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Summary I 

Summary 

 

1. Stabilities of Trityl Protected Substrates: 

The Wide Mechanistic Spectrum of Trityl Ester Hydrolyses 

 

Ionization rates of para-substituted triphenylmethyl (trityl) acetates, benzoates, and p-

nitrobenzoates have been determined in aqueous acetonitrile and aqueous acetone at 25 °C. 

Conventional and stopped-flow techniques have been used to evaluate rate constants spanning 

a range of 7 orders of magnitude by conductimetry and photospectrometry.  

The varying stabilities of the differently substituted tritylium ions account for a gradual 

change of reaction mechanism. Poorly stabilized carbocations are generated slowly by ioni-

zation of their covalent precursors and trapped fast by water. Better stabilized carbocations 

are generated more rapidly and accumulate, so that ionization and trapping by water can be 

observed as separated steps in a single experiment. Finally, highly stabilized tritylium ions do 

not react with water, and only the rates of their formation could be measured.  
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Scheme S1. 

 
Ionization rate constants correlate linearly with 

Winstein’s ionizing powers Y; the low slopes (0.17 

< m < 0.58) indicate non-carbocation like transition 

states. While the correlation between ionization 

rates and Hammett-Brown's σ+ parameters is excel-

lent for symmetrically substituted tritylium deriva-

tives, deviations for unsymmetrically substituted 

systems are observed. The failing rate-equilibrium 

relationship between the rates of ionizations (log kion) and the stabilities of the carbocations in 

aqueous solution (pKR+) may be explained by the late development of resonance between a 
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para-amino group and the carbocationic center of the tritylium ion during the ionization pro-

cess (Figure S1). 

 

 

 

 

 

 

Figure S1. Plot of log kion for 
trityl acetates in 90/10 (v/v) 
acetonitrile/water (25 °C) vs. 
pKR+. 

 
 
2. Electrophilicity versus Electrofugality of Tritylium Ions in Aqueous Acetonitrile 

 

First-order rate constants kw (Scheme S1) for the reactions of a series of donor-substituted 

triphenylmethylium (tritylium) ions with water in aqueous acetonitrile have been determined 

photometrically at 20 °C using stopped-flow and laser-flash techniques. The rate constants 

follow the linear free energy relationship log kw = sN(N + E). Only the kw values of the methyl 

and methoxy substituted tritylium ions correlate linearly with the corresponding  pKR+ values, 

the Leffler-Hammond coefficient α = δ∆G
‡/δ∆G

0 being 0.62. The amino substituted com-

pounds react more slowly than expected from the correlation of the less stabilized systems.  

Quantum chemical calculations of tritylium ions and the corresponding triarylmethanols 

and 1,1,1-triarylethanes have been performed on the MP2(FC)/6-31+G(2d,p)//B3LYP/6-

31G(d,p) level of theory. The calculated gas phase hydroxide and methyl anion affinities of 

the tritylium ions correlate linearly with a slope of unity, indicating that the relative anion 

affinities do not depend on the nature of the anion. The pKR+ values of the methyl and 

methoxy substituted tritylium ions correlate linearly with the calculated gas phase hydroxide 

affinities, and the slope of this correlation shows that the differences in carbocation stabilities 

in the gas phase are attenuated to 66 % in aqueous solution. Mono- and bis(dimethylamino) 

substituted derivatives deviate from this correlation; their pKR+ values are higher than expec-

ted from their calculated gas phase hydroxide affinities. This is explained by the extraordinary 

solvation of unsymmetrically amino substituted tritylium ions. As a consequence, no general 
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linear correlation between electrofugalities (log kion) and electrophilicities (log kw) does exist 

for the complete set of tritylium ions (Figure S2). 

 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. Plot of ionization rates log 
kion for trityl acetates vs. rates of 
attack of water at tritylium ions log 
kw, 90/10 (v/v) acetonitrile/water. 
 

 
Complete free energy profiles for the solvolyses of substituted trityl benzoates have been 

constructed (Figure S3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Free energy 
profiles for the hydrolyses of 
substituted trityl benzoates in 
90/10 (v/v) acetonitrile/water, 
25 °C. 
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3. Electrophilicities of Acceptor-Substituted Tritylium Ions 

 

Rates of hydride transfers (k) from triphenylsilane to a series of substituted tritylium ions 

have been determined spectrophotometrically in dichloromethane solution at 20 °C (Scheme 

S2). The obtained kinetic data have been used to evaluate electrophilicity parameters E for 

acceptor-substituted tritylium ions according to the linear free energy relationship log k = 

sN(N + E), thus extending the previously established electrophilicity scale of differently 

substituted tritylium ions towards more reactive systems.  

The rates of attack of water (kw) at meta-fluoro substituted tritylium ions have been deter-

mined in aqueous acetonitrile solution using laser-flash techniques. Hydroxide and methyl 

anion affinities of fluoro-substituted tritylium ions have been calculated on the MP2(FC)/6-

31+G(2d,p)//B3LYP/6-31G(d,p) level of theory. Rate-equilibrium relationships are discussed. 
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Figure S4. Plot of log k for the reactions of triarylmethyl cations with HSiPh3 (CH2Cl2, 20 °C) 
vs. log kw for the reactions with water (50 % aqueous acetonitrile, 20 °C), and empirical 
electrophilicity parameters E of fluoro-substituted tritylium ions. 
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4. Electrofugalities of Acceptor-Substituted Tritylium Ions 

 

Ionization rate constants (kion) of differently substituted trityl halides and carboxylates have 

been determined by means of conductimetry in aqueous acetonitrile and acetone at 25 °C 

(Scheme S3). Common ion return was suppressed by the addition of piperidine which traps 

the generated tritylium ions. The obtained rate constants have been subjected to Winstein-

Grunwald and Hammett analyses. The solvolysis rate constants of trityl chlorides and bro-

mides have been employed to derive electrofugality parameters Ef of tritylium ions according 

to the linear free energy relationship log kion = sf(Ef + Nf). 

 

 

 

 

 

 

 

 

Scheme S3. 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
Figure S5. Left: plot of (log kion)/sf vs. Nf for the ionizations of substituted trityl chlorides and 
bromides in aqueous acetonitrile (AN/W) and aqueous acetone (A/W), 25 °C, solvents are 
given in vol%; right: empirical electrofugality parameters Ef of substituted tritylium ions. 
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A simple scheme to estimate ionization rates of trityl derivatives is presented (Figure S6). 
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Figure S6. From high reactivity to inertness. A semiquantitative model for estimating half-
lives of trityl derivatives in different solvents (given in vol%), AN = acetonitrile, A = acetone, 
W = water, EtOH = ethanol. 
 

 

5. Towards a General Hydride Donor Ability Scale 

 

Rate constants of hydride transfers from several hydride donors to benzhydrylium ions 

have been determined at 20 °C (Scheme S4). Empirical nucleophilicity parameters have been 

evaluated according to the linear free energy relationship log k = sN(N + E). The experimental 

rate constants of the reactions of these hydride donors with tritylium ions agreed well with 

those calculated by this correlation (deviation factors of up to 39). The huge amount of 

published rate constants of hydride transfers to the triphenylcarbenium ion could, therefore, 

be used to incorporate a multitude of different hydride donors in our comprehensive nucleo-

philicity scale (Table S1). 
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–5.5 

HSiMe2(m-ClBn) 1.3 HW(CO)3Cp* 3.5 SiMe2

 
–3.0 

HMeSi
 

2.3 HW(CO)3(indenyl) 3.5 SiMe2

 
–3.1 

HMeSi

 
2.2 HRe(CO)5 3.5 Et4Ge –4.7 

HSi(OEt)3 –1.8 cis-HRe(PPh3)(CO)4 4.5 Me3Ge(CH2)3SiMe3 –4.8 
HSiMe2(OTMS) 2.5 HW(NO)2Cp 4.8 Me3Ge(CH2)3GeMe3 –3.4 

HSiMe2(OPr) 2.4 
trans- 
HMo(CO)2(PCy3)Cp 

6.5 Et4Sn –1.9 

HGeEt3 4.0 
trans- 
HMo(CO)2(PPh3)Cp 

6.6 Pr4Sn  –0.5 

  
trans- 
HMo(CO)2(PMe3)Cp 

7.8 iBu4Sn –0.1 

  HMo(CO)3Cp* 4.5 secBu4Sn –1.1 
    Me3Sn(CH2)3SiMe3 –3.4 

 Me3Sn(CH2)3GeMe3 –2.4 
 Me3Sn(CH2)3SnMe3 –1.7 
 Me3SnCH2Bn –1.6 
 Me3Sn(CH2)3CMe3 –3.9 
 Et4Pb 0.1 
 Me3Pb(CH2)3SiMe3 –1.2 Table S1. Nucleophilicity parameters N for several 

hydride donors derived from literature rate constants.  Me3Pb(CH2)3GeMe3 –1.0 
    Et2Hg –0.7 
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6. Reduction Potentials of Substituted Tritylium Ions 

 

One-electron reduction potentials E1/2
red of a series of substituted tritylium ions have been 

determined in acetonitrile solution at 25 °C (Scheme S5). The silver/silver oxide (Ag/Ag2O) 

electrode served as reference. Because ultramicroelectrodes were employed, no conductive 

salt was used. 

 
R1

R3

R2

R1

R3

R2

E1/2
red

e–

  Scheme S5. 

 
The obtained data were converted to the standard calomel electrode (SCE) as reference, 

thus enabling the direct comparison with substituted benzhydrylium ions. Two different 

correlation lines are found, when the electrophilicity parameters E of tritylium and benzhy-

drylium ions are plotted against E1/2
red (Figure S7). 

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure S7. Plot of electro-
philicity parameters E of 
tritylium and benzhydrylium 
ions vs. E1/2

red. 
 

 
Hydride transfers from silanes to tritylium ions are shown to proceed via the polar, rather 

than the also conceivable stepwise mechanism, which consists of initial single electron 

transfer (SET) and subsequent hydron shift. Reaction free energies ∆G
0

SET for hypothetical 

single electron transfers, i.e., the first steps of the stepwise mechanism, have been calculated 

–15

–10

–5

0

5

E

–800 –400 0 400

E1/2
red

o benzhydrylium ions

tritylium ions



Summary IX 

from reduction potentials of tritylium ions and oxidation potentials of silanes. They are 

compared with the free energies of activation ∆G
‡

obs, which have been obtained from experi-

mentally determined rates of hydride transfers (Figure S8). 
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Figure S8. Reactions of substituted tritylium ions with dimethylphenylsilane. Plots of ∆G

0
SET 

(calculated with redox potentials) and ∆G
‡

obs (from experimentally determined rate constants) 
against the reduction potentials of substituted tritylium ions. 
 

 

7. Miscellaneous Experiments 

 

The N-heterocyclic carbene boranes 1 and 2 have been used as hydride donors to reduce 

substituted benzhydrylium ions to the corresponding diarylmethanes. When the rate constants 

log k were plotted against the empirical electrophilicity parameters E of the benzhydrylium 

systems, linear correlations were obtained, from which the nucleophilicity parameters N and 

sN for the boranes have been derived (Figure S9). 

 

When 1,4-dihydropyridines, such as the Hantzsch esters A and B, were combined with 

tritylium ions in dichloromethane, the triarylmethanes and pyridium ions were formed exclu-

sively, but for unknown reasons the reactions did not follow second-order kinetics. 
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Figure S9. Plots of log k of hydride transfers from carbene boranes to benzhydrylium ions 
against the corresponding electrophilicity parameters E (CH2Cl2, 20 °C); dma = 4-(dimethyl-
amino)phenyl; thq = 1,2,3,4-tetrahydroquinoline-6-yl; jul = julolidine-4-yl. 
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The rate constants k of the reactions between substituted tritylium ions and imidazole in 

acetonitrile at 20 °C deviate only marginally from the predictions made by the free energy 

relationship log k = sN(N + E) (Table S2). 

 

Table S2. Comparison of calculated and experimental rate constants for the reactions of 
substituted tritylium ions and imidazole (CH3CN, 20 °C). 
 

electrophile kexp [L mol–1 s–1] kcalc [L mol–1 s–1] kcalc/kexp 
(MeO)2Tr+ 1.64 × 105 4.57 × 106 28 
(MeO)3Tr+ 2.58 × 104 4.22 × 105 16 

(Me2N)Tr+ 5.19 × 101 6.26 × 102 12 
 
 
In contrast, the reactions of tritylium ions with 2-methylimidazole did not follow a second-

order rate law. 
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Appendix: A. Carbocationic n-endo-trig Cyclizations 

 

Unsaturated benzyl cations (4-MeOC6H4)CH+-(CH2)n-CH=CH2 (1c-e) have been generated 

laser-flash photolytically in acetonitrile in the presence of enol ethers or 2-methylfuran.  

 

MeO

1a

MeO

1b

MeO

n = 2 3 4
1c 1d 1e

( )n

 

 
The reactions of 1c,e with these π-nucleophiles follow second-order rate laws with rate 

constants comparable to those of the analogous saturated species 1b. Product studies show the 

absence of cyclization products.  

In contrast, carbocation 1d undergoes a highly reversible 6-endo-trig cyclization which is 

approximately 107 times faster than the corresponding intermolecular reaction of 1b with 1-

hexene. This cyclization yields a highly electrophilic, partially bridged carbocation, which 

accounts for the finding that 1d is consumed 10 times faster in the solvent trifluoroethanol 

than all other carbocations in this series.  

Quantum chemical calculations (B3LYP/6-311G(d,p) and MP2/6-31+G(2d,p)) have been 

performed to elucidate the structures of the involved carbocations. Consequences of these 

findings on the role of π-participation in solvolysis reactions are discussed. 

 

H
H

H=

 

 

Appendix: B. Organocatalytic Activity of Cinchona Alkaloids:  

Which Nitrogen is more Nucleophilic? 

 

The cinchona alkaloids 1 react selectively at the quinuclidine ring with benzyl bromide and 

at the quinoline ring with benzhydrylium ions. The kinetics of these reactions have been de-

termined photometrically or conductimetrically and are compared with analogous reactions of 

quinuclidine and quinoline derivatives.  
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Quantum chemical calculations show that the products obtained by attack at the quinucli-

dine ring of quinine are thermodynamically more stable when small alkylating agents (pri-

mary alkyl) are used, while the products arising from attack at the quinoline ring are more 

stable for bulkier electrophiles (Ar2CH, Figure S10). 

 

N

N

OMe

OH
R and

A B

R

N

N

OMe

OHRN

N

OMe

OH

+
∆H298 (g)

∆G298

 

 

Figure S10. Benzhydryl, benzyl and methyl cation affinities of the different nitrogen atoms of 
quinine [MP2(FC)/6-31+G(2d,p)//B3LYP/6-31G(d)]. 
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Introduction 

 

1. Reactivity Scales 

 

For any chemical reaction, the questions of the reaction path ("What will happen?") and the 

thermodynamics ("To what extent will the reaction occur?") are joined by a third important 

aspect: the kinetics ("How fast does the reaction proceed?"). 

In 1929 Ingold introduced the terms "electrophile" and "nucleophile" for reactive organic 

species, characterized by a lack or a surplus of electrons, respectively.[1] In the 1930s he 

established the fundamental concept of an electronic theory concerning organic reaction 

mechanisms.[2] 

Since then it has been a major objective of organic chemists to numerically quantify reacti-

vities. One of the first systematic attempts to achieve this goal was undertaken by Swain and 

Scott in 1953.[3] In their equation (1), designed for SN2 processes, n represents a nucleophile-

specific parameter, s an electrophile-specific sensitivity parameter, k is the bimolecular rate 

constant, and kw is the rate constant for the reaction of the electrophile with water. As a 

reference system, they chose methyl bromide (s = 1.00) in water (n = 0.00). 

 

sn
k

k
⋅=

w

log      (1) 

 
The terms "electrofuge" and "nucleofuge" are closely related to the ones mentioned above: 

While a bond is formed between an electrophile and a nucleophile during a combination 

reaction, the bond between an electrofuge and a nucleofuge is broken during a heterolysis 

reaction (Scheme 1). 

 

EE Nu+

electrophile nucleophile

combination

heterolysis

electrofuge nucleofuge

Nu

             Scheme 1. 

 

Heterolysis reactions have been treated by the Winstein-Grunwald relationship (equation 

2),[4] which aims at quantifying the ability of a solvent to ionize a specific substrate. Solvent 
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ionizing powers Y have been assigned to pure and mixed solvents, and were initially based on 

the reference system tert-butyl chloride (m = 1.0) in 80/20 (v/v) ethanol/water (Y = 0.0). 

 

mY
k

k
⋅=

0

log      (2) 

 
In the so-called constant selectivity relationship (equation 3), Ritchie characterized nucleo-

philes by N+.[5] He had noticed that the ratios of rate constants kNu1/kNu2 for two nucleophiles 

reacting with several triarylmethyl cations, aryldiazonium ions, and aryltropylium cations 

were constant, i.e., independent of the reactivities of the electrophiles. 

 

+= N
k

k

0

log      (3) 

 
Later, when the compounds under consideration were extended to other classes, deviations 

from the two-parameter relationship (3) were found.[6] 

In equation (4) – developed by Mayr in 1994 – three parameters were used to deal with 

electrophile-nucleophile combinations.[7] The former are characterized by E, while the latter 

are described by N and sN. 

 
log k2 = sN(E + N)     (4) 

 
The analogous equation (5), which was designed for heterolysis reactions, was suggested a 

few years later.[8] Nucleofuges are characterized by Nf and sf, and an Ef parameter is assigned 

to electrofuges. 

 
log kion = sf(Ef + Nf )    (5) 

 
For both equations, (4) and (5), a series of substituted benzhydrylium cations (Scheme 2) is 

used as reference electrophiles and electrofuges, respectively. This class of carbocations pro-

vides the advantage to gradually adjust the electron density at the reactive site by suitable 

substitution patterns in the para- and meta-positions of the rings. Hereby, a large range of 

reactivity can be covered without changing the steric conditions at the central carbon. 

Quinone methides have been introduced as particularly unreactive electrophiles. Although 

they are neutral, the resonance structure in Scheme 2 demonstrates their similarity to benzhy-

drylium ions. Because the remote substituents do not interact with incoming nucleophiles or 

leaving nucleofuges, direct comparison of the nucleophilicities and nucleofugalities of species 
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widely differing in structure becomes possible by purely electronic means. The bis(4-meth-

oxyphenyl)methyl cation was defined as the origin of both reactivity scales (E = Ef = 0.00). 

The efforts which have been made in order to develop the equations (1) to (5) demonstrate 

the desire of chemists for reactivity scales. The latter do not only provide an improved feeling 

and intuition for the reactivities of chemical species in general, but also allow the practical 

design of new synthetic strategies. 

 

O

O

benzhydrylium quinone methide tritylium    Scheme 2. 

 

2. Triarylmethyl Compounds 

 

Historically, the triphenylmethyl (trityl, Scheme 2) radical was the first organic radical 

recognized (1900). In his attempt to prepare hexaphenylethane by combining triphenylchloro-

methane and zinc, Gomberg generated a very reactive material, which he considered as the 

triphenylmethyl radical.[9] Although it was found later, that this radical exists in equilibrium 

with its dimer, the constitution of this dimer remained an open question. The subsequent 

dispute about its nature, in which some of the most renowned chemists at that time were 

engaged, and which did not find an end until 1968, when the first NMR experiments revealed 

the truth, accessed the literature as the "hexaphenylethane riddle" (Scheme 3).[10] 

 

Ph3C CPh3

CPh2

H

Ph3C

yellowcolorless colorless

? ?

verified by NMR in 1968 (fictitious)

2

 

 
Scheme 3. The hexaphenylethane riddle. 
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The aspect of color played an important role in this question, as the trityl radical is yellow, 

while its dimer is colorless. Because the electronic theory of molecules was not yet estab-

lished at the beginning of the 20th century, concepts of color were continuously modified, and 

the triphenylmethyl dimerization began to trigger experiments which aimed at the explanation 

of the colors of triphenylmethane dyes in general.[11] 

 

Dyes were one of the most important products of the chemical industry in the second half 

of the 19th century, and among the most important dyes were the triphenylmethane dyes.[12] 

They were characterized by a superior brilliancy, and the intense research in this field led to 

the synthesis of phenolphthalein and fluorescein (Scheme 4) by Adolf von Baeyer in 1871. 

Although compounds like crystal violet and malachite green, which were extensively used to 

dye textiles and fabrics, were soon replaced by other dyes of improved light-fastness, the 

triphenylmethane dyes did not lose their importance.  

Today, compounds like rhodamine B and fluorescein serve as markers in biochemical 

staining techniques, phenolphthalein is a standard pH-indicator in every chemical laboratory, 

while patent blue V is an often used blue food dye (E 131). Crystal violet has relevance in 

medical applications, and eosin Y (tetrabromofluorescein) gives red ink its color. 
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Scheme 4. Some triphenylmethane dyes. 
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Furthermore, tritylium ions find applications throughout the whole field of organic chemis-

try. They are employed as protecting groups,[13] hydride acceptors,[14] and initiators in cationic 

polymerizations.[15] All these examples demonstrate the abundance of trityl compounds, and 

underline their utility. 

 

3. Goal of this Thesis 

 

As tritylium ions were involved in the development of many basic concepts of organic 

chemistry, it was of interest whether this class of carbocations can be treated by equations (4) 

and (5), i.e., whether tritylium ions can be characterized by electrophilicity and electrofu-

gality parameters E and Ef. Compared with benzhydrylium ions and quinone methides, the 

additional aryl ring in tritylium ions accounts for pronounced steric hindrance in electrophilic 

additions. Nonetheless, a preliminary evaluation of electrophilicity parameters E of tritylium 

ions has previously been undertaken.[16] 

 

The goal of this work was to elucidate the applicability of equations (4) and (5) to tritylium 

ions as substance class, and to relate their electrophilic to their electrophobic properties in a 

classical structure-reactivity analysis. Therefore, electrophile-nucleophile combinations as 

well as heterolysis reactions of trityl derivatives have been investigated kinetically. Because 

electron-withdrawing as well as electron-donating ring-substituents have been studied, a wide 

range of reactivity could be covered. 

