.37  10-6 1.46  10-3 175 6.40  101 

k2 = 4.34  104 L mol-1 s-1 
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Table 5.37. Kinetics of the reaction of 2b with 3k in CH3CN (stopped-flow, 20 °C, at 612 nm) 

[3k] / 
mol L-1 

[2b] / 
mol L-1 

[2b] / 
[3k] 

kobs / 
s-1 

 

1.03  10-5 2.95  10-4 29 4.19 

1.03  10-5 5.91  10-4 57 9.43 

1.01  10-5 1.18  10-3 116 1.97  101 

1.01  10-5 1.77  10-3 175 2.97  101 

9.85  10-6 2.36  10-3 240 4.04  101 

k2 = 1.74  104 L mol-1 s-1 

 

Table 5.38. Kinetics of the reaction of 2b with 3l in CH3CN (stopped-flow, 20 °C, at 620 nm) 

[3l] / 
mol L-1 

[2b] / 
mol L-1 

[2b] / 
[3l] 

kobs / 
s-1 

 

9.80  10-6 2.95  10-4 30 1.95 

9.90  10-6 5.91  10-4 60 4.13 

9.80  10-6 1.18  10-3 121 9.40 

9.70  10-6 1.77  10-3 183 1.48  101 

9.60  10-6 2.36  10-3 246 2.01  101 

k2 = 8.87  103 L mol-1 s-1 

 

Table 5.39. Kinetics of the reaction of 2b with 3m in CH3CN (stopped-flow, 20 °C, at 616 nm) 

[3m] / 
mol L-1 

[2b] / 
mol L-1 

[2b] / 
[3m] 

kobs / 
s-1 

 

9.31  10-6 2.95  10-4 32 6.86  10-1 

9.31  10-6 5.91  10-4 63 1.45 

9.31  10-6 1.18  10-3 127 3.17 

9.31  10-6 1.77  10-3 190 5.07 

9.31  10-6 2.36  10-3 253 6.89 

k2 = 3.03  103 L mol-1 s-1 
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Table 5.40. Kinetics of the reaction of 2b with 3n in CH3CN (stopped-flow, 20 °C, at 635 nm) 

[3n] / 
mol L-1 

[2b] / 
mol L-1 

[2b] / 
[3n] 

kobs / 
s-1 

 

7.77  10-6 2.95  10-4 38 2.11  10-1 

7.77  10-6 5.91  10-4 76 5.40  10-1 

7.77  10-6 1.18  10-3 152 1.20 

7.77  10-6 1.77  10-3 228 1.89 

7.77  10-6 2.36  10-3 304 2.57 

k2 = 1.14  103 L mol-1 s-1 

 

Determination of the Reactivity Parameters N and sN for the enamine 2b in CH3CN 

Table 5.41. Rate constants for the reaction of 2b with different electrophiles (20 °C) 

Electrophile E 
k2 / L mol-1 

s-1 
log k2 

 

3j -7.02 4.34  104 4.64 

3k -7.69 1.74  104 4.24 

3l -8.22 8.87  103 3.95 

3m -8.76 3.03  103 3.48 

3n -9.45 1.14  103 3.06 

N = 14.11, sN = 0.66 

 

5.5.4.7 Kinetic investigation for silyl enol ethers 15a-c 

Table 5.42. Kinetics of the reaction of 15a with 3c in CH2Cl2 (stopped-flow, 20 °C, at 413 nm) 

[3c] / 
mol L-1 

[15a] / 
mol L-1 

[15a] / 
[3c] 

kobs / 
s-1 

 

4.38  10-5 9.20  10-4 21 6.30  10-2 

4.38  10-5 2.76  10-3 63 1.20  10-1 

4.38  10-5 6.44  10-3 147 2.32  10-1 

4.38  10-5 9.20  10-3 210 2.75  10-1 

k2 = 2.62  101 L mol-1 s-1 
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Table 5.43. Kinetics of the reaction of 15a with 3d in CH2Cl2 (stopped-flow, 20 °C, at 431 nm) 

[3d] / 
mol L-1 

[15a] / 
mol L-1 

[15a] / 
[3d] 

kobs / 
s-1 

 

3.36  10-5 9.19  10-4 27 6.78  10-3 

3.36  10-5 2.76  10-3 82 1.98  10-3 

3.36  10-5 4.60  10-3 137 5.33  10-2 

3.36  10-5 6.43  10-3 191 7.04  10-2 

3.36  10-5 9.19  10-3 273 9.82  10-2 

k2 = 1.15  101 L mol-1 s-1 

 

Table 5.44. Kinetics of the reaction of 15a with 3f in CH2Cl2 (diode array spectrophotometer, 20 °C, at 
601 nm) 

[3f] / 
mol L-1 

[15a] / 
mol L-1 

[15a] / 
[3f] 

kobs / 
s-1 

 