 

As parts of this thesis have already been published, individual introductions are given at 

the beginning of each chapter. 
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1. Stabilities of Trityl Protected Substrates: 

The Wide Mechanistic Spectrum of Trityl Ester Hydrolyses
‡
 

 

1.1. Introduction 

 

The triphenylmethyl (trityl) cation was the first carbocation ever recognized.[1] Since then, 

the trityl group has found numerous applications in organic chemistry. It has been used as a 

hydride acceptor[2] and as a catalyst in Lewis acid initiated reactions.[3] Stabilized tritylium 

ions, covalently bound to nucleosides and peptides, served as mass tags for improving the 

sensitivity in (MA)LDI-TOF mass spectrometry.[4] Most important in synthetic chemistry, 

however, is their use as protecting groups for OH and NH functionalities.[5-8] The unsubsti-

tuted parent residue has long been employed to protect alcohols, carboxylic acids, and 

amines.[5] Because the cleavage of trityl ethers often requires conditions which also lead to 

deprotection of other acid-labile groups, like glycosides, Khorana introduced the 4-methoxy- 

and the 4,4’-dimethoxytrityl derivatives which are more acid-labile.[6] 4-Methoxy substituted 

tritylium systems have been studied extensively by Maskill,[7] who determined rate constants 

of acidic detritylations of amines[7a] and trifluoroethanol.[7b] Destabilized trityl compounds, 

like the heptafluorotrityl system, were designed to serve as acid-stable protecting groups, e.g., 

for the γ-carboxy group of glutamic acid.[8] 

While the qualitative trend, that the cleavage of trityl esters is facilitated by electron-

donating substituents and impeded by acceptor groups is well-known, there are only few 

kinetic studies on the solvolyses of donor-substituted tritylium derivatives, probably because 

many of these reactions proceed very fast and require special experimental techniques, which 

were not generally available in the period when most kinetic investigations of solvolysis 

reactions were performed.  

Swain and co-workers determined solvolysis rates of trityl acetate in aqueous alcohols and 

acetone at 25 °C.[9] Bunton proved that the alkyl-oxygen bond (rather than the acyl-oxygen 

bond) is cleft in the rate-determining step during the hydrolysis of trityl acetate.[10] Hammond 

reported rates of solvolysis of trityl benzoate in ethanolic ethyl methyl ketone at 55 °C and 

found the exclusive formation of the ethyl trityl ether.[11] Smith has studied the decomposition 

of tri-p-tolylmethyl benzoate in ethanolic methylene chloride and detected strong common ion 

                                                 
‡ This part has been published in: M. Horn, H. Mayr, Chem. Eur. J. 2010, 16, 7469-7477. 
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rate depression.[12] In the course of their work on ion pairs, Swain[13] and Winstein[14] invest-

tigated the rate of equilibration of carbonyl-18O-labeled trityl benzoate in pure acetone. 

In view of the thousands of kinetic investigations of SN1 reactions yielding less stabilized 

carbenium ions, it is surprising that no systematic investigation concerning the heterolyses of 

donor-substituted trityl esters has yet been undertaken. Because such information is essential 

for selecting trityl derivatives with tailor-made stabilities, ionization rates of trityl carboxy-

lates, including dimethylamino and methoxy substituted derivatives which are of particular 

importance as protecting groups, were studied (Table 1.1). 

 

Table 1.1. The tritylium systems studied in this work with corresponding pKR+ values. 
 

R1, R2, R3 [a] Abbreviation pKR+ [b] 

H, H, H Tr+ –6.63 
Me, H, H MeTr+ –5.41  
Me, Me, H Me2Tr+ –4.71 

Me, Me, Me Me3Tr+ –3.56 

MeO, H, H (MeO)Tr+ –3.40 
MeO, MeO, H (MeO)2Tr+ –1.24 

MeO, MeO, MeO (MeO)3Tr+ 0.82 

Me2N, H, H (Me2N)Tr+ 3.88 [c] 
Me2N, MeO, H (Me2N)(MeO)Tr+ 4.86 [d] 

Me2N,  Me2N, H (Me2N)2Tr+ 6.94 [d] 
[a] For the location of the substituents see Scheme 1.1; [b] from ref. [15]; [c] from ref. [16]; 
[d] from ref. [17]. 
 

 

1.2. Kinetic Methods 

 

If acyl cleavage is excluded, the hydrolyses of trityl esters follow Scheme 1.1, which 

includes 4 scenarios (A to D) depending on the relative magnitude of kion and kw. As discussed 

later, common ion return k–ion does not occur in the concentration range of interest and will 

therefore be neglected in the following discussion. 

 

(A) kion << kw. In the classical SN1 reaction, carbocations are generated as short-lived 

intermediates, which are trapped immediately by the solvent. The progress of the reactions 

can conveniently be followed by conductimetry. 
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(B) kion ≈ kw. When the formation and consumption of the intermediates proceed with 

comparable rates, small concentrations of the tritylium ions are detectable, and the course of 

the reaction can be followed by conductimetry or photospectrometry. 

 

R1 R2

R3

+
O

O

R

kion
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HO

O

R
+

H2O

aq. CH3CN

k–ion

OH

R2

R1

R3

O

R2

R1

R3

O

R

 
 
Scheme 1.1. Hydrolysis of a trityl acetate (R = Me), benzoate (R = Ph), or p-nitrobenzoate (R 
= p- NO2C6H4). 
 
 

(C) kion >> kw. In the so-called SN2C+ mechanism, which was first proposed by Ingold and 

co-workers,[18] carbocations are formed in a fast ionization process and trapped in a slow sub-

sequent reaction. Because the intermediate carbocations are generated almost quantitatively 

before they are trapped by water, both steps of the reaction sequence can easily be followed 

by photospectrometry. 

 

(D) kion fast, kw not detectable. The solvolysis scheme is reduced to the ionization step, 

because the generated tritylium ions are so stable, that they do not react with water under the 

reaction conditions. Photospectrometry is a convenient method for monitoring the ionization. 

 

1.3. Results 

 

Only triphenylmethyl acetate, benzoate, and p-nitrobenzoate, i.e., the unsubstituted parent 

compounds have been isolated as pure substances. The esters of the donor-substituted tri-

tylium systems were generated in acetonitrile solution directly before the kinetic measure-
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ments by mixing the colored tritylium tetrafluoroborates with tetra-n-butylammonium acetate 

or benzoate. Usually one equivalent of the ammonium carboxylate was sufficient to 

decolorize the solution. As mentioned above, different kinetic methods have been employed 

depending on the relative magnitude of kion and kw. 

 

Scenario (A): kion << kw. Because CH3CO2H, PhCO2H, and p-nitrobenzoic acid, which 

were generated in the hydrolyses, are weak acids, tertiary amines – usually triethylamine –

were added to increase the sensitivity of the measurements by forming ionic ammonium 

carboxylates. Only relative conductivities κrel were needed for the evaluation of the kinetic 

experiments, and we have not calibrated the conductivity cell for determining absolute values 

of κ. In order to examine the relationship between reaction progress and conductivity of the 

solution, a stock solution of (MeO)Tr-OAc in acetonitrile has been added portionwise to 

50/50 (v/v) acetonitrile/water containing triethylamine (→ Et3NH+AcO–). The solvolysis was 

complete within a few seconds after each addition, and the resulting conductivities were 

plotted against the concentrations of the dissolved trityl ester. The linearity in the relevant 

concentration range of the kinetic runs (Figure 1.1) allowed for directly relating the con-

ductivity with the progress of the hydrolysis. 

 

 

 
 
 
 
 
 
 
 
Figure 1.1. Plot of relative conductivities 
κrel vs. the concentration of hydrolyzed 
(MeO)Tr-OAc; 50/50 (v/v) acetonitrile/wa-
ter, 25 °C, [Et3N] = 4.62 × 10–3 mol L–1. 

 

Figure 1.2 shows a typical exponential increase of conductivity due to the rate-determining 

ionization of a trityl ester. Analogous first-order kinetics were observed for the hydrolyses of 

all other trityl carboxylates, implying that common ion return did not take place.[19] First-

order rate constants kion were evaluated by least-squares fitting of the curves to the mono-

exponential function κt = κ0(1 – e–kt) + C. 
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Scenario (B): kion ≈ kw. The similarities of the rates of ionization and quenching of the 

carbocation during the hydrolyses of (MeO)3Tr-OAc and (MeO)3Tr-OBz gave rise to sub-

stantial transient concentrations of (MeO)3Tr+ which could be visualized by photospectro-

metry. No amine has been added in the experiments of Figure 1.3. 

 

  

 

 

 

 

 

Figure 1.2. Conductivity κrel vs. time t for 
the solvolysis of MeTr-OAc (c0 = 1.06 × 
10–3 mol L–1) in 60/40 (v/v) acetonitrile/ 
water at 25 °C, 5 equiv. of NEt3. 
 

Numerical treatment of the time-dependent concentrations of (MeO)3Tr+ with the help of 

the computer program GEPASI[20] delivered individual rate constants for both steps, kion and 

kw (Tables 1.2 and 1.3). 

 

 
 
 
 
 
 
 
 
 
 

Figure 1.3. Time-dependent 
absorption of (MeO)3Tr+ during the 
solvolyses of (MeO)3Tr-OAc (c0 = 
6.66 × 10–5 mol L–1) in aqueous 
acetonitrile at 25 °C; stopped-flow 
photospectrometry, λ = 484 nm.  

 

At the maxima of the curves, ionization and trapping proceeded with the same rate. While 

the ionization of (MeO)3Tr-OAc was accelerated by a factor of eight when going from 

90AN10W to 50AN50W, the trapping rate only increased by a factor of 1.4. This trend leads 

to a higher as well as earlier maximum absorbance in the case of 50AN50W, where the max-

imum of the carbocation concentration (25 % of initial substrate) was reached after 0.22 s. In 
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90AN10W the maximum of the carbocation concentration was reached after 0.63 s and 

corresponded to 7.2 % of the initial substrate. 

 

Table 1.2. Rate constants for the solvolyses of (MeO)3Tr-OAc in aqueous acetonitrile at 
25 °C; determined by conductimetry and photometric monitoring of the intermediate carbo-
cation. 
 

from conductivity 
in the presence 
of piperidine 

 
from Gepasi-Fit 
of (MeO)3Tr+ 
absorbance solvent [a]

 

kion / s
–1

  kion / s
–1

 kw / s–1
 

90AN10W 6.80 × 10–1  5.15 × 10–1 5.01 

80AN20W 1.58  1.13 7.13 

60AN40W 3.86  2.50 7.12 
50AN50W 5.56  4.09 7.22 

[a] 90AN10W = 90/10 (v/v) acetonitrile/water, etc. 

 
 
Table 1.3. Rate constants for the solvolyses of (MeO)3Tr-OBz in aqueous acetonitrile at 
25 °C; determined by conductimetry and photometric monitoring of the intermediate carbo-
cation. 
 

from conductivity 
in the presence 
of piperidine 

 
from Gepasi-Fit 
of (MeO)3Tr+ 
absorbance solvent [a]

 

kion / s
–1

  kion / s
–1

 kw / s–1
 

90AN10W 3.79  2.34 5.08 

80AN20W 6.45  3.94 6.99 

60AN40W 1.12 × 101  6.18 7.46 
50AN50W 1.38 × 101  9.01 8.01 

[a] 90AN10W = 90/10 (v/v) acetonitrile/water, etc. 

 
 

When the solvolyses of (MeO)3Tr-OAc and (MeO)3Tr-OBz were carried out in the 

presence of piperidine, the intermediate carbocations were trapped immediately by the 

amine;[21] a transient absorption was not detectable. From the mono-exponential increase of 

conductivity, the first-order rate constants listed in the second columns of Tables 1.2 and 1.3 

were obtained. The independence of kobs of the concentration of piperidine (Table 1.4) proved 

the ionization step to be rate-determining. Tables 1.2 and 1.3 show that the conductimetrically 

determined ionization rate constants are generally 1.3 to 1.6 times bigger than those derived 

from the absorbance of the intermediate carbocations. 
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Scenario (C): kion >> kw. The esters of (Me2N)Tr ionized very rapidly compared to the 

reaction of the carbenium ion with water, as shown in Figure 1.4. Both, increase and decrease 

of the absorbance, were separated by a relatively large time gap, which allowed us to evaluate 

ionization rate constants by fitting the first parts of the curves according to the mono-

exponential function At = A0(1 – e–kt) + C. 

 

Table 1.4. Ionization rate constants of (MeO)3Tr-OAc (c0 = 8.33 × 10–4 mol L–1) in the 
presence of variable amounts of piperidine (stopped-flow conductimetry, 90/10 (v/v) 
acetonitrile/water, 25 °C). 
 

[piperidine] / mol L–1 kobs / s
–1 

5.18 × 10–3 6.74 × 10–1 
1.04 × 10–2 6.79 × 10–1 

1.55 × 10–2 6.65 × 10–1 
2.07 × 10–2 6.80 × 10–1 

 

However, conversion to the alcohol only went to completion when an excess of carboxy-

late was used to quench the generated protons and thus suppress the reionization of the 

triarylcarbinol. Table 1.5 shows that an excess of AcO– did not affect the ionization rates. 

 

 
 
 
 
 
 
 
Figure 1.4. Solvolysis of (Me2N)Tr-
OAc (c0 = 2.79 × 10–5 mol L–1) in 60/40 
(v/v) acetonitrile/water, stopped-flow 
photospectrometry, λ = 461 nm, 25 °C; 
[(n-Bu)4N

+OAc–] = 3.18 × 10–4 M.  
The insert zooms the first stage of the 
reaction. 

 

 
Scenario (D): kion fast, kw not detectable. As illustrated in Figure 1.5, the ionizations of 

(Me2N)(MeO)Tr-OAc in aqueous acetonitrile of different composition gave solutions of the 

tritylium ion according to the rate-law At = A0(1 – e–kt) + C. While the resulting solutions of 

the carbocations are fairly stable in the absence of base, a slow reaction with water takes place 

in the presence of carboxylate ions, converting this system to a case of scenario (C). 
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Table 1.5. Ionization rates of (Me2N)Tr-OAc (c0 = 6.00 × 10–5 mol L–1) in aqueous aceto-
nitrile in the presence of variable amounts of (n-Bu)4N

+AcO– (stopped-flow photospectro-
metry, λ = 461 nm, 25 °C). 
 

kion / s
–1

 [(n-Bu)4N
+AcO–]  

/ mol L–1 50AN50W 90AN10W 

1.32 × 10–4 7.40 1.08 
3.21 × 10–4 7.41 1.07 

1.87 × 10–3 7.29 1.02 

3.73 × 10–3 7.34 1.04 
6.78 × 10–3 7.32 1.03 

1.01 × 10–2 7.22 1.05 

1.35 × 10–2 7.22 1.04 
 

For the synthesis of (Me2N)2Tr-OAc, an ester of malachite green, a large excess of (n-

Bu)4N
+AcO– was needed. Its ionization proceeded so rapidly, however, that the kinetics of 

these reactions could only be followed by a stopped-flow device in solvents of low ionizing 

power, i.e., in 90AN10W and 80AN20W, but not in 60AN40W. According to a pKR+ value of 

6.94, the subsequent reaction with water would have needed strongly basic conditions and 

could not be observed even in the presence of large carboxylate concentrations. 

 

 
 
 
 
 
 
 
Figure 1.5. Time-dependent absorbance 
A for the ionization of 
(Me2N)(MeO)Tr-OAc (c0 = 5.03 × 10–5 
mol L–1) in aqueous acetonitrile 
(stopped-flow photospectrometry,  
λ = 506 nm, 25 °C). 
 

 
Salt effects. When the trityl esters used for the kinetic studies were generated by combining 

tritylium tetrafluoroborates with tetra-n-butylammonium carboxylates, (n-Bu)4N
+BF4

– was 

produced as a by-product. In order to examine the influence of this additional salt,[22] a series 

of experiments with variable concentration of (n-Bu)4N
+BF4

– has been performed. Table 1.6 

shows that even large amounts of this salt did not affect the rates of ionization. We, therefore, 

conclude that tetraalkylammonium salts do not exert a positive salt effect. This finding is in 
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line with Hojo's investigations of the solvolyses of adamantyl halides in 50/50 (v/v) 

sulfolane/water, showing that small concentrations of tetraalkylammonium salts hardly 

affected the ionization rates, while larger concentrations (up to 1 mol L–1) caused slight retar-

dations of the solvolyses.[23]
 

 

Table 1.6. Ionization rate constants of (Me2N)(MeO)Tr-OAc (c0 = 5.03 × 10–5 mol L–1) in the 
presence of variable amounts of (n-Bu)4N

+BF4
– (photospectrometry, λ = 506 nm, 90/10 (v/v) 

acetonitrile/water, 25 °C). 
 

[(n-Bu)4N
+BF4

–)] / mol L–1 kion / s
–1 

0 6.23 
6.07 × 10–4 6.37 

1.75 × 10–3 6.13 
3.17 × 10–3 6.27 

4.53 × 10–3 6.19 

 

 

Summary of rate constants. While a variety of differently substituted trityl acetates (Table 

1.7) and benzoates (Table 1.8) have been investigated in aqueous acetonitrile, triphenylmethyl 

p-nitrobenzoate was the only system where the leaving group ability of p-nitrobenzoate has 

been studied kinetically (Table 1.9). 

 
 
Table 1.7. Ionization rate constants of trityl acetates in aqueous acetonitrile  (25 °C). 
 

 kion / s
–1

 

 90AN10W 80AN20W 60AN40W 50AN50W 
Scenario 

Tr 1.47 × 10–5 5.88 × 10–5 2.70 × 10–4 5.57 × 10–4 A 
MeTr 1.03 × 10–4 3.59 × 10–4 1.46 × 10–3 3.01 × 10–3 A 
Me2Tr 3.23 × 10–4 1.21 × 10–3 5.62 × 10–3 9.59 × 10–3 A 

Me3Tr 1.30 × 10–3 4.98 × 10–3 1.77 × 10–2 3.33 × 10–2 A 

(MeO)Tr 1.20 × 10–3 4.53 × 10–3 1.50 × 10–2 2.40 × 10–2 A 
(MeO)2Tr 4.04 × 10–2 1.15 × 10–1 3.06 × 10–1 4.41 × 10–1 A 

(MeO)3Tr 6.80 × 10–1 1.58 3.86 5.56 B 

(Me2N)Tr 1.08 2.00 4.51 7.40 C 
(Me2N)(MeO)Tr 6.23 1.22 × 101 2.49 × 101 3.93 × 101 D 

(Me2N)2Tr 1.28 × 102 2.15 × 102 [a] – [b] – [b] D 
[a] very fast reaction, approximate value; [b] reaction too fast to be measured. 
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Table 1.8. Ionization rate constants of trityl benzoates in aqueous acetonitrile (25 °C). 
 

 kion / s
–1

 

 90AN10W 80AN20W 60AN40W 50AN50W 
Scenario 

Tr 5.34 × 10–5 1.67 × 10–4 5.14 × 10–4 9.99 × 10–4 A 
MeTr 2.56 × 10–4 8.08 × 10–4 2.78 × 10–3 5.01 × 10–3 A 
Me2Tr 1.26 × 10–3 3.55 × 10–3 1.05 × 10–2 1.71 × 10–2 A 

Me3Tr 5.43 × 10–3 1.51 × 10–2 4.55 × 10–2 6.97 × 10–2 A 

(MeO)Tr 4.45 × 10–3 1.30 × 10–2 3.86 × 10–2 5.56 × 10–2 A 
(MeO)2Tr 1.61 × 10–1 3.34 × 10–1 6.67 × 10–1 9.30 × 10–1 A 

(MeO)3Tr 3.79 6.45 1.12 × 101 1.38 × 101 B 

(Me2N)Tr 5.37 8.35 1.40 × 101 2.04 × 101 C 
(Me2N)(MeO)Tr 3.36 × 101 4.70 × 101 6.95 × 101 1.02 × 102 D 

 

Table 1.9. Ionization rate constants of trityl p-nitrobenzoate in aqueous acetonitrile (25 °C). 
 
 

 
 

Figure 1.6 illustrates the consistency of the different series of rate constants and shows, 

that the ionization rates of differently substituted trityl acetates in 50AN50W and 90AN10W 

correlate linearly with the ionization rates of the corresponding trityl benzoates.  

 

 

 

 

 

 

 
 
Figure 1.6. Correlation of 
ionization rates of trityl acetates 
in different solvents with those 
of trityl benzoates in 
90AN10W, 25 °C. 
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The converging correlation lines indicate that the difference in rates between the two 

solvents decreases as one goes to better stabilized carbocations (Hammond effect). 

Solvolytic studies in aqueous acetone were only performed with esters of the unsubstituted 

triphenylmethanol (Table 1.10). 

 

Table 1.10. Ionization rate constants of several trityl esters in aqueous acetone[a] (25 °C). 
 

 kion / s
–1 

 90A10W 80A20W 60A40W 50A50W 

Tr-OAc - 1.38 × 10–5 [c] 1.99 × 10–4 6.40 × 10–4 
Tr-OBz 9.31 × 10–6 3.50 × 10–5 [d] 2.87 × 10–4 6.95 × 10–4 

Tr-PNB[b] 3.63 × 10–4 1.49 × 10–3 1.08 × 10–2 3.25 × 10–2 
[a] 90A10W =  90/10 (v/v) acetone/water, etc; [b] PNB = p-nitrobenzoate; [c] a rate constant 
of 1.45 × 10–5 s–1 has been reported in ref. [9]; [d] a rate constant of 3.33 × 10–5 s–1 has been 
reported in ref. [24]. 
 

 

1.4. Discussion 

 

As benzoate is the better leaving group,[25] trityl benzoates always ionized faster than the 

corresponding acetates. The high polarity of water caused an increase of ionization rates with 

increasing amounts of water in all solvent mixtures. While Tr–OAc, Tr–OBz and Tr–PNB 

solvolyzed more slowly in aqueous acetone than in aqueous acetonitrile when the water 

portion was low (10 vol%), the opposite reactivity order was found in solvents with a high 

fraction of water (50 vol%). In line with the larger dependence of Winstein-Grunwald's 

ionizing power Y (see later) on the percentage of water in aqueous acetone than in aqueous 

acetonitrile, the ionization rates of the trityl esters depend more strongly on the composition 

of acetone/water than of acetonitrile/water mixtures. 

 

1.4.1. Hammett Analysis 

 

Hammett-Brown parameters σp
+ were designed for reactions with a positively charged 

center developing at a position which is in conjugation to the substituents under consider-

ation.[26] Figure 1.7 shows that the three symmetrical systems Tr, Me3Tr, and (MeO)3Tr, 

correlate perfectly linear with Σσp
+, and deviations from the correlation line are most 

significant for systems which are unsymmetrically substituted with strong electron donating 



18  1. Stabilities of Trityl Protected Substrates 

groups. The small value of the reaction constant (ρ = –1.99) is due to the propeller-like 

arrangement of the phenyl rings which inhibits full conjugation of the carbocationic center 

with all three aryl rings. Especially tritylium ions containing one or two dimethylamino 

groups deviate positively from the correlation line. The problem of additivities of σ+ para-

meters in di- and triarylcarbenium ions has previously been discussed in detail.[27,28] 

 

 

 
 
 
 
 
 
Figure 1.7. Plot of log kion vs. Σσp

+ for 
ionizations of trityl acetates in  
90AN 10W, 25 °C; the line is drawn 
through filled circles, slope = –1.99; 
σp

+ = 0 (H), –0.31 (p-Me), 
–0.78 (p-OMe) and –1.70 (p-NMe2) 
from ref. [29]. 

 

 

1.4.2. Winstein-Grunwald Analysis 

 

The ionizing power Y of a solvent was introduced by Winstein and Grunwald.[30] In 

equation (1.1) the parameter m is a measure of the sensitivity of the rate of solvolysis to a 

change of the solvent; it has often been used as a criterion to determine the mechanism of a 

solvolysis reaction. Values below 0.5 were considered as evidence for SN2 reactions, whereas 

values close to 1 are usually found for typical SN1 reactions.[31]
 

 

log kion = log k0 + mY     (1.1) 

 

In Figures 1.8 and 1.9, ionization rate constants of trityl acetates and benzoates are plotted 

against the ionizing powers Yt-BuCl of aqueous acetonitrile. The slopes of the linear correla-

tions represent the m-parameters as defined by equation (1.1). It can easily be seen that m 

decreases with increasing solvolysis rates, i.e., increasing stabilization of the carbocation. 

This trend may be explained by a Hammond shift[32] towards reactants as the exothermicity of 

the reactions is increased. The remarkably small m-parameters, particularly in the case of 
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donor-substituted systems, indicate non-carbocation like transition states. A similar behavior 

has recently been found for the ionizations of benzhydryl carboxylates.[25] The fact that the 

ionization rates of trityl benzoates are generally less sensitive to solvent polarity than those of 

trityl acetates may also be attributed to earlier transition states of the benzoate hydrolyses. 
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Figure 1.8. Plot of log kion of trityl acetates vs. Yt-BuCl of aqueous acetonitrile, 25 °C; Y = –1.23 
(90AN10W), –0.14 (80AN20W), 1.00 (60AN40W), 1.50 (50AN50W) from ref. [33]. 
 
 

Figure 1.10 shows that the m-value of triphenylmethyl p-nitrobenzoate is considerably 

smaller than that of the corresponding benzoate, which seems to exclude the rationalization of 

the different m-parameters by steric arguments, but supports an explanation by electronic 

effects. However, because trityl p-nitrobenzoates and benzoates have similar m-values in 

aqueous acetone, much smaller than trityl acetates (Figure 1.11), an unambiguous rationaliza-

tion for the absolute magnitude of the m-values appears not to be possible. 
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Figure 1.9. Plot of log kion of trityl benzoates vs. Y of aqueous acetonitrile, 25 °C. 
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Figure 1.10. Plot of log kion of trityl esters vs. Y of aqueous acetonitrile, 25 °C. 
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Figure 1.11. Plot of log kion of 
trityl esters vs. Y of aqueous 
acetone, 25 °C; Y = –1.856 
(90A10W), –0.673 (80A20W), 
0.796 (60A40W), 1.398 
(50A50W), from ref. [34]. 
 

 

1.4.2. Rate-Equilibrium Relationships 

 

Intuitively, one would expect a good correlation between the ionization rates of trityl esters 

and the stabilities of the corresponding tritylium ions in aqueous solution, pKR+. Such a 

correlation has been reported for solvolyses of benzhydryl chlorides by Deno.[35]
 

As can be seen in Figure 1.12, there are two separate correlation lines between log kion and 

pKR+, one for the methyl and methoxy substituted compounds and one for the dimethylamino 

substituted systems. From the slope of the correlation for the methyl and methoxy substituted 

compounds (0.62) one might derive that more than half of the carbocation character is 

developed in the solvolysis transition states. Consideration of the full data set shows, 

however, that this conclusion is too simplistic. Although (MeO)3Tr+ and (Me2N)Tr+ differ by 

a factor of 1.1 × 103 in their thermodynamic stabilities in water (from pKR+), the ionization 

rates of the corresponding carboxylates are almost identical. The unexpected low reactivities 

of the dimethylamino substituted trityl derivatives indicate that the product-stabilizing 

resonance of the amino group develops late on the reaction coordinate and contributes only 

slightly to the stabilization of the transition state. This is another example of Bernasconi's 

"Principle of Non-Perfect Synchronization",[36] and emphasizes the importance of intrinsic 

barriers for these reactions. 
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Figure 1.12. Plot of log kion for 
trityl acetates in 90AN10W  
(25 °C) vs. pKR+. 
 

 

1.5. Conclusion 

 

Hydrolyses of donor-substituted tritylium carboxylates in aqueous acetonitrile and acetone 

cover a wide mechanistic spectrum: From conventional SN1 reactions with slow ionization 

and rapid trapping of the intermediate carbocations by water, over reactions where the 

carbocations can be observed by the appearance and disappearance of color (carbocation 

watching),[37] to reactions where the carbocations are formed as persistent species. From the 

small Winstein m-values one can derive non-carbocation like transition states despite the fact 

that we are dealing with well-defined ionization processes. 

Most important for the use of tritylium ions as tailor-made protecting groups in organic 

syntheses is the finding that the well-known thermodynamic stability parameters pKR+ cannot 

be used to predict kinetic stability and the ease of deprotection of strongly donor-substituted 

derivatives. While the relative hydrolysis rates of methyl and methoxy substituted tritylium 

esters correlate well with pKR+, the expected further acceleration from the trimethoxy to the 

dimethylamino substituted system is not observed. The p-(dimethylamino)trityl protecting 

group is released by almost the same rate as the tri-p-methoxytrityl group, although the latter 

tritylium ion is less stabilized by a factor of 1.1 × 103 in aqueous solution.  

 

According to Scheme 1.2, a correlation exists between the reaction times τ99 for 99 % 

ionization of trityl acetates and the semiquantitative reaction times reported for complete 

detritylations of 5'-O-trityluridines (τuridine).
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Because Tables 1.7 and 1.8 provide a quantitative comparison of the ionization rates of all 

p-methyl and methoxy substituted trityl systems, it is now possible to fine-tune the stabilities 

of trityl-protected OH and NH functionalities 

 

OMe

pKR+

-6.63

-5.41

-3.40

-1.24

0.82

3.88

-

-

MeO

MeO OMe

MeO OMe

τ 99
[b] τ uridine

[c]

48 h

2 h

15 min

1 min

2.3 h

25 min

3.2 min

10 s

0.8 s

0.6 s

Me2N

k rel
[a]

1.0

5.4

43

7.9 × 102

1.0 × 104

1.3 × 104

 

 
Scheme 1.2. Detritylation times for acetates and uridines. [a] Relative rate constants for the 
ionizations of acetates in 50AN50W, 25 °C; [b] time for 99 % ionization of trityl acetate in 
50AN50W at 25 °C; [c] time for "complete" hydrolysis of 5'-protected uridine derivatives in 
80 % AcOH at r.t., from ref. [6a]. 
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2. Electrophilicity versus Electrofugality of Tritylium Ions in 

Aqueous Acetonitrile
**

 

 

2.1. Introduction 

 

Stabilities (more precisely: Lewis acidities) of carbocations[1] are commonly associated 

with the rates of their formation in solvolysis reactions and the rates of their reactions with 

nucleophiles. It was reported that the tris(p-methoxy)tritylium ion and the p-(dimethyl-

amino)tritylium ion are formed with almost equal rates from the corresponding trityl acetates 

and benzoates despite the 103  fold higher stability (pKR+) of the latter carbocation.[2] 

In order to elucidate the origin of this unique breakdown of a rate-equilibrium relationship, 

we have now investigated the electrophilic reactivities of differently substituted tritylium ions 

in aqueous acetonitrile, i.e., the same solvent, which was used for the solvolysis studies. 

These investigations were accompanied by quantum chemical calculations. 

Early studies on the electrophilic reactivities of tritylium ions focused on stabilized amino 

and methoxy substituted species. In particular malachite green, (Me2N)2Tr+, and derivatives 

thereof were subjects of many investigations.[3] Rate constants for the reactions of 

(Me2N)2Tr+, p-nitromalachite green, and crystal violet, (Me2N)3Tr+, with water, hydroxide, 

and cyanide in aqueous solution[4] were the foundation of Ritchie's well-known constant 

selectivity relationship log (k/k0) = N+.[5] 

Bunton and Hill studied the kinetics of the reactions of the tris(p-methoxy)tritylium cation 

with water and hydroxide in aqueous solution. While Bunton's work concentrated on the salt 

effects for these reactions,[6] Hill's studies of kinetic isotope effects showed that the first step, 

addition of water to the carbocation, rather than the subsequent proton transfer, is rate-

determining.[7] 

Taft reported that the rates of the reactions of methoxy and dimethylamino substituted 

tritylium ions with water are not closely correlated with their thermodynamic stabilities,[8] and 

suggested separation into families. Later investigations confirmed Taft's experimental results, 

but demonstrated that the deviations from the linear log kw/pKR+ correlation are marginal, 

when an extended series of compounds is considered.[9,5c] 

Reactivities of less stabilized systems were studied by McClelland who used laser-flash 

techniques for the in situ generation of the carbocations.[9,10] 

                                                 
** This part has been published in: M. Horn, H. Mayr, Chem. Eur. J. 2010, 16, 7478-7487. 
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2.2. Results and Discussion 

 

2.2.1. Kinetics 

 

Rate constants kw for the reactions of water with the tritylium ions (Scheme 2.1) listed in 

Table 2.1 were determined at 20 °C in aqueous acetonitrile by photometric monitoring of the 

decays of the tritylium ions, which have absorption maxima between 420 and 504 nm. 

Different techniques have been utilized for this purpose. 

R1 R2

R3

kw
H2O

KR+

+ H+
kH

OH

R2

R1

R3  
 
Scheme 2.1. Reactions of tritylium ions with water. 
 
 
Table 2.1. Tritylium ions with corresponding pKR+ values and electrophilicity parameters E. 
 

R1, R2, R3 [a] Abbreviation pKR+ [b] 
E 

[c]
 

H, H, H Tr+ –6.63 0.51 
Me, H, H MeTr+ –5.41  –0.13 
Me, Me, H Me2Tr+ –4.71 –0.70 

Me, Me, Me Me3Tr+ –3.56 –1.21 

MeO, H, H (MeO)Tr+ –3.40 –1.87 
MeO, MeO, H (MeO)2Tr+ –1.24 –3.04 

MeO, MeO, MeO (MeO)3Tr+ 0.82 –4.35 

Me2N, H, H (Me2N)Tr+ 3.88 [d] –7.93 
Me2N, MeO, H (Me2N)(MeO)Tr+ 4.86 [e] –7.98 

Me2N,  Me2N, H (Me2N)2Tr+ 6.94 [e] –10.29 

Me2N,  Me2N, Me2N (Me2N)3Tr+ 9.39 [e] –11.26 
[a] For the location of the substituents see Scheme 2.1; [b] from ref. [9]; [c] empirical electro-
philicity parameters from ref. [11]; [d] from ref. [8]; [e] from ref. [5c]. 
 
 

The more reactive ions, Tr+, MeTr+, Me2Tr+, Me3Tr+, and (MeO)Tr+, were generated in 

situ by laser-flash photolysis of the corresponding trityl acetates in aqueous acetonitrile. The 

other tritylium ions were introduced as tetrafluoroborate salts, and their reactions were 

followed by stopped-flow or conventional photospectrometry. Because in all cases water was 
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used in large excess, pseudo-first-order rate laws were obeyed, as illustrated in Figure 2.1. 

The obtained curves were fitted to the mono-exponential function At = A0e
–kt + C by the 

method of least squares. 

Aqueous solutions of the amino substituted systems (Me2N)Tr+BF4
– and (Me2N)(MeO)Tr+ 

BF4
– in acetonitrile did not decolorize completely. When small amounts of tetra-n-butyl-

ammonium acetate or benzoate were added to trap the generated protons, complete consump-

tion of these carbocations was achieved. The tritylium ions (Me2N)2Tr+ and (Me2N)3Tr+ are 

so stable in aqueous solution, that even the addition of large amounts of carboxylates did not 

lead to noticeable changes of the carbocation concentrations. For that reason we constrained 

our studies to systems with pKR+ < 5. 

 

 
 
 
 
 
 
 
Figure 2.1. Absorbance decay of 
(MeO)Tr+ at 472 nm. The carbocation 
was generated from the corresponding 
acetate (c0 = 1.00 × 10–4 mol L–1) via a 
laser pulse (7 ns, 266 nm, 60 mJ) in 
50/50 (v/v) acetonitrile/water, 20 °C. 
 

 
Are the rate constants for the reactions of tritylium ions with water (kw) affected by the 

presence of carboxylate ions? It is well known, that tertiary amines like 1,4-diaza-bicyclo-

[2.2.2]octane (DABCO), triethylamine, or quinuclidine act as general base catalysts for the 

addition of water to tritylium ions in pure water,[12] while general base catalysis by acetate has 

not been detected.[6,7]
 

In order to investigate the influence of carboxylate ions on the reaction kinetics in aqueous 

acetonitrile, the consumption rates of (MeO)3Tr+BF4
– in 90/10 (v/v) acetonitrile/water have 

been studied in the presence of variable amounts of (n-Bu)4N
+AcO– and (n-Bu)4N

+BzO– at 25 

°C. Figure 2.2 shows that an increase of the concentration of AcO– or BzO– accelerated the 

mono-exponential decay of (MeO)3Tr+ linearly. Similar experiments have been performed 

with (Me2N)Tr+BF4
–, and Table 2.2 gives an overview of all parameters which were obtained 

from regression lines as depicted in Figure 2.2. 
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Figure 2.2. Plot of kobs for the 
decay of the absorbance of 
(MeO)3Tr+BF4

– (c0 = (2.62 to 
3.31) × 10–5 mol L–1) in 90/10 
(v/v) acetonitrile/water vs. the 
concentration of added tetra-n-
butylammonium carboxylate, 
λ = 484 nm, 25 °C. 

 

The small slopes for the reactions of (Me2N)Tr+ with AcO– and BzO– (entries 7-9) indicate 

that only in the presence of high concentrations of carboxylate ions, significant effects of 

[RCO2
–] on the rates of consumption of this tritylium ion can be observed.  

 
 
Table 2.2. Kinetics of the consumption of tritylium ions in aqueous acetonitrile with different 
additives in excess at 25 °C. 
 

entry electrophile additive solvent [a] slope / L mol–1 s–1 intercept / s–1 

1 (MeO)3Tr+ [b] AcO– [c] 90AN10W 8.14 × 103 4.82 
2   50AN50W 1.31 × 102 6.85 
3  BzO– [c] 90AN10W 2.32 × 104 4.96 
4  DABCO 90AN10W 4.78 × 102 4.34 

5   50AN50W 9.82 × 101 7.32 
6  OH– [c] 90AN10W 2.62 × 105 - [d] 
7 (Me2N)Tr+ [b] AcO– [c] 90AN10W 1.94 × 10–1 3.55 × 10–3 
8   50AN50W 1.94 × 10–2 [e] 3.66 × 10–3 [e] 
9  BzO– [c] 90AN10W 3.52 × 10–1 3.48 × 10–3 
10  DABCO 90AN10W 1.35 × 10–1 3.55 × 10–3 

[a] The solvent is given in vol-%, AN = acetonitrile, W = water. 90AN10W = 90/10 (v/v) 
acetonitrile/water, etc; [b] the counterion was BF4

–; [c] the counterion was (n-Bu)4N
+; [d] not 

reliable, because intercept << kobs; [e] at 20 °C. 
 
 

As only 4.6 to 8.7 equivalents of carboxylate (0.15 to 4.9 mmol L–1) were employed to 

achieve complete consumption of (Me2N)Tr+ and (Me2N)(MeO)Tr+ in the kinetic experiments 

at 20 °C, their influence on the rate constants kw were neglected.  

0 1 2 3
0

20

40

60

kobs / s–1

[carboxylate] / mmol L–1

AcO–

BzO–

kobs = 2.32 × 104 [BzO–] + 4.96

kobs = 8.14 × 103 [AcO–] + 4.82
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All rate constants are summarized in Table 2.3. An interpretation of the slopes of Figure 

2.2 and Table 2.2 will be given in the section "Common Ion Return of Carboxylate Anions?". 

 
 
Table 2.3. First-order rate constants kw for the reactions of tritylium ions with water in 
aqueous acetonitrile[a] at 20 °C.[b] 

 
 kw / s–1 

 90AN10W 80AN20W 60AN40W 50AN50W 33AN66W [c] 

Tr+ 1.19 × 105 1.58 × 105 1.69 × 105 1.62 × 105 1.6 × 105 
MeTr+ 2.44 × 104 3.60 × 104 4.29 × 104 4.08 × 104 3.7 × 104 
Me2Tr+ 7.85 × 103 9.35 × 103 9.84 × 103 9.89 × 103 1.1 × 104 

Me3Tr+ 2.77 × 103 3.01 × 103 3.17 × 103 2.83 × 103 3.6 × 103 

(MeO)Tr+ 1.17 × 103 1.43 × 103 1.75 × 103 1.73 × 103 1.4 × 103 
(MeO)2Tr+ 4.16 × 101 5.61 × 101 5.47 × 101 5.81 × 101 8.6 × 101 

(MeO)3Tr+ 3.73 4.78 4.93 4.88 1.0 × 101 

(Me2N)Tr+ 2.57 × 10–3 3.43 × 10–3 3.77 × 10–3 3.77 × 10–3 - 
(Me2N)(MeO)Tr+ 1.53 × 10–3 1.97 × 10–3 2.16 × 10–3 2.14 × 10–3 - 
[a] Solvents are given in vol%, AN = acetonitrile, W = water; [b] note that the rate constants 
in this table refer to a different temperature than those in Table 2.2; [c] from ref. [10a]. 
 
 

The presence of dications, i.e., N-protonated dimethylamino substituted tritylium ions, has 

been excluded in neutral aqueous solutions.[12c] Because in the present work, dimethylamino 

substituted systems have been studied in the presence of carboxylate ions, i.e., under slightly 

basic conditions, the contribution of dicationic species could be neglected. 

 

2.2.2. Quantum Chemical Calculations 

 

A calculated geometry for the parent tritylium cation has previously been reported.[13a] 

Aizman, Contreras, and Pérez have performed DFT calculations of substituted tritylium ions 

on the B3LYP/6-31G(d) level in order to determine their Parr electrophilicity parameters.[13b] 

Because neither geometries nor energies have been reported, we have now optimized 

geometries of tritylium ions, trityl alcohols and 1,1,1-triarylethanes on the B3LYP/6-31G(d,p) 

level. Thermochemical corrections for 298.15 K have been calculated for all minima from 

unscaled vibrational frequencies obtained at the same level, and combined with single-point 

energies on the MP2(FC)/6-31+G(2d,p) level to yield enthalpies H298 and free energies G298.  

For tritylium ions carrying two or three para-methoxy groups and alcohols or ethanes 

carrying at least one para-methoxy group, different conformations have been considered. For 
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example, Figure 2.3 shows the conformers of (MeO)2Tr+ and (MeO)2Tr–Me along with their 

relative energies. The order of conformers with regard to their relative energies depends on 

the level of theory. Even within B3LYP/6-31G(d,p) it may change when going from the total 

energies to the thermally corrected ones. However, as can be seen in Figure 2.3, the differ-

ences are only marginal. The structural parameters of the energetically best conformers of the 

carbocations are summarized in Table 2.4.†† 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Conformations of 
(MeO)2Tr+ (left) and its methyl 
anion adduct (right). Relative 
energies (G298 in kJ mol–1) are 
given for the MP2(FC)/6-
31+G(2d,p)//B3LYP/6-31G(d,p) 
level. 

 

When an ion contains three equal para-substituents (H, Me, MeO, or Me2N), the dihedral 

angle decreases slightly as the electron-donating ability of the substituent increases (33.6°, 

33.1°, 32.9°, 32.4°, respectively) and the bond lengths remain constant (1.45 Å). For tritylium 

ions with differently substituted rings, the rings are distorted out of the plane to a different 

extent. The better the electron-donating ability of the para-substituent, the smaller the 

dihedral angle of the corresponding ring, and the shorter the distance between the ring and the 

central carbon. 

 

                                                 
†† As no parameters were held fixed during geometry optimizations, in some cases the 4 
central atoms did not form a perfect plane. Furthermore even the 6 atoms of a phenyl ring 
often weren't planar. As a consequence, the dihedral angles of Table 4 represent averaged 
values. 
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Table 2.4. Structural parameters[a] of tritylium ions, B3LYP/6-31G(d,p). 
 

X
Ar

Ar
1

32
4  

 
 dihedral angle C1C2C3C4 / °

  bond length C2–C3 / Å
 

Tr+ 33.6 (H)[b]    1.45 (H)   

MeTr+ 34.4 (H) 31.2 (Me)   1.45 (H) 1.44 (Me)  

Me2Tr+ 35.3 (H) 32.2 (Me)   1.45 (H) 1.45 (Me)  

Me3Tr+ 33.1 (Me)    1.45 (Me)   

(MeO)Tr+ 36.1 (H) 28.0 (MeO)   1.46 (H) 1.43 (MeO)  

(MeO)2Tr+ 38.4 (H) 30.5 (MeO)   1.46 (H) 1.44 (MeO)  

(MeO)3Tr+ 32.9 (MeO)    1.45 (MeO)   

(Me2N)Tr+ 38.3 (H) 24.0 (Me2N)   1.46 (H) 1.42 (Me2N)  

(Me2N)(MeO)Tr+ 40.0 (H) 32.8 (MeO) 26.5 (Me2N)  1.47 (H) 1.45 (MeO) 1.43 (Me2N) 

(Me2N)2Tr+ 41.9 (H) 28.7 (Me2N)   1.47 (H) 1.43 (Me2N)  

(Me2N)3Tr+ 32.4 (Me2N)    1.45 (Me2N)   

[a] The values are assigned to the rings with the substituents in parentheses. [b] In ref. [14 a] 
value of 32.4° was determined for tritylium perchlorate by X-ray diffraction. 
 
 

For (Me2N)(MeO)Tr+, the smallest dihedral angle is calculated for the ring carrying the 

dimethylamino group (26.5°), an intermediate angle for the methoxy substituted ring (32.8°), 

and the unsubstituted ring is twisted by 40.0°. The decreasing resonance contribution from the 

dimethylamino over the methoxy substituted to the unsubstituted ring is also indicated by the 

corresponding bond lengths C2-C3, which increase from 1.43 to 1.45 to 1.47 Å, respectively. 

Though these calculations refer to the gas phase, spectroscopic investigations in solution 

confirm these structural assignments. The extraordinarily high resonance contribution of the 

dimethylamino group can be directly observed in the 13C-NMR spectrum of (Me2N) 

(MeO)Tr+BF4
– (Figure 2.4). The two ortho carbons as well as the two meta carbons of the 

dimethylamino substituted ring are not isochronous due to the high rotational barrier of this 

ring. As none of the two signal pairs coalesces in acetonitrile solution at 70 °C (100 MHz), a 

lower limit of 75 kJ mol–1 can be estimated for the interconversion barrier of these carbon 

atoms. The equivalence of the corresponding carbon signals in the other two phenyl rings 

even at ambient temperature indicates a fast rotation of these rings on the NMR timescale. 