2.67  10-5 5.83  10-4 22 7.12  10-3 

2.67  10-5 1.16  10-3 44 1.04  10-2 

2.67  10-5 1.74  10-3 65 1.30  10-2 

2.67  10-5 2.31  10-3 87 1.47  10-2 

2.67  10-5 2.88  10-3 109 1.72  10-2 

k2 = 4.26 L mol-1 s-1 

 

Table 5.45. Kinetics of the reaction of 15a with 3f in CH3CN (stopped-flow, 20 °C, at 601 nm) 

[3f] / 
mol L-1 

[15a] / 
mol L-1 

[15a] / 
[3f] 

kobs / 
s-1 

 

5.88  10-5 9.89  10-4 17 2.43  10-1 

5.88  10-5 1.98  10-3 34 3.00  10-1 

5.88  10-5 3.96  10-3 67 4.62  10-1 

5.88  10-5 4.94  10-3 84 5.16  10-1 

k2 = 7.17  101 L mol-1 s-1 
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Table 5.46. Kinetics of the reaction of 15a with 3g in CH2Cl2 (stopped-flow, 20 °C, at 586 nm) 

[3g] / 
mol L-1 

[15a] / 
mol L-1 

[15a] / 
[3g] 

kobs / 
s-1 

 

4.84  10-5 9.29  10-4 19 3.84  10-1 

4.84  10-5 1.86  10-3 38 4.77  10-1 

4.84  10-5 2.79  10-3 58 5.27  10-1 

4.84  10-5 3.71  10-3 77 5.53  10-1 

4.84  10-5 4.64  10-3 96 5.78  10-1 

4.84  10-5 5.57  10-3 115 5.99  10-1 

4.84  10-5 9.29  10-3 192 6.36  10-1 

 

Table 5.48. Kinetics of the reaction of 15c with 3d in CH2Cl2 (stopped-flow, 20 °C, at 431 nm) 

[3d] / 
mol L-1 

[15c] / 
mol L-1 

[15c] / 
[3d] 

kobs / 
s-1 

 

6.38  10-5 8.37  10-4 13 2.92  10-1 

6.38  10-5 1.67  10-3 26 2.88  10-1 

6.38  10-5 2.51  10-3 39 3.00  10-1 

6.38  10-5 2.93  10-3 46 2.77  10-1 

6.38  10-5 3.35  10-3 52 2.79  10-1 

6.38  10-5 3.77  10-3 59 2.52  10-1 

6.38  10-5 4.18  10-3 66 2.27  10-1 

 

Table 5.47. Kinetics of the reaction of 15d with 3d in CH2Cl2 (stopped-flow, 20 °C, at 431 nm) 

[3d] / 
mol L-1 

[15d] / 
mol L-1 

[15d] / 
[3d] 

kobs / 
s-1 

 

3.18  10-5 5.02  10-4 16 1.98  10-1 

3.18  10-5 1.00  10-3 32 1.48  10-1 

3.18  10-5 2.01  10-3 63 1.78  10-1 

3.18  10-5 2.51  10-3 79 1.73  10-1 

3.18  10-5 3.01  10-3 95 1.77  10-1 

3.18  10-5 4.02  10-3 126 1.70  10-1 

3.18  10-5 5.02  10-3 158 1.78  10-1 
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5.6 Appendix 

Selected examples of kinetic measurements for enol ethers 15 

 

Figure 5.10. Plot of absorbance A (at 535 nm) versus time of the reaction of 15a (7.53  10-4 mol L-1) 

with 3b-GaCl4 (2.26  10-5 mol L-1), generated from (fur)2CHCl (2.26  10-5 mol L-1) and GaCl3 (3.11  
10-4 mol L-1), in CH2Cl2 at 20 °C (stopped-flow). (fur) = 2,3-Dihydrobenzofuran-5-yl. 

 

Figure 5.11. Plot of absorbance A (at 594 nm) versus time of the reaction of 15a (1.16  10-3 mol L-1) 

with 3e (3.36  10-5 mol L-1) in CH2Cl2 at 20 °C (diode array spectrophotometer). 

 

Figure 5.12. Plot of absorbance A (at 673 nm) versus time of the reaction of 15a (1.16  10-3 mol L-1) 

with 3h (2.67  10-5 mol L-1) in CH2Cl2 at 20 °C (diode array spectrophotometer). 
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Figure 5.13. Plot of absorbance A (at 594 nm) versus time of the reaction of 15b (3.13  10-4 mol L-1) 

with 3i (9.93  10-6 mol L-1) in CH2Cl2 at 20 °C (diode array spectrophotometer). 

 

Figure 5.14. Plot of absorbance A (at 413 nm) versus time of the reaction of 15b (3.33  10-3 mol L-1) 

with 3c (7.68  10-6 mol L-1) in CH2Cl2 at 20 °C (diode array spectrophotometer). 
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