Details of the dynamic behavior of tritylium cations have previously been investigated by 

several groups.[15] 
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Figure 2.4. Part of the 13C-
NMR spectrum of 
(Me2N)(MeO)Tr+BF4

– 
(CDCl3, 150 MHz, 27 °C). 
 

 
Gas phase hydroxide and methyl anion affinities (Table 2.5) have been calculated accor-

ding to equations (2.1) and (2.2) and are shown to correlate linearly (Figure 2.5). 

 

R3C
+ + OH– 

→ R3C–OH    (2.1) 

 

R3C
+ + Me– 

→ R3C–Me    (2.2) 

 

Table 2.5. Theoretical gas phase hydroxide and methyl anion affinities ∆H298, MP2(FC)/6-
31+G(2d,p)//B3LYP/6-31G(d,p). 
 

 ∆H298 (eq. 2.1) / kJ mol–1 ∆H298 (eq. 2.2) / kJ mol–1 

Tr+ –715.54 –883.72 
MeTr+ –704.42 –871.61 

Me2Tr+ –694.23 –862.00 

Me3Tr+ –684.90 –852.30 
(MeO)Tr+ –688.99 –857.22 

(MeO)2Tr+ –667.15 –835.36 

(MeO)3Tr+ –649.64 –817.64 
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Table 2.5. Continued. 
 

 ∆H298 (eq. 2.1) / kJ mol–1 ∆H298 (eq. 2.2) / kJ mol–1 
(Me2N)Tr+ –648.75 –816.71 
(Me2N)(MeO)Tr+ –632.90 –799.91 

(Me2N)2Tr+ –605.42 –774.20 
(Me2N)3Tr+ –574.12 –740.66 

 

 

 

 

 
 
 
 
Figure 2.5. Correlation of 
theoretical Me– and OH– 
affinities (∆H298 in kJ mol–1), 
MP2(FC)/6-31+G(2d,p)/ 
/B3LYP/ 6-31G(d,p), slope 
1.00, R2 1.00. 

 

The slope of unity implies that structural variations of the tritylium ions affect their affini-

ties toward Me– and OH– to the same extent. A similar behavior has previously been reported 

for benzhydrylium ions.[16] In each of the three subseries MexTr, (MeO)xTr, and (Me2N)xTr, 

the substituent effect on the anion affinity decreases as one goes from mono- to di- to trisub-

stituted systems (Figure 2.6).  

 

 
 
 
 
 
 
 
Figure 2.6. Plot of relative OH– 
affinities (∆H298 in kJ mol–1, 
Tr+ = 0 kJ mol–1) versus the 
number of identical substituents 
in ArxPh(3–x)C

+, MP2(FC)/6-
31+G(2d,p)//B3LYP/6-
31G(d,p). 
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Here, the common saturation effects in multi-substituted systems are enforced by the 

propeller-like conformations of the tritylium ions, which allow the first substituent to stabilize 

the carbocation more efficiently by planarizing the donor-substituted ring and squeezing the 

less electron-donating rings out of the plane. 

 

2.2.3. Linear Free Energy Relationships 

 

The comparison of hydroxide affinities in solution (pKR+) with the corresponding gas 

phase data shows a good correlation for the methyl and methoxy substituted systems 

including the tris(dimethylamino) substituted tritylium ion. However, the unsymmetrical 

dimethylamino substituted systems (Me2N)Tr+, (Me2N)2Tr+, and (Me2N)(OMe)Tr+ (open 

circles in Figure 2.7) are more stable in solution than expected on the basis of their gas phase 

hydroxide affinities. These deviations indicate exceptionally high solvation enthalpies of the 

mono- and diamino substituted tritylium ions which may account for the high intrinsic 

barriers for the formation and reactions of these tritylium ions (see below). The slope of the 

line drawn in Figure 2.7 (0.66) indicates that the stabilizing effects of the substituents in the 

gas phase are reduced to 66 % in aqueous solution. A value of 72 % has been reported for 

benzhydrylium ions.[16]
 

 
 
 
 
 
 
 
 
Figure 2.7. Correlation of ∆G

0 (= 
2.303RTpKR+) of water attack at 
tritylium ions vs. calculated OH– 
affinities (gas phase, ∆G298, 
MP2(FC)/6-31+G(2d,p)//B3LYP/6-
31G(d,p)); the open circles have been 
omitted from the linear regression, 
slope 0.66. 

 

For constructing the rate-equilibrium relationship in Figure 2.8, the kw values of Table 2.1 

were complemented by the rate constants for (Me2N)2Tr+ and (Me2N)3Tr+ which have pre-

viously been reported in the literature. Cigén has determined the rate constant of the reaction 

of (Me2N)2Tr+ with water in pure water at 20 °C as 1.08 × 10–4 s–1.[3a] Ritchie reported a rate 
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constant of 1.94 × 10–5 s–1 for (Me2N)3Tr+ at 25 °C.[12c] With a value of 73.3 kJ mol–1 for the 

free energy of activation (calculated with data taken from ref. [12c]), one can calculate a rate 

constant of 1.15 × 10–5 s–1 at 20 °C on the basis of the Eyring equation.  

Table 2.3 shows that the nucleophilic reactivity of water in aqueous acetonitrile remains 

almost constant as the amount of water exceeds 20 vol%. This observation is in agreement 

with McClelland's[9] and our previous observations[17] that carbocations are trapped with 

almost equal rates in different acetonitrile/water mixtures containing 20 to 100 % water. We 

can therefore assume that the kw values determined by Cigén and Ritchie in pure water also 

hold for 50/50 (v/v) acetonitrile/water, and include them in the correlation of Figure 2.8. 

 

 

 
 
 
 
Figure 2.8. Plot of log kw 
(50NA50W, 20 °C) vs. pKR+ 
(from Table 2.1);  
log kw of (Me2N)2Tr+ and 
(Me2N)3Tr+ = –3.97 and –4.94, 
respectively (from ref. [3a,12c], 
see text); the open circles have 
been omitted from the linear 
regression, slope -0.62, R2 = 0.99. 
 

 

Like the ionization rate constants of trityl acetates (see Chapter 1) only the electro-

philicities of the methyl and methoxy substituted tritylium ions (log kw) depend linearly on 

their Lewis acidities (pKR+). The unsymmetrical dimethylamino substituted tritylium ions 

react more slowly than expected from their thermodynamic stabilities in aqueous solution, 

indicating higher intrinsic barriers for the reactions of these systems. In line with these 

findings, highly resonance stabilized carbocations have previously been reported to show low 

intrinsic reactivities.[18] 

 

2.2.4. Hammett Analysis 

 

Hammett-Brown parameters σp
+ were designed for reactions involving a positively 

charged center in conjugation to the substituents under consideration.[19] Figure 2.9 shows that 
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the four symmetric systems Tr, Me3Tr, (MeO)3Tr, and (Me2N)3Tr correlate perfectly linearly 

with Σσp
+. Unsymmetrically substituted systems deviate, and the magnitude of the deviations 

increases with increasing electron-donating ability of the para-substituents. A similar be-

havior has been found for the correlation between the ionization rates of trityl esters and Σσp
+ 

(see Chapter 1). 

Many examples have shown that in case of multiple ring substitution in di- and triaryl-

carbenium ions, σ+ parameters are non-additive[9,20] for reasons which have previously been 

discussed.[20] 

 
 
 
 
 
 
 
 
 
Figure 2.9. Plot of log kw (50AN50W, 
20 °C) vs. Σσp

+ (σp
+ = 0 (H), –0.31 

(Me), –0.78 (OMe), and –1.70 (NMe2) 
from ref. [21]; for kw of (Me2N)2Tr+ 
and (Me2N)3Tr+: see text; the 
regression line is drawn through the 4 
symmetrically substituted systems 
Ar3Tr+, ρ = 1.99, R2 = 1.00. 
 

 

2.2.5. Electrophilicity Parameters of Tritylium Ions 

 

Equation (2.3), where E is an electrophile-specific reactivity parameter, while sN and N are 

nucleophile-specific parameters, was designed to correlate bimolecular rate constants k2 for 

electrophile-nucleophile combinations.[22] A set of benzhydrylium ions and quinone methides 

were used as reference electrophiles for determining N and s parameters of a large number of 

σ-, n- and π-nucleophiles.[23]
 

 

log k2 (20 °C) = sN(N + E)    (2.3) 

 

Because steric effects are not specifically included, equation (2.3) only provides reliable 

predictions of rate constants for reactions of nucleophiles with carbocations and Michael 
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acceptors, if bulky systems are excluded. It was discussed that reactions of tritylium ions can 

only be treated by equation (2.3), if nucleophiles with negligible steric requirements, e.g., 

primary amines and alcohols or hydride donors, are considered.[11]
 

Figure 2.10 shows a good linear correlation of log kw with the electrophilicity parameters E 

of tritylium ions (Table 2.1), which have previously been derived[11] from rate constants for 

their reactions with water and n-PrNH2 taken from the literature. 

 

 

 

 

 

 

 

 

Figure 2.10. Plot of log kw vs. E-
parameters of tritylium ions; for kw of 
(Me2N)2Tr+ and (Me2N)3Tr+: see text; 
50/50 (v/v) acetonitrile/water, 20 °C, 
R

2 = 0.99. 
 

 
The quality of the correlation shown in Figure 2.10 corroborates the reliability of the 

previously reported E-parameters. Even more, if Figure 2.10 had been employed to determine 

the nucleophilicity parameters of 50AN50W, values of N = 5.32 and sN = 0.86 would have 

been obtained, close to the parameters derived from reactions with benzhydrylium ions (N = 

5.05 and sN = 0.89).[17] The internal consistency of our reactivity parameters is thus demon-

strated. 

 

2.2.6. Comparison of Electrofugality and Electrophilicity 

 

It is generally assumed that highly stabilized carbocations are generated rapidly in 

solvolysis reactions, and react slowly with nucleophiles. Recently, we have reported that the 

inverse relationship between electrofugality (rate of formation of R+ in a heterolytic process) 

and electrophilicity (rate of reactions of R+ with nucleophiles), which holds for non-stabilized 

and slightly stabilized benzhydrylium ions, breaks down for amino substituted benzhydrylium 
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ions.[24] A comparably poor correlation between electrophilicity and electrofugality for trit-

ylium ions is shown in Figure 2.11. 

 
 

 
 
 
 
 
Figure 2.11. Plot of log kw vs. 
log kion (acetates, data from 
Chapter 1), 90AN10W; log kw 

for (Me2N)2Tr+ for 90AN10W 
has been calculated by dividing 
1.08 × 10–4 (kw in 50AN50W) 
by 1.36 (average ratio 
kw(50AN50W)/kw(90AN10W) 
for all other tritylium ions in 
Table 2.3). 

 

Like in the series of benzhydrylium ions, electrophilicity is inversely correlated with 

electrofugality for methyl and methoxy substituted systems, while amino substituted systems 

ionize much more slowly than expected from the rates of their reactions with nucleophiles. 

 The same argument that has been used to rationalize the deviation of the amino substituted 

tritylium ions from the log kion/pKR+ correlation (Figure 1.12), i.e., late development of the 

resonance stabilization by the amino group on the reaction-coordinate of the ionization pro-

cess, can be used to explain the correlation in Figure 2.11. 

Because these deviations turn up in each of the correlations log kion/pKR+, log kw/pKR+ 

(Figure 2.8) and log kion/log kw (Figure 2.11), they cannot be due to errors in one of the data 

sets. 

 

2.2.7. Common Ion Return of Carboxylate Anions? 

 

In order to determine rate constants kw for the reactions of dimethylamino substituted 

tritylium ions in aqueous acetonitrile we had to add AcO– and BzO– as proton traps to 

suppress reionization of the generated triarylmethanols. We will now analyze the origin of the 

rate-enhancement by these carboxylate ions, which was described in Figure 2.2 and Table 2.2. 

Four different processes may account for the consumption of tritylium ions in aqueous 

solvents in the presence of a base B (carboxylate or amine). Apart from the reaction of the 

carbocation with water (kw in Scheme 2.2 and equation 2.4), the alcohol can be produced by 
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attack of hydroxide (kOH). Furthermore, the base can either act as a nucleophile and directly 

attack the carbocationic center (k–ion), or catalyze the addition of water by abstracting a proton 

in a concerted manner (kcat). 

 

– d[R+]/dt = [R+] (kw + kOH[OH–] + k-ion[B] + kcat[B])   (2.4) 

 

 

 

 
 
 
 

 
        Scheme 2.2. 

 

If the reaction with the base is reversible, a fifth term has to be considered, which refers to 

the ionization of the adduct (kion). In this case, equation (2.4) transforms into equation (2.5). 

 

–d[R+]/dt = [R+](kw + kOH[OH–] + k–ion[B] + kcat[B]) – kion[R-B]   (2.5) 

 

While the intercepts of the lines shown in Figure 2.2 can unambiguously be assigned to kw 

(4.71 s–1 in the case of (MeO)3Tr+ in 90AN10W, average of entries 1, 3, 4 of Table 2.2), the 

interpretation of the slopes is less straightforward.  

For the reaction of (MeO)3Tr+ with hydroxide in pure water, a second-order rate constant 

of kOH = 8200 M–1 s–1 has been reported,[6] which is considerably smaller than the value of kOH 

= 2.62 × 105 M–1 s–1 in 90AN10W (Table 2.2, entry 6). This difference can be explained by 

the better solvation of hydroxide in water than in acetonitrile. However, at the low concen-

trations of hydroxide present under the conditions of these experiments, kOH[OH–] appears to 

be negligible, because comparison of entries 1, 3, and 4 of Table 2.2 shows that the ac-

celeration by DABCO is smaller than that by AcO– and BzO–, in spite of the much higher 

basicity of DABCO, which must lead to higher OH– concentrations.  

A similar argument allows for excluding that carboxylates act as general base catalysts 

(kcat). DABCO and several quinuclidines have been reported to catalyze the addition of water 

to tritylium ions in pure water, and it has been shown that log kcat correlate linearly with the 

corresponding pKaH values of the amines.[12b] Because AcO– is much less basic than DABCO, 

it should catalyze the addition of water less efficiently. The converse observation that AcO– 
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and BzO– accelerate the consumption of (MeO)3Tr+ more than DABCO (Table 2.2, cf. slopes 

in entries 1, 3, 4 or 2, 5) leads to the conclusion that carboxylate ions attack the carbenium ion 

directly. These reactions are reversible and do not occur in pure water, where the consumption 

rate of (MeO)3Tr+ has been found to be independent of the concentration of AcO–.[6,7] Since 

the concentrations of AcO– in the experiments of Figure 2.2 are considerably larger than they 

had been during the ionization studies of (MeO)3Tr-OAc,[2] the equilibria of Scheme 2.2 lie 

almost completely on the side of the covalent ester. For this reason, in the experiments of 

Figure 2.2, the absorbances of (MeO)3Tr+ decreased mono-exponentially to zero with kobs = 

kw + k–ion[B], i.e., the slopes given in entries 1 and 3 of Table 2.2 reflect k–ion. 

 

This analysis of Figure 2.2 is supported by the following considerations. Nucleophilicity 

parameters of benzoate in 90AN10W have been determined as N25 = 11.3 and sN,25 = 0.72 at 

25 °C.[24] By employing equation (2.3), the rate constant for the bimolecular reaction of 

(MeO)3Tr+ with BzO– can be calculated as 1.01 × 105 M–1 s–1. Comparison with the experi-

mental value of 2.32 × 104 M–1 s–1 (Table 2.2, entry 3) reveals agreement within a factor of 

4.4, showing that the observed rate constant is in the correct order of magnitude. The 

deviation is within the range of tolerance of equation (2.3), especially when sterically deman-

ding electrophiles like tritylium ions are involved. 

An analogous calculation for the reaction of (Me2N)Tr+ with BzO– yields a rate constant of 

267 M–1s–1 (from equation (2.3)) which is much bigger than the slope of 0.352 M–1s–1 given in 

entry 9 of Table 2.2, suggesting that this slope cannot reflect the rate constant for the attack of 

BzO– at (Me2N)Tr+. Division of the larger of these two numbers (k–ion = 267 M–1s–1) by kion 

(5.37 s–1) yields the upper limit for the equilibrium constant of the ester formation K =  

k–ion/kion = 50 M–1. Hence, for [BzO–] = 10–3 M (≈ 20 fold excess in our experiment), the ratio 

[(Me2N)Tr-OBz]/[(Me2N)Tr+] must be smaller than 0.05, which implies that the reaction of 

(Me2N)Tr+ with BzO– in 90AN10W is thermodynamically unfavorable and can, therefore, not 

be observed. The small accelerations of the consumption of (Me2N)Tr+ in the presence of 

carboxylates are concluded to be due to the sum of kOH and kcat. 

On the other hand, a ratio [(MeO)3Tr-OBz]/[(MeO)3Tr+] = 6.1 (with k–ion = 2.32 × 104 M–1 

s–1, kion = 3.79 s–1, and [BzO–] = 10–3 M) is calculated for the equilibrium mixture obtained 

from (MeO)3Tr+ and BzO– in 90AN10W, showing that in this system the predominant species 

is the ester.  
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2.2.8. Complete Free Energy Diagrams for the Hydrolyses of Trityl Carboxylates 

 

The ionization rate constants of trityl carboxylates and the rate constants for the con-

sumption of tritylium ions shall now be combined to construct free energy diagrams for the 

hydrolyses of tritylium carboxylates in aqueous acetonitrile. The good correlation between log 

kw and the previously derived electrophilicity parameters E (Figure 2.10) shows that the E 

values for tritylium ions can be used to calculate rate constants for their combinations with n-

nucleophiles by equation (2.3). Therefore all information for the construction of free energy 

diagrams is now available. 

In Figure 2.12, the covalent trityl benzoates are set on the same level. The Eyring equation 

was used to calculate ∆G‡
 values for the first step of the reaction cascade from directly mea-

sured ionization rate constants kion (Table 1.8).[25]
 

The rate constants for the combinations of the tritylium ions with benzoate k–ion in 

90AN10W were calculated by equation (2.3) from the E-parameters given in Table 2.1 and 

the known nucleophilicity parameters of BzO– (see above). One thus arrives at the positions 

of the tritylium ions in Figure 2.12. As discussed above, the directly measured rate constant 

for the reaction of (MeO)3Tr+ with BzO– is 4.4 times smaller than that calculated by equation 

(2.3). Taking this factor into account would lower the positions of all tritylium ions in Figure 

2.12 by 3-4 kJ mol–1, a negligible correction in view of the total spread of the reactivities. The 

thermodynamic stability order of the tritylium ions, which thus has been obtained on an 

entirely kinetic basis (kion and k–ion) is in line with the hydroxide stability scale pKR+, which is 

based on equilibrium measurements in water and aqueous sulfuric acid. 

The activation free energies for the last step in the reaction cascade of Figure 2.12 can 

again be derived from the Eyring equation. Because the relative stabilities of trityl benzoates 

and triarylmethanols are almost independent of the nature of the substituents on the aryl rings, 

all energy profiles will converge on the right of Figure 2.12. Readers should not be confused 

by the fact that Ar3C–OH is located at approximately the same level as Ar3C–OBz. The 

driving force of the hydrolysis reactions is not the lower value of ∆G
0 of the alcohols, but the 

high concentration of water used for these reactions. 

 

Figure 2.13 shows that the ∆G
0 values derived from kinetic (kion and k–ion) and thermo-

dynamic (pKR+) data correlate with a slope of 1.07 with no obvious deviations. The con-

sistency of our kinetic data is thus confirmed. 
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Figure 2.12. Free energy profiles for the hydrolyses of substituted trityl benzoates in 
90AN10W, 25 °C; constructed for [BzO–] = 1 mol L–1; [a] kw taken from Table 2.3, 
determined at 20 °C. 
 
 

Figure 2.12 can now be used to rationalize the kinetic phenomena reported in this and the 

preceding chapter. First of all, one can recognize that the transition state of the ionization step 

changes significantly as one goes from trityl benzoate to the bis(dimethylamino) substituted 

trityl derivative. The more electron-donors are attached, the less carbocation-like the tran-

sition state. The origin of the observed irregularities between methyl and methoxy substituted 

tritylium systems on one side and dimethylamino substituted ones on the other side is well 

visualized by Figure 2.12. As discussed earlier, the intrinsic barriers for the reactions of the 

highly resonance stabilized amino substituted tritylium ions are particularly high. As a 

consequence, the transition states for the ionizations of (MeO)3Tr-OBz and (Me2N)Tr-OBz 

(68.9 kJ mol-1 ≈ 69.7 kJ mol-1) as well as for the reactions of the corresponding cations with 
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water (93.8 kJ mol-1 ≈ 96.0 kJ mol-1) almost coincide, although (Me2N)Tr+ is the much better 

stabilized cation. Hence, (MeO)3Tr-OBz and (Me2N)Tr-OBz ionize with similar rates, while 

(Me2N)Tr+ reacts much more slowly with nucleophiles than (MeO)3Tr+. 

 

 

 

 

 

 

Figure 2.13. Correlation 
of free energies ∆G

0 
(combination of tri-
tylium ions with BzO–, 
data taken from Figure 
2.12) with ∆G

0 from 
pKR+; slope 1.07,  
R

2 = 1.00. 
 

 

2.3. Conclusion 

 

Although the linear free energy relationship log k2 (20 °C) = sN(N + E) cannot generally be 

applied to sterically shielded systems (e.g., reactions of tritylium ions with alkenes), it was 

now found that it works perfectly for the decays of tritylium ions in aqueous acetonitrile. The 

breakdown of the inverse correlation between the electrofugalities of carbocations (rates of 

ionization of R–X) and their electrophilicities (rates of reactions of R+ with nucleophiles) for 

highly stabilized carbocations appears to be a general phenomenon. As previously reported 

for hydrolyses of benzhydrylium carboxylates,[24] an excellent inverse correlation between the 

electrophilic reactivities of methyl and methoxy substituted tritylium ions and the ionization 

rates of the corresponding trityl carboxylates was observed. However, amino substituted 

tritylium ions strongly deviate from this correlation. Because unsymmetrical amino sub-

stituted tritylium ions, in particular (Me2N)Tr+, are much better stabilized in solution than 

expected from their hydroxide affinities in the gas phase (Figure 2.7), they must experience 

special solvation effects. Reorganization of these strongly associated solvent molecules may 

account for the high intrinsic barriers encountered in reactions forming (kion) and quenching 

(kw) these tritylium ions. 
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Apart from their use as protecting groups, tritylium ions also have many practical 

applications as hydride abstracting agents. This work has shown that there are excellent linear 

correlations between electrophilic reactivities (log kw, E), pKR+ values and calculated 

hydroxide affinities in the gas phase if the amino substituted tritylium ions are excluded. The 

parent, methyl, and methoxy substituted systems can therefore be used as reference 

compounds for converting the manifold of published hydride abstraction rates by differently 

substituted tritylium ions into a common activity scale for hydride donors. 
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3. Electrophilicities of Acceptor-Substituted Tritylium Ions 

 

3.1. Introduction 

 

The linear free energy relationship (3.1), where E is an electrophilicity, N is a nucleo-

philicity, and sN is a nucleophile-specific sensitivity parameter, is based on the reactions of a 

set of carbon nucleophiles with a set of benzhydrylium ions and structurally related quinone 

methides, which were employed as reference electrophiles.[1,2]  

 

log k = sN(N + E)     (3.1) 

 

As demonstrated in the past, this equation allows to predict the bimolecular rate constants k 

for numerous electrophile-nucleophile combinations, and at present, it covers a reactivity 

range of 40 orders of magnitude. Hereby, the reactivities of the reference diaryl carbenium 

ions can be gradually adjusted by suitable substitution patterns in the para- and/or meta-

positions of the rings, without changing the steric shielding at the reactive site. 

As steric effects are not explicitly treated by equation (3.1), it was previously assumed that 

this correlation cannot be employed for reactions of tritylium ions.[3] However, it was found 

that the reactions of donor-substituted tritylium ions with water, primary amines, and hydride 

donors follow this correlation. Thus it was possible to calculate the rate constants for such 

reactions from the published E parameters (Table 2.1) and the N and sN parameters of the 

corresponding nucleophiles. Since only very few E parameters of acceptor-substituted 

tritylium ions have previously been derived,[3] we have now determined the electrophilic 

reactivities of fluoro-substituted trityl systems,[4,5] which may be used as efficient hydride 

abstractors.[6,7] 

 

3.2. Results 

 

3.2.1. Rates of Hydride Transfers 

 

The rate constants of hydride transfers from triphenylsilane to the tritylium ions listed in 

Table 3.1 have been determined in dichloromethane solution using conventional or stopped-

flow spectrophotometrical techniques (Scheme 3.1). 
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Scheme 3.1. Reduction of tritylium ions by triphenylsilane. 
 

 
Table 3.1. Tritylium ions studied in this work. 
 

R1, R2, R3 [a] abbreviation pKR+ E 
[b] 

2 × m-F, 2 × m-F, 2 × m-F (mF)6Tr+ –14.2 [c] - 
2 × m-F, 2 × m-F, m-F (mF)5Tr+ - - 
2 × m-F, m-F, m-F (mF)2(mF)'(mF)''Tr+ - - 

m-F, m-F, m-F (mF)(mF)'(mF)''Tr+ –10.72 [c] - 

m-F, m-F, H (mF)(mF)'Tr+ –9.17 [d] - 
m-F, H, H (mF)Tr+ –7.81 [d] - 

p-F, H, H (pF)Tr+ –6.41 [d] - 

p-F, p-F, H (pF)2Tr+ –6.22 [d] - 
p-F, p-F, p-F (pF)3Tr+ –6.05 [c] - 

H, H, H Tr+ –6.63 [e] 0.51 

p-Me, H, H MeTr+ –5.41 [e] –0.13 
p-Me, p-Me, H Me2Tr+ –4.71 [e] –0.70 

p-Me, p-Me, p-Me,  Me3Tr+ –3.56 [e] –1.21 

p-MeO, H, H (MeO)Tr+ –3.40 [e] –1.59 [f] 
p-MeO, p-MeO, H (MeO)2Tr+ –1.24 [e] –3.04 

[a] For the substitution pattern see Scheme 3.1; [b] empirical electrophilicity parameters from 
ref. [3]; [c] from ref. [8]; [d] from ref. [4]; [e] from ref. [9]; [f] the previously reported value 
of E = –1.87 (in ref. [3]) was based on only two reactions and should be revised. 
 
 

The unsubstituted as well as donor-substituted tritylium ions have been employed as stable 

salts (usually BF4
– as counterion). Tetrafluoroborate salts of meta-fluoro substituted tritylium 

ions that were isolated in substance decomposed within hours, even in a protecting gas 

atmosphere. Therefore, destabilized tritylium ions have been generated in solution by 

combining the corresponding trityl chlorides or bromides with an excess of Lewis acid, 

usually GaCl3.  



50  3. Electrophilicities of Acceptor-Substituted Tritylium Ions 

All reactions were found to be of first-order in tritylium ion and triphenylsilane, according 

to the rate law (3.2). After addition of the silane to a tritylium ion, the decrease of the 

absorbance of Ar3C
+ was followed photometrically (Figure 3.1). As the nucleophile was used 

in large excess, pseudo-first-order rate constants kobs (equation 3.3) were obtained by fitting 

the time-dependent absorbances to the mono-exponential equation (3.4), assuming the validity 

of Lambert-Beer's law. 

 

–d[Ar3C
+]/dt = k[Ar3C

+][HSiPh3]      (3.2) 

 

kobs = k[HSiPh3] for [HSiPh3]0 >> [Ar3C
+]0    (3.3) 

   

[Ar3C
+] = [Ar3C

+]0 exp(–kobst) + const.     (3.4) 

 

For each electrophile a series of runs with different concentrations of triphenylsilane were 

performed, and plots of kobs versus the silane concentrations were linear (insert of Figure 3.1) 

with the slopes of the lines representing the second-order rate constants k (Table 3.2). 
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Figure 3.1. Time-dependent absorbance at λ = 420 nm for the reaction of (mF)(mF)'(mF)''Tr+ 
with HSiPh3 (c0 = 1.63 × 10–3 mol L–1), CH2Cl2, 20 °C; kobs = 3.80 s–1; the carbocation was 
generated from (mF)(mF)'(mF)''TrBr (5.57 × 10–5 mol L–1) and 53 equiv. of GaCl3. Insert: Plot 
of kobs vs. [HSiPh3]0; k = 2.11 × 103 L mol–1 s–1. 
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Table 3.2. Second-order rate constants k for hydride transfers from HSiPh3 to tritylium ions 
(CH2Cl2, 20 °C). 
 

electrophile source k [L mol–1 s–1] 

(mF)2(mF)'(mF)''Tr+ Ar3CBr + GaCl3  6.11 × 103 
(mF)(mF)'(mF)''Tr+ Ar3CBr + GaCl3 2.11 × 103 

(mF)(mF)'Tr+ Ar3CBr + GaCl3 6.57 × 102 

(mF)Tr+ Ar3CBr + GaCl3 1.99 × 102 
(pF)Tr+ Ar3C

+BF4
– 4.58 × 101 

(pF)2Tr+ Ar3C
+BF4

– 3.08 × 101 

(pF)3Tr+ Ar3CCl + GaCl3 2.36 × 101 
Tr+ Ar3C

+BF4
– 7.55 × 101 

 Ar3C
+SbF6

– 7.16 × 101 

MeTr+ Ar3C
+BF4

– 1.56 × 101 
Me2Tr+ Ar3C

+BF4
– 4.02 

Me3Tr+ Ar3C
+BF4

– 1.21 

(MeO)Tr+ Ar3C
+BF4

– 6.44 × 10–1 
(MeO)2Tr+ Ar3C

+BF4
– 2.61 × 10–2 

 

 

Hydride transfers from organic silanes to benzhydrylium ions were found to be prone to 

catalysis by BCl3.
[10] By contrast, variation of the concentration of GaCl3 did not lead to 

significant changes of the rate constants for the reactions of tritylium ions with HSiPh3 (Table 

3.3). In agreement with previous results of Chojnowski,[6b] Table 3.2 furthermore demon-

strates the independence of the rate constants of the counterions, as use of BF4
– gave the same 

result as SbF6
–. From these observations one cannot only derive that the counterion is not 

involved in the rate-determining step, but also that the hydride donor is stable in the presence 

of the Lewis acid GaCl3 in CH2Cl2 solution. 

 
 
Table 3.3. Influence of the concentration of GaCl3 on the rate constants of the reactions be-
tween fluoro-substituted tritylium ions and HSiPh3 (CH2Cl2, 20 °C). 
 

precursor [Ar3C
+]0/M [GaCl3]0/M 

[GaCl3]0/ 
[Ar3C

+]0 
k [L mol–1 s–1] 

(mF)TrBr 3.52 × 10–5 1.43 × 10–4 4 1.99 × 102 [a] 
 8.85 × 10–5 8.75 × 10–3 99 1.89 × 102 

(mF)(mF)'TrBr 4.76 × 10–5 1.64 × 10–4 3 6.57 × 102 [a] 
 7.24 × 10–5 7.95 × 10–3 110 6.37 × 102 

[a] From Table 3.2. 
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Complete conversion of the fluoro-substituted trityl halides to the corresponding carbo-

cations was achieved by successive addition of small parts of dissolved Lewis acids to the 

solutions of the trityl halides until the monitored absorbances reached a plateau. The reactions 

of (mF)6Tr+ and (mF)5Tr+ with HSiPh3 were too fast to be followed even by the stopped-flow 

technique. Hence, we refrained from kinetic investigations of these two tritylium ions. 

 

3.2.2. Rates of Reactions with Water 

 

While the rates for the reactions of donor-substituted tritylium ions with water have been 

reported in Chapter 2, the rates of water-attack at (mF)Tr+ and (mF)(mF)'Tr+ have now been 

determined in aqueous acetonitrile at 20 °C. The carbocations have been generated by laser-

flash photolysis of the corresponding acetates, and UV-vis spectrometry was employed to 

follow the progress of the reactions (Figure 3.2). The observation of mono-exponential curves 

indicated the trapping of the carbocations by water, while acetate anions, which varied in 

concentration, were not involved. The pseudo-first-order rate constants kw listed in Table 3.4 

represent the mean values of 2-4 independent experiments. 
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Figure 3.2. Decay of the absorbance of (mF)Tr+ at 415 nm. The carbocation was generated 
from (mF)TrOAc (c0 = 6.04 × 10–4 mol L–1) by a laser pulse (7 ns, 266 nm, 60 mJ) in 50/50 
(v/v) acetonitrile/water, 20 °C. 
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Table 3.4. First-order rate constants kw for the attack of water at tritylium ions in aqueous 
acetonitrile (20 °C). 
 

kw [s–1] 
solvent[a] 

(mF)Tr+ (mF)(mF)'Tr+ 

90AN10W 3.88 × 105 1.18 × 106 
80AN20W 5.03 × 105 1.60 × 106 
60AN40W 5.02 × 105 1.65 × 106 

50AN50W 5.09 × 105 1.56 × 106 
[a] Solvents are given in vol%, AN = acetonitrile, W = water. 
 

 
3.2.3. Theoretical Calculations 

 

Geometries of the fluoro-substituted tritylium ions, the corresponding alcohols and the 

1,1,1-triarylethanes have been optimized by hybrid DFT methods (B3LYP/6-31G(d,p)). In 

some cases, different conformations had to be considered. Thermo-chemical corrections for 

298.15 K have been calculated for all minima from unscaled vibrational frequencies obtained 

at the same level.  

 

Ar3C
+ + OH– 

→ R3C–OH   (3.5) 

 

Ar3C
+ + Me– 

→ R3C–Me   (3.6) 

 
Table 3.5. Calculated gas phase hydroxide and methyl anion affinities ∆H298 of fluoro-
substituted tritylium ions; MP2(FC)/6-31+G(2d,p)//B3LYP/6-31G(d,p).[a] 
 

system 
∆HOH- (eq. 3.5)  
[kJ mol–1] 

∆HMe- (eq. 3.6)  
[kJ mol–1] 

(mF)6Tr+ –801.1 –973.5 
(mF)5Tr+ –785.6 –958.6 
(mF)2(mF)'(mF)''Tr+ –772.1 –944.0 

(mF)(mF)'(mF)''Tr+ –758.7 –929.2 

(mF)(mF)'Tr+ –743.2 –914.1 
(mF)Tr+ –728.2 –898.4 

(pF)Tr+ –720.9 –890.3 

(pF)2Tr+ –727.4 –897.0 
(pF)3Tr+ –734.2 –903.4 

Tr+ [b] –715.5 –883.7 
[a] For total energies and thermochemical corrections needed for the calculations see the 
Experimental Section; [b] from Table 2.5. 
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Apart from the triphenyl carbenium ion, which has been studied theoretically and experi-

mentally with respect to its hydride affinity,[11] Zhu has reported theoretical hydride affinities 

of some mono-para-substituted tritylium ions in acetonitrile solution.[12] As we were interes-

ted in the extension of the existing scale of anion affinities of donor-substituted tritylium ions, 

we calculated the hydroxide and methyl anion affinities [equations (3.5) and (3.6), Table 3.5] 

in the gas-phase by combining single-point energies on the MP2(FC)/6-31+G(2d,p) level with 

the thermochemical corrections. 

 

3.2.4. Product Study 

 

When HSiPh3 was added to a solution of MeTr+BF4
– in CH2Cl2, the green color of the 

tritylium ion faded with concomitant gas evolution (BF3). After workup, GC/MS analysis of 

the product mixture revealed the presence of FSiPh3, HSiPh3 and MeTrH, which could not be 

separated. For the detailed procedure see the Experimental Part (p. 202). 

 

3.3. Discussion 

 

Figure 3.3, which includes previously reported results for donor-substituted tritylium ions 

(Chapter 2), shows a good correlation between calculated hydroxide and methyl anion 

affinities. The slope of almost unity demonstrates a negligible interaction between the OH or 

CH3 group at the Csp3 center and the substituents in the aromatic rings. 

As seen in Table 3.5, each para-fluoro substituent destabilizes the carbocation by about 7 

kJ mol–1 in the gas phase, and two para-fluoro substituents have approximately the same 

effect as one meta-fluoro substituent. The consecutive introduction of meta-fluoro leads to an 

almost constant destabilization of the carbocation by approximately 15 kJ mol–1 per fluorine. 

In contrast, the effects of donor-substituents were found to be non-additive in Chapter 2. 

A striking difference between the stabilization of tritylium ions in the gas phase and in 

solution is shown in Figure 3.4, where ∆G
0 of water-attack in water is plotted against the 

hydroxide affinities in the gas phase. Whereas para-fluoro substitution destabilizes trityl 

cations in the gas phase, it has a stabilizing effect in aqueous solution. 
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Figure 3.3: Correlation of calculated Me– and OH– affinities (∆H298 in kJ mol–1), MP2(FC)/6-
31+G(2d,p)//B3LYP/6-31G(d,p), ∆HMe- = 1.03∆HOH- – 151 kJ mol–1, n = 20, R2 = 0.9997; 
values for donor-substituted systems and Tr+ from Chapter 2. 
 
 

If the systems designated by open circles in Figure 3.4 are neglected, the slope of the 

correlation line indicates that the stability differences between the systems in the gas phase 

are diminished to 60 % in aqueous solution. We earlier reported a value of 66 % when only 

methyl and methoxy-substituted systems were considered (see Figure 2.7). 
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Figure 3.4. Correlation of ∆G

0 (= 2.303RT pKR+) of water-attack (in water) with calculated 
OH– affinities ∆G298 (gas phase, MP2(FC)/6-31+G(2d,p)//B3LYP/6-31G(d,p)), in kJ mol–1; 
data for donor-substituted systems from Chapter 2; the open circles were not included in the 
correlation; slope: 0.60. 
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As can be seen in Figure 3.5, log k for hydride transfers from HSiPh3 to tritylium ions in 

CH2Cl2 solution correlate with log kw for the water-attack in 50AN50W with a slope of unity. 

Despite the very different solvents and the very different nature of the nucleophiles, the slope 

of unity suggests comparable carbocationic characters of the transition states in these two 

reaction series. The unity slope in Figure 3.5 furthermore implies that the nucleophile-specific 

sensitivity parameter sN for the reactions of HSiPh3 with tritylium ions must be identical to 

that for the solvent mixture 50AN50W (0.89).[13] Further investigations have to show whether 

the N and sN parameters of silanes can be employed for their reactions with tritylium ions and 

other types of carbocations. 

Because of the good linear correlation in Figure 3.5 and the fact that the E parameters in 

Table 3.1 are mainly based on reactions with water, the kinetic data collected in Table 3.2 can 

be used to derive electrophilicity parameters E for fluoro-substituted tritylium ions. Figure 3.6 

shows that the rates of the reactions of HSiPh3 with donor-substituted tritylium ions (log k) 

correlate linearly with the known E parameters of these electrophiles. The resulting corre-

lation equation is given in the caption of Figure 3.6. Extrapolation of the correlation line to 

the rate constants for the fluoro-substituted systems delivers the corresponding E-parameters, 

as illustrated for (mF)Tr+ and (mF)(mF)'Tr.  

 
 

 

 
 
 
 
 
Figure 3.5. Plot of log k for the 
reactions of triarylmethyl cations with 
HSiPh3 (CH2Cl2, 20 °C) versus log kw 
for the reactions with water 
(50AN50W, 20 °C); data for log kw of 
Tr+ and donor-substituted systems 
from Chapter 2; n = 8, R2 = 0.9995. 
 

 
Table 3.6 lists the individual E-parameters for fluoro-substituted tritylium ions obtained by 

substitution of the rate constants in Table 3.2 into the correlation equation of Figure 3.6. The 

electrophilicity of 2.54 for (mF)2(mF)'(mF)''Tr+ is similar to that reported for (pCF3)2Tr+ (E = 

2.28),[3] indicating that four m-F substituents exert a comparable effect as two p-CF3 groups. 
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Figure 3.6. Plot of log k vs. 
E for the reactions of 
HSiPh3 with tritylium ions 
(CH2Cl2, 20 °C); correlation 
equation (only the filled 
circles): log k = 0.97E + 
1.32; n = 6, R2 = 0.9983. 
 

 
Table 3.6. Derived electrophilicity parameters E for fluoro-substituted tritylium ions. 
 

electrophile E 

(mF)2(mF)'(mF)''Tr+ 2.54 
(mF)(mF)'(mF)''Tr+ 2.07 

(mF)(mF)'Tr+ 1.54 

(mF)Tr+ 1.01 
Tr+ 0.51 [a] 

(pF)Tr+ 0.35 

(pF)2Tr+ 0.17 
(pF)3Tr+ 0.05 

[a] From Table 3.1. 

 

The influence of multiple substitution on the E-parameter of the triphenyl-methyl cation is 

shown in Figure 3.7, where ∆E for consecutive substitution is plotted against the number of 

substituents. While the first para-methyl group decreases the electrophilicity of Tr+ by 0.64, 

the second and third para-methyl groups lead to a reduction of E by only 0.57 and 0.51, 

respectively. This phenomenon can be explained by the propeller-like structure of tritylium 

ions and saturation effects. By contrast, each meta-fluoro substituent increases the E-value of 

the tritylium ion by approximately the same amount. Obviously, no saturation effects are 

operating in this series, in agreement with the finding that the anion affinities of triarylmethyl 

carbenium ions increase almost linearly with the number of m-F substituents (see above). 

 

The LUMO energy of a carbocation can be interpreted as an indicator for the ease with 

which it reacts with an electron donating species. 
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Figure 3.7. Electrophilicity parameters E of substituted tritylium ions (left) and variation of E 
by consecutive introduction of m-F and p-Me substituents (right): ∆E = E[tritylium ion with n 
substituents] – E[tritylium ion with (n–1) substituents]. 

 
 
Figure 3.8 plots the E parameters of tritylium and benzhydrylium ions against the corres-

ponding LUMO energies, which have been calculated on the B3LYP/6-31G(d,p) level of 

theory. 
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Figure 3.8. Plot of empirical electrophilicity parameters E of tritylium and benzhydrylium 
ions against their LUMO energies [B3LYP/6-31G(d,p), gas phase]; data for benzhydrylium 
ions from ref. [14]. 
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While the E parameters refer to solution, the LUMO energies refer to the gas phase. 

Therefore, the considerable scattering observed for carbocations, which are stabilized by 

amino groups in the para-positions of the rings, is presumably due to solvation effects. 

Two clearly diverging trends exist for the two series of electrophiles when the reactivities 

are increased. Although the LUMO energy of (mF)(mF)'Tr+ is more negative than that of 

(tol)2CH+, meaning that electrons – either free or as part of a nucleophile – perceive a higher 

thermodynamic force to react with the tritylium ion, the observable electrophilic reactivity of 

the diarylmethyl ion exceeds that of the triarylmethyl ion by a factor of 100. Steric hindrance 

caused by the additional aryl ring in tritylium ions is the reason for this phenomenon.  

The para-fluoro substituted tritylium ions follow the same opposing trend that was already 

observed in Figure 3.4. 

 

3.4. Conclusion 

 

Although the nucleophilicity parameters N/sN, which have been derived from the reactions 

of the corresponding nucleophiles with benzhydrylium ions, are not generally applicable to 

reactions with tritylium ions, the correlation equation log k = sN(N + E) (eq. 3.1) has been 

reported to hold for reactions of tritylium ions with aqueous solvents, primary amines, and 

hydride donors (ref. [3,15], Chapter 2). Electrophilicity parameters E of fluoro-substituted 

tritylium ions could be evaluated from the rate constants of hydride abstractions from HSiPh3. 

These electrophilicities increase by approximately 0.5 units of E per meta-fluoro substituent, 

which is about the same amount as they decrease per para-methyl substituent. Fluoro-

substitution in para-position has opposite effects in the gas phase and in solution. According 

to quantum chemical calculations, para-fluoro increases the OH– and Me– affinities in the gas 

phase, whereas kinetic investigations in CH2Cl2 show that para-fluoro has a stabilizing effect 

on tritylium ions in solution. The next chapter deals with the effects of meta- and para-fluoro-

substitution on the heterolysis rates of trityl derivatives. 
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4. Electrofugalities of Acceptor-Substituted Tritylium Ions 

 

4.1. Introduction 

 

In analogy to the procedure used for the construction of comprehensive nucleophilicity and 

electrophilicity scales,[1] we suggested to employ the linear free energy relationship (4.1) for 

correlating rates of heterolyses.[2] The carbocation (electrofuge) is hereby characterized by a 

single, solvent-independent parameter, Ef, whereas the couple of leaving group and solvent is 

characterized by the two parameters Nf and sf. A series of differently substituted benz-

hydrylium ions were chosen as reference electrofuges, and by now, linear correlations in a 

reactivity range spanning 25 powers of ten have been employed to characterize more than 30 

nucleofuges in a variety of solvents.[2,3] 

 

log kion(25 °C) = sf(Ef + Nf)   (4.1) 

 

The additional aryl group in triarylmethyl (trityl) derivatives can be expected to accelerate 

the ionization by two effects: the better stabilization of the generated carbenium ion, as well 

as the steric repulsion in the ground state (back strain effect).[4] While the solvolytic 

generation of the unsubstituted triphenylmethyl cation has been analyzed in several kinetic 

studies,[5] substituted tritylium derivatives have only rarely been investigated. As substituted 

trityl moieties are widely used as protecting groups,[6] knowledge of their leaving group 

abilities (electrofugalities) is important. 

 

Chapter 1 of this thesis reported about solvolysis rates of donor-substituted trityl carboxy-

lates in aqueous acetonitrile and acetone. These investigations are now extended to acceptor-

substituted trityl derivatives.  

Ionization rate constants of trityl halides (chlorides, bromides, fluorides) and carboxylates 

(acetates, benzoates, para-nitrobenzoates) have been determined in aqueous and neat aceto-

nitrile and acetone (Scheme 4.1). As the nucleofuge-specific parameters Nf and sf of the halide 

and carboxylate anions have previously been reported,[3] the kinetic data should enable us to 

test whether equation (4.1), which is based on solvolyses of benzhydryl derivatives, is also 

applicable to ionizations of trityl derivatives. 

 



62  4. Electrofugalities of Acceptor-Substituted Tritylium Ions 

R1

R3

R2

25 °C
k ion

H2O
kw

– HX

Xk–ion

HNR2

– HX

X

solvent R1

R3

R2

R1

R3

R2

OH

R1

R3

R2

NR2

 

Scheme 4.1. Solvolyses of substituted trityl derivatives. 
 

Table 4.1. The tritylium ions studied in this work. 
 

R1, R2, R3 [a] abbreviation pKR+ 
p-Me, p-Me, p-Me Me3Tr+ –3.56 [b] 
p-Me, p-Me, H Me2Tr+ –4.71 [b] 

p-Me, H, H MeTr+ –5.41 [b] 
H, H, H Tr+ –6.63 [b] 

p-Cl, H, H (pCl)Tr+ - 

p-F, H, H (pF)Tr+ –6.41 [c] 
p-F, p-F, H (pF)2Tr+ –6.22 [c] 

p-F, p-F, p-F (pF)3Tr+ –6.05 [d] 

m-F, H, H (mF)Tr+ –7.81 [c] 
m-F, m-F, H (mF)(mF)'Tr+ –9.17 [c] 

(m-F)2, H, H (mF)2Tr+ - 

m-F, m-F, m-F (mF)(mF)'(mF)''Tr+ –10.72 [d] 
(m-F)2, (m-F)2, H

 (mF)2(mF)'2Tr+ - 

(m-F)2, m-F, m-F (mF)2(mF)'(mF)''Tr+ - 

(m-F)2, (m-F)2, (m-F)2 (mF)6Tr+ –14.2 [d] 
[a] For the substitution pattern, see Scheme 4.1; [b] from ref. [7]; [c] from ref. [8]; [d] from 
ref. [9]. 
 

4.2. Results 

 

Unlike in previous kinetic investigations of donor-substituted trityl derivatives (see Chap-

ter 1), carbenium ions did not accumulate during the solvolysis reactions, i.e., kw and/or k–ion 

are fast compared to kion (typical SN1 reaction, Scheme 4.1).  
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The generation of the Brønsted acids HX suggested the use of conductimetry as method of 

choice for monitoring the progress of the reactions. As shown by the calibration curve in 

Figure 4.1, the solution's conductivity κ is proportional to the amount of completely solvo-

lyzed substrate in the concentration range employed. Only relative conductivities κrel were 

needed for the evaluation of the kinetic data, and we have not calibrated the conductivity cell 

for determining absolute values of κ. 

Reactions with half-lives > 10 s were studied by conventional methods, while faster reac-

tions were followed by a stopped-flow apparatus. All recorded curves were fitted according to 

equation (4.2) by the method of least squares.  

 
κrel = κmax(1 – exp(–kiont)) + const.   (4.2) 

 
In the reaction sequence of Scheme 4.1 two cases have to be distinguished. First, if the 

trapping of the carbocation by water (kw) is fast compared to the ion return (k–ion[X
–]) the 

generation of the alcohol and of HX will follow the exponential rate law in equation (4.2). If, 

however, the ion return proceeds with a similar rate or even faster than the attack of water, its 

importance will grow during the course of the reactions due to increasing [X–]. As a conse-

quence, the increase of concentrations does not follow an exponential function, and the eva-

luation of the kinetic parameters from the recorded conductivity data becomes more compli-

cated. 

 

 

 
 
 
 
 
 
Figure 4.1. Calibration curve for the 
solvolysis of (mF)(mF)'TrCl in 80/20  
(vol-%) CH3CN/H2O at 25 °C; plot of κrel 
at t∞ against the amount of substrate, 
conventional conductimetry, 
[piperidine] = 1.02 × 10–2 mol L–1. 
 

 
Common ion rate depression is a well-known phenomenon,[5h,5i,10] that has recently been 

studied systematically in solvolyses of benzhydryl chlorides.[11,12] It was shown that the deter-

mination of the ionization rate constants kion can be simplified by adding large amounts of 
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amines which rapidly trap the generated benzhydrylium ions, and suppress the return of 

chloride ions (Scheme 4.1).[11a] This procedure enforces first-order kinetics, thus circumven-

ting the need for sophisticated mathematical evaluations. It resembles the methodology of 

Winstein and Appel, who used azide anions instead of amines,[5g] but has the advantage that 

the reactions can now be followed conductimetrically, whereas the number of ions remains 

unchanged when common ion return is suppressed by azide ions. 

 

In the present study of solvolyses of trityl derivatives we also observed common ion rate 

depression in many cases, especially when trityl halides were hydrolyzed in solvent mixtures 

with low fractions of water. Therefore, we adopted the aforementioned technique and follow-

ed the kinetics in the presence of amines. 

 

For each substrate, several measurements with increasing concentrations of amine were 

performed. Although small amounts of amine often did not lead to perfect first-order kinetics 

because common ion return was not fully suppressed, fits according to equation (4.2) were 

enforced in order to get kobs values as shown in Figure 4.2a. When the amine concentrations 

were increased, trapping of the carbocations by the amines became more and more effective, 

and the quality of the mono-exponential fits improved. Figure 4.2b exemplifies an almost 

perfect agreement between the experimental and simulated increase of conductivity for the 

ionization of (pF)TrCl in 90/10 (vol-%) acetonitrile/water. 
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Figure 4.2. Increase of conductivity during the ionization of (pF)TrCl (c0 = 1.00 × 10–3 mol  
L–1) in 90/10 (vol-%) CH3CN/H2O at 25 °C a) without piperidine; b) in the presence of 7.30 × 
10–2 mol L–1 piperidine. 
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Plots of kobs against the amine concentrations showed an initial increase of the observed 

rate constants until plateaus were reached (Figure 4.3). The non-linearity of these graphs 

excludes the operation of an SN2 mechanism, and the plateaus correspond to the ionization 

rate constants kion at which the generated carbenium ions are quantitatively trapped by the 

amines before they can recombine with the leaving group.  

 

 

 
 
 
 
 
 
 
Figure 4.3. Observed rate con-
stants kobs for the ionization of 
(pF)TrCl (c0 = 1.00 × 10–3 mol  
L–1) in 90/10 (vol-%) CH3CN/ 
H2O at variable concentrations of 
piperidine, 25 °C.  
 

 

This method also allowed the determination of ionization rate constants in aprotic solvents, 

like pure acetonitrile and acetone.[13] Figure 4.4 shows plots of kobs for the ionization of 

(mF)(mF)'TrBr versus the concentrations of different amines in pure acetonitrile. It illustrates 

a small effect of the nature of the trapping amine on the height of the plateaus, similar to 

observations previously made for ionizations of benzhydryl chlorides.[11a]  

While use of piperidine and butylamine essentially results in the same ionization rate 

constant, diethylamine gives rise to smaller values of kobs, and higher concentrations were 

needed to fully suppress the ion return, possibly because of the greater steric demand of 

diethylamine.  

Although the difference of the plateaus (1.8 s–1 vs. 1.4 s–1) is noticeable, it is marginal in 

view of the 8 powers of 10 that span the reactivity range of the substrates investigated in this 

work. A possible explanation might be the change of the solvent polarity that is induced by 

high amine concentrations. This effect might also be responsible for the small decrease of kobs 

when very high concentrations of amine are used (Figure 4.3). 
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Figure 4.4. Observed rate constants kobs for the ionization of (mF)(mF)'TrBr (c0 = 1.0 × 10–3 
mol L–1) in pure acetonitrile at 25 °C. Butylamine, piperidine, and diethylamine were used as 
trapping agents. 
 
 

As carboxylates are weak nucleophiles in aqueous solution, amines are not required to 

suppress common ion return in solvolyses of trityl carboxylates in aqueous acetone or 

acetonitrile. However, as weak acids like acetic acid are not fully dissociated into ions in the 

solvent mixtures used, amines were used here as auxiliary bases to ensure complete disso-

ciation of the generated carboxylic acids, following the protocol in Chapter 1. In this way, the 

sensitivity of the conductivity measurements was increased. A base was also required during 

the hydrolyses of trityl fluoride, which is known to be catalyzed by protons.[5e] Here, addition 

of small amounts of triethylamine or piperidine (9-10 equivalents) led to almost identical 

ionization rate constants. Common ion return was not observed in this case, due to the lower 

nucleophilicity of fluoride compared to chloride or bromide. All obtained rate constants of 

substituted trityl derivatives are summarized in Table 4.2. 

 

Table 4.2. Ionization rate constants of trityl halides and carboxylates, 25 °C. 
 

electrofuge additive[a] nucleofuge solvent[b] kion [s
–1] 

Me3Tr+ pip Cl– 100AN 2.50 × 102 
 pip  100A 7.68 × 10–1 
Me2Tr+ pip Cl– 100AN 5.19 × 101 

 pip  100A 8.11 × 10–2 

MeTr+ pip Cl– 100AN 5.91 
 pip  90AN10W 4.77 × 102 

 pip Br– 100A 3.91 × 101 
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Table 4.2. Continued. 
 

electrofuge additive nucleofuge solvent kion [s
–1] 

Tr+ pip F– 80AN20W 4.02 × 10–5 
 pip/TEA [c]  60AN40W 4.37 × 10–4 

 pip/TEA [c]  50AN50W 1.30 × 10–3 
 -  80A20W 4.23 × 10–6 [d] 

 -  70A30W 1.60 × 10–5 [d] 

 -  50A50W 9.83 × 10–4 [d] 
 pip Cl– 100AN 4.91 × 10–1 

 pip  90AN10W 8.09 × 101 

 pip  80AN20W 2.52 × 102 
 -  90A10W 1.93 [e] 

 -  80A20W 2.19 × 101[e] 

 pip Br– 100AN 6.04 × 102 
(pCl)Tr+ pip Cl– 80AN20W 1.30 × 102 

 -  60AN40W 4.89 × 102 

 -  50AN50W 9.52 × 102 
 pip  90A10W 1.59 

 pip  80A20W 1.28 × 101 

 -  60A40W 1.66 × 102 
 -  50A50W 5.90 × 102 

 TEA PNB– [f] 90AN10W 7.24 × 10–4 

 TEA  80AN20W 2.22 × 10–3 
 TEA  60AN40W 6.10 × 10–3 

 TEA  50AN50W 1.04 × 10–2 

 pip BzO– 60A40W 1.27 × 10–4 
 pip  50A50W 3.58 × 10–4 

(pF)Tr+ pip Cl– 100AN 6.47 × 10–1 

 pip  90AN10W 1.12 × 102 
 pip  80AN20W 3.11 × 102 

 -  60AN40W 1.11 × 103 

 pip  90A10W 5.35 
 pip  80A20W 3.06 × 101 

 -  60A40W 4.46 × 102 

(pF)2Tr+ pip Cl– 90AN10W 1.55 × 102 
(pF)3Tr+ pip Cl– 100AN 1.02 

 pip  90AN10W 1.70 × 102 

(mF)Tr+ pip Cl– 100AN 2.95 × 10–2 
 pip  90AN10W 9.51 

 pip  80AN20W 3.27 × 101 
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Table 4.2. Continued. 
 

electrofuge additive nucleofuge solvent kion [s
–1] 

(mF)Tr+ - Cl– 60AN40W 1.32 × 102 
 -  50AN50W 2.54 × 102 

 pip Br– 100AN 3.45 × 101 
 TEA AcO– 60AN40W 3.45 × 10–5 

(mF)(mF)'Tr+ pip Cl– 100AN 1.46 × 10–3 

 pip  90AN10W 8.26 × 10–1 
 pip  80AN20W 3.60 

 -  60AN40W 1.60 × 101 

 -  50AN50W 3.22 × 101 
 pip Br– 100AN 1.81 

 pip  90AN10W 1.44 × 102 

 pip  90A10W 5.41 
(mF)2Tr+ pip Cl– 100AN 2.12 × 10–3 

 pip  90AN10W 1.25 

 pip  80AN20W 4.80 
(mF)(mF)'(mF)''Tr+ pip Cl– 100AN 7.10 × 10–5 

 pip  90AN10W 6.38 × 10–2 

 pip  80AN20W 2.74 × 10–1 
 pip  90A10W 1.53 × 10–3 

 pip  80A20W 1.65 × 10–2 

 pip Br– 100AN 8.27 × 10–2 
 pip  90AN10W 9.91 

 pip  80AN20W 3.90 × 101 

 pip  60AN40W 1.50 × 102 
(mF)2(mF)'(mF)''Tr+ pip Br– 100AN 5.20 × 10–3 

 pip  90AN10W 7.85 × 10–1 

 pip  80AN20W 3.48 
 pip  60AN40W 1.63 × 101 

 pip  90A10W 1.51 × 10–2 

(mF)2(mF)'2Tr+ pip Cl– 100AN 6.3 × 10–6 [g] 
 pip  90AN10W 1.01 × 10–2 

 pip  80AN20W 4.76 × 10–2 

(mF)6Tr+ pip Br– 100AN 2.1 × 10–5 [g] 
 pip  90AN10W 3.39 × 10–3 

 pip  80AN20W 1.68 × 10–2 
[a] pip = piperidine, TEA = triethylamine; [b] the solvent is given in vol-%, AN = acetonitrile, 
A = acetone, W = water; [c] measurements using either pip or TEA gave the same results; 
[d] from ref. [5c]; [e] from ref. [5f]; [f] PNB = para-nitrobenzoate; [f] very slow, approxi-
mate value. 
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4.3. Discussion 

 

4.3.1. Leaving Groups 

 

Similar to solvolyses of benzhydryl and phenethyl derivatives,[14] the ordering of leaving 

group abilities in trityl ionizations is Br– > Cl– > PNB– > BzO– > AcO– (Scheme 4.2). 
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Scheme 4.2. Relative ionization rates of benzhydryl (from ref. [2a] and [15]) and trityl deriva-
tives (from Table 4.2 and Chapter 1), DNB = 3,5-dinitrobenzoate, at 25 °C. 
 
 

However, the ratio kion,Br/kion,Cl increases when the electrofuge is changed from 30 for 

benzhydryl to 142 for trityl, which may be due to the higher ground state strain in trityl 

bromides compared to benzhydryl bromides (back strain).[4] The fact that the Cl/BzO ratio is 

only 1.5 × 106 in the trityl series, while it is  2.1 × 107 in the benzhydryl series (Scheme 4.2), 

can also be explained by the higher strain in trityl carboxylates. 
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4.3.2. Ion Recombination 

 

The degree of ion return depends on several factors, which shall be analyzed in more 

detail. Common ion return is much more pronounced for ionizations of trityl bromides than 

for trityl chlorides. While piperidine concentrations of almost 0.1 mol L–1 are needed to 

prevent ion return during the ionization of (mF)(mF)'(mF)''TrBr in pure acetonitrile, less than 

0.007 mol L–1 of piperidine sufficed in the case of (mF)(mF)'(mF)''TrCl (Figure 4.5). 
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Figure 4.5. Influence of the leaving group on common ion return: Observed rate constants kobs 
for the ionizations of (mF)(mF)'(mF)''TrBr (c0 = 1.0 × 10–3 mol L–1, left scale) and 
(mF)(mF)'(mF)''TrCl (c0 = 1.0 × 10–3 mol L–1, right scale) in 100AN in dependence on the 
concentration of piperidine, 25 °C. 
 
 

Textbooks often claim that the nucleophilicity order Br– > Cl– in protic solvents is reversed 

in aprotic solvents, where nucleophilicities are not predominantly controlled by solvation 

effects as in protic solvents, but by the different strengths of the developing C–X bonds.[16] 

This general statement has to be revised. Indeed, nucleophilic substitutions of octyl 

mesylate in chlorobenzene[17a] and of hexyl tosylate in DMSO[17b] proceed 2-3 times faster 

with Cl– than with Br–. The results in Figure 4.5 indicate, however, that Br– reacts much faster 

with carbocations than Cl– also in acetonitrile,[12] in line with direct rate measurements of 

laser-flash photolytically generated benzhydrylium ions with halide ions.[12] While we were 

able to determine rate constants for the reactions of several benzhydrylium ions with Cl– in 

acetonitrile, the corresponding reactions with Br– were so fast that they could not be followed 

with the equipment available at that time. Future work will be needed to analyze the relative 



4. Electrofugalities of Acceptor-Substituted Tritylium Ions 71 

  

nucleophilicities of halide ions not only as a function of the solvent but also of the reaction 

partner.  

Figure 4.6 illustrates that ion return is less important for more electrophilic tritylium ions; 

thus recombination of the ions is not observed in the solvolysis of (mF)6TrBr in 90AN10W. In 

contrast, approximately 0.1 mol L–1 piperidine is needed to reach the plateau with a mono-

exponential increase of conductivity in the case of (mF)(mF)'TrBr. 
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Figure 4.6. Influence of the electrofuge on common ion return: Observed rate constants kobs 
for the ionizations of (mF)(mF)'TrBr (c0 = 1.0 × 10–3 mol L–1, left scale) and (mF)6TrBr (c0 = 
8.0 × 10–4 mol L–1, right scale) in 90AN10W in dependence on the concentration of piperi-
dine, 25 °C. 
 
 

The analysis previously reported for benzhydryl halide solvolyses[12] shall now be 

employed to rationalize these observations. Table 3.4 in Chapter 3 shows that (mF)(mF)'Tr+ 

reacts with 90AN10W with a rate constant of 1.2 × 106 s–1. Equation (4.3),[1] which calculates 

rate constants (20 °C) of reactions between carbocations and nucleophiles from a carbocation-

specific parameter E and the nucleophile-specific parameters N and sN, can be used to calcu-

late the rates for the reactions of tritylium ions with halide ions. 

 

log k = sN(E + N)   (4.3) 

 

From the nucleophilicity parameters of Br– in various acetonitrile/water mixtures[12] one 

can extrapolate that its reaction with (mF)(mF)'Tr+ proceeds with diffusion-control (k ≈ 1010 L 

mol–1 s–1) which means that already at bromide concentrations as low as 10–4 mol L–1 this 
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reaction becomes comparable to the rate of the reaction of the carbocation with the solvent. 

As shown in the upper curve of Figure 4.6, amine additives are needed to suppress common 

ion return. 

On the other hand, Figure 3.7 in Chapter 3 allows one to extrapolate that (mF)6Tr+ reacts 

102 times faster with 90AN10W than (mF)(mF)'Tr+, corresponding to a first-order rate con-

stant of approximately 108 s–1 for its reaction with the solvent. In order to compete with the 

trapping by the solvent, bromide concentrations of more than 10–2 mol L–1 would be needed, 

which cannot be reached at substrate concentrations of 10–3 mol L–1. In line with this analysis, 

the lower graph in Figure 4.6 indicates the absence of common ion return. 

 

The higher degree of common ion return in 90AN10W than in 80AN20W (Figure 4.7) can 

be explained analogously. Table 3.4 in Chapter 3 shows that trapping of (mF)Tr+ by the 

solvent is only 1.3 times faster in 80AN20W than in 90AN10W. On the other hand, the nu-

cleophilicity of Cl– in acetonitrile/water mixtures decreases dramatically when the content of 

water is increased,[12] resulting in a much bigger recombination rate constant in 90AN10W 

than in 80AN20W. 
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Figure 4.7. Influence of the solvent on common ion return: Observed rate constants kobs for 
the ionizations of (mF)TrCl in 80AN20W (c0 = 9.8 × 10–4 mol L–1, left scale) and 90AN10W 
(c0 = 1.0 × 10–3 mol L–1, right scale) in dependence on the concentration of piperidine, 25 °C. 
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4.3.3. Linear Free Energy Relationships 

 

The ionization rate constants of substituted trityl chlorides (Table 4.2) correlate linearly 

with the thermodynamic stabilities of the tritylium ions in aqueous solution (Figure 4.8). 
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Figure 4.8. Correlation of ionization rates of triarylmethyl chlorides with pKR+, slopes: 0.72 
(80AN20W), 0.74 (90AN10W), 0.94 (100AN). 
 

The slope of almost unity in the case of pure acetonitrile (0.94) implies that the energy 

differences of the transition states are similar to those of the free carbocations. From the nu-

cleophile-specific parameters N = 17.2 and sN = 0.6 for Cl– in pure acetonitrile,[12] one can 

calculate by equation (4.3) that carbocations with E > –2.2 will undergo diffusion-controlled 

reactions with Cl– (kcalc = 109 L mol–1 s–1). As Me3Tr+, the least reactive system of Figure 4.8, 

has an E-value of –1.21,[18] it can be concluded that all carbocations of Figure 4.8 undergo 

barrier-free combinations with Cl– in pure acetonitrile. From the principle of microscopic 

reversibility one can, therefore, derive that the activation free energies of the ionizations in 

acetonitrile equal the reaction free energies (Figure 4.9, right). In line with this consideration, 

the slope of the line "100AN" in Figure 4.8 is close to unity. 

In contrast, the reactions of Cl– with tritylium ions in solvents containing water proceed 

with a barrier (Figure 4.9, left), i.e., the carbocationic characters of the electrofuges are not 

fully developed in the transition states. Accordingly, the slope of the line "80AN20W" in 

Figure 4.8 is only 0.72. 
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Figure 4.9. Free energy diagrams for the ionizations of substituted trityl chlorides in 
80AN20W (left) and pure acetonitrile (right), 25 °C; a) from ionization rate constants (Table 
4.2); b) the ionization rate constant of Me3TrCl in 80AN20W (3.64 × 104 s–1) has been extra-
polated from the correlation line in Figure 4.8; c) calculated by equation (4.3) using E from 
Chapter 3 and ref. [18], and N/sN from ref. [12]. 
 
 

The energy differences between the three tritylium ions in Figure 4.9 (14.1 and 18.1 kJ/mol 

for 80AN20W; 14.4 and 15.5 kJ/mol for 100AN), which have been evaluated by purely 

kinetic means, may be compared with the stability differences derived from pKR+ values 

(Table 4.1). The latter give differences ∆∆G of 14.5 and 17.5 kJ mol–1 for the couples 

(mF)(mF)'Tr+/Tr+ and Tr+/Me3Tr+, respectively. 

 

4.3.4. Winstein-Grunwald Analysis 

 

In Figure 4.10 the ionization rates of trityl chlorides in aqueous acetonitrile are plotted 

against the corresponding ionizing powers Yt-BuCl.
[19] The trend of decreasing m-values with 

increasing stabilization of tritylium ions can be assigned to a Hammond shift of the transition 

states.  

As shown in Figure 4.9 (left), the C–Cl bond of the trityl chlorides is not completely 

broken in the transition states of the ionization processes. In line with the Hammond 
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postulate,[20] the transition state of the ionization step is the earlier on the reaction coordinate, 

the more stable the generated carbocation. The earlier, i.e., the less carbocation-like the 

transition states, the smaller the influence of the solvent ionizing power on the ionization 

rates. 

(mF)2(mF)'2Tr (0.62)

(mF)(mF)'(mF)''Tr (0.58)

(mF)(mF)'Tr (0.58)
(mF)2Tr (0.54)

–2 –1 0 1 2

Y t-BuCl

(mF)Tr (0.52)

Tr (0.45)

(pF)Tr (0.45)

–3

1.5

3

log k ion

90AN10W

80AN20W
60AN40W

50AN50W

–1.5

0

(pCl)Tr (0.52)

 

Figure 4.10. Winstein-Grunwald plot for the ionizations of triarylmethyl chlorides in aqueous 
acetonitrile, 25 °C. The numbers in parentheses represent the slopes m of the correlation lines. 
Ionizing powers for solvent mixtures from ref. [19]. 
 

 

4.3.5. Hammett Analysis 

 

The carbocationic character of the trityl residue in the transition state of the ionization does 

not only depend on the nature of the substitutents in the trityl moiety, but also on the solvent. 

This can be visualized by Hammett plots (Figures 4.11 and 4.12). In both series, trityl chlo-

rides and bromides, the absolute values of ρ increase with decreasing water fraction of the 

solvent, because the transition states become more carbocation-like (see also Figure 4.8).  

It is interesting to note that the ionization rates of trityl bromides are generally more prone 

to substituent effects than those of trityl chlorides. Because of the higher nucleophilicities of 

bromide ions (see: 4.3.2. Ion Recombination), the transition states for trityl bromide ioniza-

tions are generally more carbocation-like, which is reflected by their more negative ρ values, 

particularly in aqueous mixtures. 
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Figure 4.11. Hammett plot 
for the ionizations of 
triarylmethyl chlorides in 
aqueous acetonitrile, 25 °C; 
substituent constants (from 
ref. [21]), Cl: σp

+ = 0.11; F: 
σm = 0.34, σp

+ = –0.07; Me 
σp

+ = –0.31. 
 

Because the ionization of a trityl bromide is generally faster than that of the corresponding 

chloride, the Bell-Evans-Polanyi principle[22] as well as the Hammond postulate predict earlier 

transition states for the ionizations of Ar3CBr than for Ar3CCl. 

 

 
 
 
 
 
 
 
 
 
 
Figure 4.12. Hammett plot for the 
ionizations of triarylmethyl bro-
mides in aqueous acetonitrile,  
25 °C; substituent constants as in 
Figure 4.11. 

 

However, the Hammett ρ values in aqueous acetonitrile indicate a greater carbocationic 

character of the transition states in trityl bromide ionizations. This discrepancy is resolved by 

consideration of the reverse reactions: the faster ion recombinations with Br– have an earlier, 

i.e., more carbocation-like transition state than the combinations with Cl–. It is the lower in-

trinsic barrier for the reactions with Br–, which makes Br– both a better nucleofuge and a bet-

ter nucleophile than Cl–. As a consequence, the Bell-Evans-Polanyi principle and Hammond 
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postulate must lead to contradicting predictions when the reactions are analyzed in the for-

ward and backward sense. 

 

4.3.6. Determination of Electrofugality Parameters Ef 

 

Nucleofugality parameters Nf and sf for a large number of leaving groups in various sol-

vents have previously been derived from solvolyses of benzhydryl derivatives (Table 4.3).[3] 

 
Table 4.3. Nucleofugality parameters of leaving groups X–, derived from ionizations of benz-
hydryl derivatives.[a] 

 
nucleofuge solvent Nf sf 

F– [b] 80AN20W –2.28 0.93 
 60AN40W –1.43 0.84 
 80A20W –2.73 1.07 

Cl– 100AN [b] 0.30 1.39 

 90AN10W 2.23 1.08 
 80AN20W 2.96 1.00 

 60AN40W 3.84 0.96 

 100A [b] –1.00 1.38 
 90A10W 1.14 1.11 

 80A20W 2.03 1.05 

 60A40W 3.30 0.97 
Br– 60AN40W 5.23 0.99 

 90A10W 2.29 1.01 

AcO– 80AN20W –4.52 1.11 
 60AN40W –4.18 1.08 

 80A20W –4.73 1.18 

 60A40W –4.05 1.17 
BzO– 80AN20W –4.19 1.12 

 60AN40W –3.92 1.02 

 80A20W –4.46 1.17 
 60A40W –3.89 1.15 

PNB [d] 80AN20W –3.41 0.98 

 60AN40W –3.30 0.91 
 90A10W –3.70 1.17 

 80A20W –3.40 1.16 

 60A40W –2.79 1.11 
[a] From ref. [3] if not noted otherwise; [b] unpublished data; [c] from ref. [13]; [d] PNB = p-
nitrobenzoate. 
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If equation (4.1) holds, plots of (log kion)/sf versus Nf should yield straight lines with slopes 

of unity. Figure 4.13 shows that trityl chloride follows this correlation with a slope slightly 

bigger than unity (1.03). A good correlation is also found for the different carboxylates. 

However, this correlation has a larger slope (1.23) and does not coincide with the line for 

chloride. The data for trityl fluoride form a third line below the two other lines. It is the larger 

steric demand of the trityl group compared to the benzhydryl group, which makes carboxy-

lates better leaving groups than chloride, and chloride a better leaving group than fluoride in 

trityl solvolyses than expected from the corresponding nucleofugalities based on benzhydryl 

ionizations (see Scheme 4.2).  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13. Plot of (log kion)/sf vs. Nf 
for the ionizations of triphenylmethyl 
esters and halides; the kinetic data for 
the carboxylic ester ionizations are 
taken from Chapter 1. 
 

 
Figure 4.14 shows that analogous plots for ring-substituted trityl chlorides and bromides 

also have slopes close to 1.0, which allows us to derive electrofugality parameters Ef for 

tritylium ions (Table 4.4).[23] The last column of Table 4.4 demonstrates that kexp/kcalc varies 

between 0.3 and 4.8; hence, it is now possible to estimate absolute ionization rates of various 

trityl chlorides and bromides from the electrofugality parameters given in Table 4.4 and the 

previously reported nucleofugalitities Nf and sf for Cl– and Br– in different solvents. 

The power of this approach is highlighted by Table 4.5, where the nucleofugality para-

meters of Cl– in methanol, ethanol, and 80 % aqueous ethanol (from ref. [3]), which have not 

been used for the evaluation of the tritylium electrofugalities, were employed to calculate 

ionization rate constants of trityl chloride in these solvents. As their deviations from Swain's 

experimental values[5f] are generally smaller than a factor of 3 (Table 4.5), one can conclude 

that the Ef parameters in Table 4.4 combined with the previously reported Nf and sf 

–6 –4 0 4

Nf

Cl–

slope: 1.03

–6

–4

–2

0

2

(lo
g

k
io

n)
/s

f

RCO2
–

slope: 1.23

4

–2 2

F–

slope: 0.80



4. Electrofugalities of Acceptor-Substituted Tritylium Ions 79 

  

parameters of Cl– and Br–[3] provide a simple method to estimate ionization rates of various 

trityl chlorides and bromides in a variety of different solvents.  
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Figure 4.14. Plot of (log kion)/sf vs. Nf for the ionizations of substituted trityl chlorides and 
bromides in aqueous acetonitrile and aqueous acetone, 25 °C. The slopes of the correlation 
lines vary from 0.93 to 1.08. 
 
 
Table 4.4. Electrofugality parameters Ef of substituted tritylium ions. 
 

electrofuge Ef LG solvent kcalc / s
–1 [a] kexp/kcalc 

[b] 

Me3Tr+ 1.17 Cl– 100AN 1.10 × 102 2.3 
   100A 1.72 0.4 
Me2Tr+ 0.57 Cl– 100AN 1.62 × 101 3.2 

   100A 2.55 × 10–1 0.3 

MeTr+ 0.25 Cl– 100AN 5.81 1.0 
   90AN10W 4.77 × 102 1.0 

Tr+ –0.63 Cl– 100AN 3.48 × 10–1 1.4 

   90AN10W 5.35 × 101 1.5 
   80AN20W 2.14 × 102 1.2 

   90A10W 3.68 0.5 
   80A20W 2.95 × 101 0.7 
(pCl)Tr+ –0.96 Cl– 80AN20W 1.00 × 102 1.3 
   60AN40W 5.82 × 102 0.8 
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Table 4.4. Continued. 
 

electrofuge Ef LG solvent kcalc / s
–1 [a] kexp/kcalc 

[b] 

(pCl)Tr+ –0.96 Cl– 90A10W 1.58 1.0 
   80A20W 1.33 × 101 1.0 

   60A40W 1.86 × 102 0.9 
(pF)Tr+ –0.50 Cl– 100AN 5.27 × 10–1 1.2 

   90AN10W 7.39 × 101 1.5 
   80AN20W 2.88 × 102 1.1 
   60AN40W 1.61 × 103 0.7 

   90A10W 5.13 1.0 

   80A20W 4.04 × 101 0.8 
   60A40W 5.20 × 102 0.9 

(pF)2Tr+ –0.20 Cl– 90AN10W 1.55 × 102 - 

(pF)3Tr+ –0.25 Cl– 100AN 1.17 0.9 
   90AN10W 1.38 × 102 1.2 

(mF)Tr+ –1.43 Cl– 100AN 2.69 × 10–2 1.1 

   90AN10W 7.31 1.3 
   80AN20W 3.39 × 101 1.0 

   60AN40W 2.06 × 102 0.6 

(mF)(mF)'Tr+ –2.25 Cl– 100AN 1.95 × 10–3 0.7 
   90AN10W 9.51 × 10–1 0.9 

   80AN20W 5.13 0.7 

   60AN40W 3.36 × 101 0.5 
  Br– 90A10W 1.10 4.9 

(mF)2Tr+ –2.21 Cl– 100AN 2.21 × 10–3 1.0 

   90AN10W 1.05 1.2 
   80AN20W 5.62 0.9 

(mF)(mF)'(mF)''Tr+ –3.42 Cl– 100AN 4.40 × 10–5 1.6 

   90AN10W 5.19 × 10–2 1.2 
   80AN20W 3.47 × 10–1 0.8 

   90A10W 2.95 × 10–3 0.5 

   80A20W 3.47 × 10–2 0.5 
  Br– 60AN40W 6.19 × 101 2.4 

(mF)2(mF)'(mF)''Tr+ –4.05 Br– 60AN40W 1.47 × 101 1.1 

   90A10W 1.67 × 10–2 0.9 
(mF)2(mF)'2Tr+ –4.11 Cl– 100AN 5.06 × 10–6 1.2 

   90AN10W 9.32 × 10–3 1.1 

   80AN20W 7.08 × 10–2 0.7 
[a] From equation (4.1) using Ef from this Table and Nf/sf from Table 4.3; [b] kexp from Table 
4.2. 
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While the ionization rates of trityl chlorides and bromides correlate with the nucleofugality 

paramaters Nf/sf derived from benzhydryl solvolyses (Figure 4.14), trityl carboxylates deviate. 

However, the synthetic chemist who might only be interested in the question whether a 

certain trityl carboxylate ionizes in a period of seconds (i.e., cannot be used), hours, or months 

(i.e., infinitely stable), can also employ the electrofugalities Ef listed in Table 4.4 to derive 

approximate ionization rates of trityl carboxylates. 

 

Table 4.5. Experimental (kexp) and calculated (kcalc) ionization rate constants of triphenyl-
methyl chloride in different solvents, 25 °C. 
 

solvent kexp / s
–1 [a] 

kcalc / s
–1

 
[b] kexp/kcalc 

MeOH 1.59 × 102 1.81 × 102 0.9 
EtOH 4.89 1.55 × 101 0.3 
80EtOH20W 5.36 × 102 3.84 × 102 1.4 

[a] From ref. [5f]; [b] calculated with equation (4.1), Nf/sf for Cl– from ref. [3]: 2.91/0.99 
(MeOH); 1.82/1.00 (EtOH); 3.24/0.99 (80EtOH20W). 
 

 
Table 4.6 shows that the Ef parameters for tritylium ions and Nf/sf parameters for carboxy-

late ions, which have been derived from benzhydryl solvolyses (Table 2 in ref. [3]), reproduce 

experimental ionization rate constants of trityl carboxylic esters with deviations of factors 15-

71. 

 

Table 4.6. Comparison between experimental and calculated ionization rate constants of sub-
stituted trityl carboxylates in different solvents, 25 °C. 
 

electrofuge nucleofuge solvent [a] kexp / s
–1 ref. kcalc / s

–1
 
[b] kexp/kcalc 

Me3Tr+ AcO– 80AN20W 4.98 × 10–3 Table 1.7 1.91 × 10–4 26 
  60AN40W 1.77 × 10–2 Table 1.7 5.61 × 10–4 32 

 BzO– 80AN20W 1.51 × 10–2 Table 1.8 4.15 × 10–4 36 

  60AN40W 4.55 × 10–2 Table 1.8 1.57 × 10–3 29 
Me2Tr+ AcO– 80AN20W 1.21 × 10–3 Table 1.7 4.13 × 10–5 29 

  60AN40W 5.62 × 10–3 Table 1.7 1.26 × 10–4 45 

 BzO– 80AN20W 3.55 × 10–3 Table 1.8 8.82 × 10–5 40 
  60AN40W 1.05 × 10–2 Table 1.8 3.83 × 10–4 27 

MeTr+ AcO– 80AN20W 3.59 × 10–4 Table 1.7 1.82 × 10–5 20 

  60AN40W 1.46 × 10–3 Table 1.7 5.70 × 10–5 26 
 BzO– 80AN20W 8.08 × 10–4 Table 1.8 3.87 × 10–5 21 

  60AN40W 2.78 × 10–3 Table 1.8 1.81 × 10–4 15 
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Table 4.6. Continued. 
 
electrofuge nucleofuge solvent [a] kexp / s

–1 ref. kcalc / s
–1

 
[b] kexp/kcalc 

Tr+ AcO– 80AN20W 5.88 × 10–5 Table 1.7 1.92 × 10–6 31 
  60AN40W 2.70 × 10–4 Table 1.7 6.39 × 10–6 42 

  80A20W 1.38 × 10–5 Table 1.10 4.73 × 10–7 29 
  60A40W 1.99 × 10–4 Table 1.10 3.35 × 10–6 59 

 BzO– 80AN20W 1.67 × 10–4 Table 1.8 4.00 × 10–6 42 

  60AN40W 5.14 × 10–4 Table 1.8 2.29 × 10–5 22 
  80A20W 3.50 × 10–5 Table 1.10 1.08 × 10–6 32 

  60A40W 2.87 × 10–4 Table 1.10 6.34 × 10–6 45 

 PNB– 80AN20W 4.19 × 10–3 Table 1.9 1.10 × 10–4 38 
  60AN40W 9.68 × 10–3 Table 1.9 2.65 × 10–4 37 

  90A10W 3.63 × 10–4 Table 1.10 8.59 × 10–6 42 

  80A20W 1.49 × 10–3 Table 1.10 2.11 × 10–5 71 
  60A40W 1.08 × 10–2 Table 1.10 1.60 × 10–4 68 

(pCl)Tr+ PNB– 80AN20W 2.22 × 10–3 Table 4.2 5.22 × 10–5 43 

  60AN40W 6.10 × 10–3 Table 4.2 1.33 × 10–4 46 
(mF)Tr+ AcO– 60AN40W 3.45 × 10–5 Table 4.2 8.73 × 10–7 40 

[a] Solvents are given in v/v, AN = acetonitrile, A = acetone, W = water; [b] calculated with 
log kion = sf(Nf + Ef), Ef parameters from Table 4.4, nucleofugality parameters sf/Nf of car-
boxylates from Table 4.3. 
 

 

4.4. Conclusion 

 

Ionization rate constants of substituted trityl chlorides, bromides, and carboxylates in 

various solvents could be determined by suppressing the recombination of separated ions by 

amine additives. Faster recombination of tritylium ions with Br– than with Cl– was not only 

observed in protic solvents but also in neat acetonitrile and acetone, indicating that chloride is 

not generally a stronger nucleophile than bromide in aprotic solvents, as generalized in 

common text books. Substituent variation in trityl halides affects the faster ionizations of 

trityl bromides more than the slower ionizations of trityl chlorides in contrast to the 

expectations based on the Bell-Evans-Polanyi principle and the Hammond postulate. The 

failure of these treatments is rationalized by the lower intrinsic barriers for the reactions 

involving bromide anions. Combination of the electrofugality parameters Ef of tritylium ions 

in Table 4 with the benzhydrylium-derived nucleofuge-specific parameters Nf and sf for Br– 

and Cl– have been found to yield reliable predictions of ionization rates of substituted trityl 

bromides and chlorides in different solvents (standard deviation of a factor of 1.4) on the basis 
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of the correlation log kion = sf(Ef + Nf) [equation (4.1)]. Though the predictions for trityl 

carboxylates are less precise, a first orientation about ionization half-lives can be obtained 

from Figure 4.16. By arranging tritylium ions with increasing electrofugality from bottom to 

top, and leaving group/solvent combinations with increasing nucleofugality from right to left, 

one arrives at a presentation where trityl derivatives, which can be studied kinetically, are 

located in the green corridor, while highly labile or persistent systems are in the red and the 

blue section, respectively. 
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Figure 4.16. Graphical presentation of approximate ionization rates of trityl derivatives. The 
Ef parameters for methoxy and dimethylamino-substituted tritylium ions have been estimated 
on the basis of their relative carboxylate hydrolyses (data in Chapter 1). 
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5. Towards a General Hydride Donor Ability Scale 

 

5.1. Introduction 

 

Hydride transfers play an important role in organic chemistry. They occur in biochemical 

redox processes like in the NAD(P)H/NAD(P)+ couple,[1] and are found in initiation, chain 

transfer, and termination reactions of cationic polymerizations.[2] Key steps in the Cannizzaro, 

Meerwein-Ponndorf-Verley, Oppenauer, Tishchenko, Leuckart-Wallach, and the Sommelet 

reaction consist of hydride transfers, and the conversion of ketones or aldehydes into alcohols 

by use of metal hydrides such as LiAlH4 or NaBH4 is one of the most important methods in 

the chemist's toolbox.[3] An ordering principle for these reactions is now reported. 

The linear free energy relationship (5.1), where E is an electrophilicity, N a nucleophilicity, 

and sN a nucleophile-dependent slope parameter, was introduced in 1994, and has been shown 

to be useful in predicting bimolecular rate constants in many electrophile-nucleophile combi-

nation reactions.[4,5] 

Nucleophiles as different as allyl metal compounds, alkenes, alkynes, diazo compounds, 

amines, carbanions, phosphanes, halide anions, alcohols, and sulfur ylides have meanwhile 

been characterized by nucleophilicity parameters N and sN. These parameters are based on 

reactions with benzhydrylium ions and quinone methides as reference electrophiles, which are 

characterized by E, and the nucleophilicity scale thus established covers a reactivity range 

from N ≈ –5 for non-activated arenes to N ≈ 30 for cyano-substituted benzyl anions. 

 

log k (20 °C) = sN(N + E)     (5.1) 

 

Several hydride donors have previously been studied in reactions with benzhydrylium ions, 

and nucleophilicity parameters N/sN have been evaluated for various dihydropyridines, hydro-

carbons, silanes, germanes, stannanes and borohydrides.[6]  

However, most comparisons of hydride donor abilities in the literature were based on rate 

constants for hydride transfers to the triphenylmethyl cation,[7] and the question arose whether 

it is possible to include these hydride donors in our comprehensive nucleophilicity scale. For 

this purpose it was necessary to analyze the validity of equation (5.1) for the reactions of 

tritylium ions with hydride donors.  
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Whereas equation (5.1) does not hold for combinations of π-nucleophiles (e.g. alkenes) 

with the sterically shielded tritylium ions, it has successfully been employed for reactions of 

tritylium ions with n-nucleophiles, like water and amines.[8] 

However, while the addition of the alkene allyltrimethylsilane proceeds much faster to the 

secondary p-anisylphenyl carbenium ion than to the tertiary diphenylneopentyl carbenium 

ion, both carbocations exhibit the same electrophilic reactivity toward the hydride-donor 

dimethyl-phenylsilane (Table 5.1). 

 
 
Table 5.1. Second-order rate constants for the reactions of carbocations with HSiMe2Ph and 
allyltrimethylsilane (L mol–1 s–1, CH2Cl2, –70 °C, from ref. [9]). 
  

 HSiMe2Ph SiMe3  

MeO  

149 187 

Ph

Ph  
148 0.11 

 

 

This indicates that sterical arguments seem to be less relevant for hydride transfers from 

silanes to carbocations than for alkylations of carbocations by alkenes.  

 In previous work it has been demonstrated that the N and sN parameters of N-benzyl-1,4-

dihydronicotinamide, derived from its reactions with benzhydrylium ions, provide reliable 

predictions of the rates of its reactions with substituted tritylium ions.[6]  

The rate constants for the reactions of a series of substituted tritylium ions with triphenyl-

silane as hydride donor have been used to evaluate E-parameters for fluoro-substituted trityl-

ium ions (Chapter 3). These data will be implemented here to test the applicability of equation 

(5.1) with respect to hydride transfers to tritylium ions in a more general way (Scheme 5.1). 

 
R1

R3

R2

R1

R3

R2

H
20 °C

k

H–-donor

 
 
Scheme 5.1. Reduction of tritylium ions by hydride donors. 
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5.2. Methodology and Results 

 

In order to determine reactivity parameters N and sN of hydride donors, the kinetics of their 

reactions with substituted benzhydrylium ions (Table 5.2) were analyzed. The latter were 

either used as stable tetrafluoroborate salts, or, when such salts could not be isolated, were 

generated in solution by mixing the corresponding benzhydryl chloride with an excess of 

Lewis acid (GaCl3). The amount of GaCl3 was shown not to affect the rate constants of 

hydride transfers from HSiPh3 to tritylium ions (see Chapter 3). 

 
 
Table 5.2. Benzhydrylium ions and their electrophilicity parameters E (from ref. [4]). 
 

system abbreviation E 

MeO  
(ani)PhCH+ 2.11 

MeO  
(ani)(tol)CH+ 1.48 

MeO OMe  
(ani)2CH+ 0.00 

OO  
(fur)2CH+ -1.36 

N N CF3F3C
Ph Ph  

(pfa)2CH+ -3.14 

N N CF3F3C
Me Me  

(mfa)2CH+ -3.85 

 

 

All reactions were found to be of first-order in each reactant, according to the second-order 

rate law (5.2). As the concentrations of the hydride donors exceeded those of the benzhydryl-

ium ions by factors > 10, mono-exponential decays of the carbocation absorbances were ob-

served, from which the first-order rate constants kobs were determined (Figure 5.1a). Plots of 

kobs against the nucleophile concentrations (Figure 5.1b) were linear with the second-order 

rate constants k (listed in Table 5.3) being the slopes of the correlation lines. 

 

–d[El]/dt = k[El][Nu]     (5.2) 
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Figure 5.1. a) Decay of the absorbance at λ = 512 nm during the reaction of 4,4'-dimethoxy-
benzhydryl cations (c0 = 2.59 × 10–5 M, generated from the corresponding chlorides with 
GaCl3), with HSiPh3 (c0 = 1.42 × 10–2 M), CH2Cl2, 20 °C; b) plot of first-order rate constants 
kobs vs. [HSiPh3]0. 
 
 
Table 5.3. Second-order rate constants of hydride transfers to substituted benzhydrylium ions 
(CH2Cl2, 20 °C), and nucleophilicity parameters N / sN. 
 

hydride donor acceptor solvent k [L mol–1 s–1] N / sN 

HSiBu3 (ani)(tol)CH+ CH2Cl2 1.12 × 104 3.99 / 0.74 [a] 
 (ani)2CH+ CH2Cl2 8.86 × 102  

 (fur)2CH+ CH2Cl2 8.85 × 101  

HSiMe2Ph (ani)(tol)CH+ CH2Cl2 6.02 × 103 3.55 / 0.75 [a] 
 (ani)2CH+ CH2Cl2 4.34 × 102  

 (fur)2CH+ CH2Cl2 4.49 × 101  

HSiEt3 (ani)(tol)CH+ CH2Cl2 4.87 × 103 3.48 / 0.74 [a] 
 (ani)2CH+ CH2Cl2 3.98 × 102  

 (fur)2CH+ CH2Cl2 3.76 × 101  

HSiPh3 (ani)(tol)CH+ CH2Cl2 1.02 × 103 2.65 / 0.72 [a] 
 (ani)2CH+ CH2Cl2 7.40 × 101  

 (fur)2CH+ CH2Cl2 9.01  

HSi(SiMe3)3 (ani)(tol)CH+ CH2Cl2 8.72 × 103 3.59 / 0.81 
 (ani)2CH+ CH2Cl2 9.79 × 102  

 (fur)2CH+ CH2Cl2 8.89 × 101  

 (pfa)2CH+ CH2Cl2 1.99  
 (mfa)2CH+ CH2Cl2 5.33 × 10-1  

HSiH2Ph - CH2Cl2 - 0.25 / 0.67 [b] 

HSnBu3 - CH2Cl2 - 9.96 / 0.55 [b] 
nBu4Sn (ani)PhCH+ CH2Cl2 8.99 × 101 –0.30 / 1.07 
 (ani)(tol)CH+ CH2Cl2 1.74 × 101  
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Table 5.3. Continued. 
 

hydride donor acceptor solvent k [L mol–1 s–1] N / sN 
nBu4Sn (ani)2CH+ CH2Cl2 4.86 × 10–1  

Bu4N
+BH4

– - DMSO - 14.94 / 0.79 [c] 

1a

 
- CH2Cl2 - 0.52 / 0.97 [d] 

1b
 

- CH2Cl2 - 0.09 / 0.98 [d] 

1c
 

- CH2Cl2 - –0.07 / 1.03 [d] 

1d
 

- CH2Cl2 - –0.86 / 0.92 [d] 

O

OH
1e

 
(ani)PhCH+  7.36 –1.06 / 0.81 

 (ani)(tol)CH+  2.15  

 (ani)2CH+  1.39 × 10–1  
H

1f
 

- CH2Cl2 - –0.88 / 0.94 [d] 

1g
H H

 
- CH2Cl2 - –0.74 / 0.99 [d] 

O
1h

 
- CH2Cl2 - 0.64 / 0.97 [d] 

N
1i

CONH2

Bn

H H

 

- CH2Cl2 - 8.67 / 0.82 [c] 

 - 90W10AN - 11.35 / 0.66 [c] 
[a] Slightly deviating nucleophilicity parameters have been reported in ref. [4]; these para-
meters were based on measurements at –70 °C, and approximated activation parameters were 
used to derive rate constants for 20 °C. The values determined in the present work can be 
regarded as being more precise; [b] from ref. [4]; [c] from ref. [6]; [d] from ref. [10]. 
 
 

Plots of log k vs. the electrophilicity parameters E of the benzhydrylium ions (Figure 5.2) 

gave rise to linear correlations, and delivered the N-parameters of the hydride donors as ne-

gative intercepts on the abscissae, as well as the sN-parameters as slopes of the correlation 

lines (last column of Table 5.3). 
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Figure 5.2. Plot of log k for 
hydride transfers to substi-
tuted benzhydrylium ions  
vs. the corresponding  
electrophilicities E. 
 

 
Table 5.4. Tritylium ions and their empirical electrophilicity parameters E. 
 

R1, R2, R3 [a] abbreviation E 
(m-F)2, m-F, m-F (mF)2(mF)'(mF)''Tr+ 2.54 [b] 
(m-F)2, (m-F)2, H (mF)2(mF)'2Tr+ 2.54 [c] 

m-F, m-F, m-F (mF)(mF)'(mF)''Tr+ 2.07 [b] 
m-F, m-F, H (mF)(mF)'Tr+ 1.54 [b] 

(m-F)2, H, H (mF)2Tr+ 1.54 [d] 

m-F, H, H (mF)Tr+ 1.01 [b] 
p-F, H, H (pF)Tr+ 0.35 [b] 

p-F, p-F, H (pF)2Tr+ 0.17 [b] 

p-F, p-F, p-F (pF)3Tr+ 0.05 [b] 
m-Cl, m-Cl, m-Cl (mCl)(mCl)'(mCl)''Tr+ 1.99 [b] 

m-Cl, H, H (mCl)Tr+ 1.06 [b] 

H, H, H Tr+ 0.51 [e] 
p-Me, H, H MeTr+ –0.13 [e] 

p-Me, p-Me, H Me2Tr+ –0.70 [e] 

p-Me, p-Me, p-Me,  Me3Tr+ –1.21 [e] 
p-MeO, H, H (MeO)Tr+ –1.59 [b] 

p-MeO, p-MeO, H (MeO)2Tr+ –3.04 [e] 

p-MeO, p-MeO, p-MeO (MeO)3Tr+ –4.35 [e] 
p-Me2N, H, H (Me2N)Tr+ –7.93 [e] 

p-Me2N, p-Me2N, H (Me2N)2Tr+ –10.29 [e] 

p-Me2N, p-Me2N, p-Me2N (Me2N)3Tr+ –11.26 [e] 
[a] For the substitution pattern see Scheme 5.1; [b] from Chapter 3; [c] assumed to be the 
same as that for (mF)2(mF)'(mF)''Tr+; [d] assumed to be the same as that for (mF)(mF)'Tr+;  
[e] from ref. [8]. 
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The rates of hydride transfers from the donors in Table 5.3 to the tritylium ions in Table 

5.4 have been determined at 20 °C (Scheme 5.1), following the procedure described for 

benzhydrylium ions in Figure 5.1. Hereby, the meta-fluoro substituted systems have been 

generated in the same way as the benzhydrylium ions, i.e., the corresponding trityl halides 

(chlorides or bromides) were mixed in solution with an excess of Lewis acid (GaCl3). The 

donor-substituted systems have been introduced as isolated salts, mainly tetrafluoroborates. 

Table 5.5 compares the second-order rate constants thus obtained (kexp) with those calcu-

lated (kcalc) by equation (5.1) from the electrophilicity parameters E in Table 5.4 and the 

nucleophilicity parameters N/sN of the hydride donors in Table 5.3. 

 
 
Table 5.5. Experimental and calculated second-order rate constants for hydride transfers to tri-
tylium ions (CH2Cl2, 20 °C). 
 

acceptor source donor 
kexp 
[L mol–1 s–1] 

kcalc 

[L mol–1 s–1] 
kcalc/ 
kexp 

(mF)2(mF)'2Tr+ R-Cl + GaCl3 1f 5.24 3.63 × 101 6.9 

(mF)2(mF)'(mF)''Tr+ R-Br + GaCl3 HSiEt3 4.62 × 103 2.85 × 104 6.2 

 R-Br + GaCl3 HSiPh3 6.11 × 103 [a] 5.46 × 103 0.9 

 R-Br + GaCl3 1a 1.40 × 103 9.29 × 102 0.7 

(mF)(mF)'(mF)''Tr+ R-Br + GaCl3 HSiEt3 2.05 × 103 1.28 × 104 6.2 

 R-Br + GaCl3 HSiPh3 2.11 × 103 [a] 2.50 × 103 1.2 

 R-Br + GaCl3 1a 3.19 × 102 3.25 × 102 1.0 

(mF)(mF)'Tr+ R-Br + GaCl3 HSiEt3 7.90 × 102 5.19 × 103 6.6 

 R-Br + GaCl3 HSiBu3 1.47 × 103 1.24 × 104 8.4 

 R-Br + GaCl3 HSiPh3 6.57 × 102 [a] 1.04 × 103 1.6 

 R-Br + GaCl3 Bu4Sn 3.80 2.12 × 101 5.6 

 R-Br + SnCl4 1a 4.02 × 101 9.96 × 101 2.5 

(mF)2Tr+ R-Cl + GaCl3 Bu4Sn 3.09 2.12 × 101 6.9 

(mF)Tr+ R-Br + GaCl3 HSiEt3 3.29 × 102 2.10 × 103 6.4 

 R-Br + GaCl3 HSiBu3 6.41 × 102 5.01 × 103 7.8 

 R-Br + GaCl3 HSiPh3 1.99 × 102 [a] 4.32 × 102 2.2 

 R-Br + GaCl3 Bu4Sn 5.44 × 10–1 5.75 11 

 R-Cl + GaCl3 1a  9.51 3.05 × 101 3.2 

 R-Cl + SnCl4 1a  9.07 3.05 × 101 3.4 

(pF)Tr+ BF4
– HSiEt3 7.75 × 101 6.83 × 102 8.8 

 BF4
– HSiPh3 4.58 × 101 [a] 1.45 × 102 3.2 

 BF4
–
 1a 1.27 6.98 5.5 

(pF)2Tr+ BF4
– HSiEt3 4.68 × 101 5.02 × 102 11 

 BF4
– HSiBu3 8.06 × 101 1.20 × 103 15 
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Table 5.5. Continued. 
 

acceptor source donor 
kexp 
[L mol–1 s–1] 

kcalc 

[L mol–1 s–1] 
kcalc/ 
kexp 

(pF)2Tr+ BF4
– HSiPh3 3.08 × 101 [a] 1.07 × 102 3.5 

 BF4
–
 1a 8.73 × 10–1 4.67 5.3 

(pF)3Tr+ R-Cl + GaCl3 HSiEt3 2.65 × 101 4.09 × 102 15 

 R-Cl + GaCl3 HSiPh3 2.36 × 101 [a] 8.79 × 101 3.7 

(mCl)(mCl)'(mCl)''Tr+ R-Cl + TiCl4 1b 5.38 × 101 [b] 1.09 × 102 2.0 

 R-Cl + TiCl4 1g 4.16 [b] 1.73 × 101 4.2 

 R-Cl + TiCl4 HSiH2Ph 4.59 [b] 3.17 × 101 6.9 

(mCl)Tr+ R-Cl + TiCl4 1b 2.33 [b] 1.34 × 101 5.8 

Tr+ BF4
– HSiEt3 1.36 × 102 [c] 8.97 × 102 6.6 

 R-Cl + TMSOTf HSiEt3 1.29 × 102 8.97 × 102 7.0 

 BF4
– HSiBu3 2.75 × 102 2.14 × 103 7.8 

 BF4
– HSiPh3 7.55 × 101 [a] 1.88 × 102 2.5 

 BF4
– HSiMe2Ph 1.82 × 102 [d] 1.11 × 103 6.1 

 BF4
– HSi(SiMe3)3 9.78 × 102 2.09 × 103 2.1 

 BF4
– Bu4Sn 6.7 × 10–2 [e] 1.68 25 

 BF4
–
 1a 1.77 [f] 9.98 5.6 

 R-Cl + BCl3 1b 3.17 × 10–1 [b] 3.87 12 

 R-Cl + BCl3/TiCl4 1c 8.15 × 10–2 [b] 2.84 35 

 R-Cl + BCl3 1d 1.43 × 10–2 [b] 4.76 × 10–1 33 

 SbCl6
– 1h 1.2 [g] 1.30 × 101 11 

 AsF6
– 1h 1.9 [g] 1.30 × 101 6.8 

MeTr+ BF4
– HSiEt3 3.69 × 101 3.01 × 102 8.2 

 BF4
– HSiBu3 7.19 × 101 7.18 × 102 10 

 BF4
– HSiPh3 1.56 × 101 [a] 6.52 × 101 4.2 

 BF4
– HSiMe2Ph 5.36 × 101 3.67 × 102 6.8 

 BF4
– HSi(SiMe3)3 3.19 × 102 6.35 × 102 2.0 

Me2Tr+ BF4
– HSiEt3 1.08 × 101 1.14 × 102 11 

 BF4
– HSiBu3 2.31 × 101 [h] 2.72 × 102 12 

 BF4
– HSiPh3 4.02 [a] 2.54 × 101 6.3 

 BF4
– HSiMe2Ph 1.52 × 101 1.37 × 102 9.0 

 BF4
– HSi(SiMe3)3 6.5 × 101 [e] 2.19 × 102 3.4 

 BF4
– HSnBu3 6.19 × 104 1.24 × 105 2.0 

Me3Tr+ BF4
– HSiEt3 3.43 4.78 × 101 14 

 BF4
– HSiBu3 6.08 1.14 × 102 19 

 BF4
– HSiPh3 1.21 [a] 1.09 × 101 9.0 

 BF4
– HSiMe2Ph 4.71 5.69 × 101 12 

 BF4
– HSnBu3 2.96 × 104 6.49 × 104 2.2 

 BF4
– 1i 6.06 × 105 [i] 1.31 × 106 2.2 



94  5. Towards a General Hydride Donor Ability Scale 

Table 5.5. Continued. 
 

acceptor source donor 
kexp 
[L mol–1 s–1] 

kcalc 

[L mol–1 s–1] 
kcalc/ 
kexp 

(MeO)Tr+ BF4
– HSiEt3 1.57 2.50 × 101 16 

 BF4
– HSiBu3 3.44 5.97 × 101 17 

 BF4
– HSiPh3 6.44 × 10–1 [a] 5.80 9.0 

 BF4
– HSiMe2Ph 2.44 2.95 × 101 12 

 BF4
– HSnBu3 1.32 × 104 4.01 × 104 3.0 

(MeO)2Tr+ BF4
– HSiEt3 5.59 × 10–2 2.12 38 

 BF4
– HSiBu3 1.29 × 10–1 5.05 39 

 BF4
– HSiPh3 2.61 × 10–2 [a] 5.24 × 10–1 20 

 BF4
– HSiMe2Ph 1.07 × 10–1 2.41 23 

 BF4
– HSnBu3 1.42 × 103 6.40 × 103 4.5 

(MeO)3Tr+ BF4
– HSnBu3 2.27 × 102 1.22 × 103 5.4 

 BF4
– 1i 2.40 × 103 [i] 3.49 × 103 1.5 

 not reported 1i 2.1 × 105 [j] 4.17 × 104 0.2 

(Me2N)2Tr+ BF4
– HSnBu3 3.06 × 10–1 6.58 × 10–1 2.2 

 BF4
– Bu4N

+BH4
– 3.74 × 104 [l] 4.72 × 103 0.1 

 BF4
–
 1i 1.46 × 101 [i,k] 5.01 0.3 

 not reported 1i 2.7 × 101 [j] 5.01 0.2 

(Me2N)3Tr+ Cl– Bu4N
+BH4

– 1.61 × 103 [l] 8.08 × 102 0.5 

[a] From Chapter 3; [b] from ref. [11]; [c] a value of 1.10 × 102 L mol–1 s–1 (25 °C) was 
reported in ref. [7e]; [d] a value of 2.10 × 102 L mol–1 s–1 (25 °C) was reported in ref. [7d];  
[e] kinetics of low quality; [f] from ref. [12]; [g] at 28 °C, from ref. [13]; [h] primary kinetic 
isotope effect kH/kD = 1.6; [i] from ref. [6]; [j] in water at 25 °C, from ref. [14]; [l] in DMSO; 
[k] in 90W10AN. 
 
 

Reaction products. Product studies have not been performed with all hydride donors used 

in this work. However, all analyzed reactions revealed the formation of the triarylmethane. 

When HSiPh3 and HSiBu3 were used as hydride donors, the corresponding fluorosilanes 

FSiR3 could be detected. In the case of HSi(SiMe3)3 the products stemming from the silane 

could not be identified. For details see the Experimental Part (p. 202). 

 

5.3. Discussion 

 

Considering group 14 elements, Sn–H hydride donors are more reactive than Si–H donors, 

which in turn are more reactive than C–H donors, which is in accord with the order of electro-

negativities of these elements. This order is not only reflected by the N-parameters in Table 

5.3, but also by the rate constants of hydride transfers to tritylium ions in Table 5.5. 
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Influence of the counterion. In previous studies it has been demonstrated, that the anionic 

counterion of the cationic electrophile has no influence on the rate of hydride transfer from 

organic silanes to benzhydrylium,[15] as well as to tritylium ions (ref. [7e] and Chapter 3). 

Furthermore, Na+BH4
–, K+BH4

–, and Bu4N
+BH4

– all exhibited comparable reactivities towards 

benzhydrylium ions in DMSO.[6] It may, therefore, be assumed that this independence also 

holds true for reactions with tritylium ions. 

 

Influence of the solvent. In reactions of neutral hydride donors with cationic acceptors, 

charge is neither generated nor destroyed in the rate-determining step. The solvent polarity 

can therefore be assumed to exert a marginal effect on the rate constant. In line with this 

expectation, hydride transfers in dichloromethane solution proceed only 6-8 times faster than 

in acetonitrile solution (Table 5.6). A big difference is only observed for the reaction of N-

benzyl-1,4-dihydronicotinamide (1i) with (MeO)3Tr+ in dichloromethane and water. Possibly, 

this difference is due to nucleophilic assistance by water, similar to the assistance reported for 

acetic acid in the reaction of silanes with the tris(2,6-dimethoxyphenyl)methyl cation.[7c] It 

was postulated that the atom which releases the hydride ion is simultaneously attacked by a 

solvent molecule. 

 
 
Table 5.6. Second-order rate constants k for hydride transfers to tritylium ions in different 
solvents, 20 °C. 
 

k [L mol–1 s–1] [a] 
donor acceptor 

T  
[°C] CH2Cl2

 CH3CN 90W10AN 
k(CH2Cl2)/ 

k(X) 

HSiEt3 Tr+ 20 1.36 × 102 2.11 × 101 [b] - 6.4 

1a Tr+
 20 1.77 2.16 × 10–1 [c] - 8.2 

1c Tr+
 20 8.15 × 10–2 1.08 × 10–2 [d] - 7.5 

1i (MeO)3Tr+ 20 2.40 × 103 - 1.24 × 105 0.02 
[a] From Table 5.3 if not otherwise noted; [b] this work; [c] calculated from 4.13 × 10–1 L 
mol–1 s–1 (29.8 °C) in ref. [16]; [d] calculated from 1.65 × 10–2 L mol–1 s–1 (25 °C) in ref. [17].  
 

 

Influence of the electrophile. Table 5.5 shows that in almost all cases the experimental rate 

constants are smaller than predicted by equation (5.1). This can be explained by the additional 

aryl ring in tritylium ions compared to benzhydrylium ions, leading to an increased steric 

repulsion between the two reactants. Obviously, the steric requirements of electrophilic attack 

at carbocations are more important for hydride donors than primary amines and water, which 

were used for the evaluation of the E-parameters in Table 5.4.  
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In contrast to most other hydride donors, the borohydride anion and N-benzyl-1,4-dihydro-

nicotinamide (1i) react faster with tritylium ions than calculated by equation (5.1) – a factor of 

10 is found for the reaction of Bu4N
+BH4

– with (Me2N)2Tr+. Because of its high reactivity, 

Bu4N
+BH4

– could only be combined with the least reactive tritylium ions (Me2N)2Tr+ and 

(Me2N)3Tr+. 

When log k for the reactions of HSiR3 with substituted tritylium ions are plotted versus the 

corresponding electrophilicities E, linear correlations with slopes of approximately unity are 

found (Figure 5.3). By contrast, the nucleophile-specific slope parameters sN of silanes range 

from 0.72 to 0.81 (Table 5.3). The higher dependency of the rates on the electrophilicities of 

the reaction partners in the trityl series result in increasing deviations of the experimental rate 

constants from the calculated ones when going from top to bottom in the last column of Table 

5.5. While the ratios kcalc/kexp are rather small for Tr+ reacting with silanes (factor 2-8), they 

reach higher values for (MeO)2Tr+ (factor 20-40). 
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Figure 5.3. Correlation of log k for the reactions between tritylium ions and silanes with the 
corresponding electrophilicity parameters E of the tritylium ions; correlation equations: log k 
= 0.97E + 1.32 (HSiPh3), log k = 0.89E + 1.89 (HSiBu3), log k = 1.04E + 2.57 (HSi(SiMe3)3. 
 
 

HSi(SiMe3)3 was intensely studied by Chatgilialoglu,[18] and is primarily known as a hy-

drogen atom source in radical reactions. It is well-known that the supersilyl group facilitates 

electron-donation in β-position to π-bonds,[19] but Table 5.3 demonstrates a comparable hydri-

de donating ability towards benzhydrylium ions as normal organic silanes. 

Despite the bulkiness of the supersilyl group, good agreement between experimental and 

calculated rate constants are found for HSi(SiMe3)3 as hydride donor (kcalc/kexp = 2.1 for Tr+). 
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On the other hand, Chojnowski reported about the inertness of tri(tert-butyl)silane toward 

Tr+,[7e] indicating that steric effects are indeed present in these reactions. Possibly, the retard-

ing steric effect caused by the supersilyl group in HSi(SiMe3)3 is compensated by its pro-

nounced electronic effect, making its hydride donor ability comparable to HSiEt3. 

A good agreement between experimental and calculated rates is also found for HSnBu3 

(Table 5.5), which is illustrated by the correlation in Figure 5.4. 

 

 

 
 
 
 
 
 
 
 
Figure 5.4. Plot of log k for 
the reactions of HSnBu3 with 
tritylium ions (CH2Cl2,  
20 °C) vs. the corresponding 
E-parameters; n = 7,  
R

2 = 0.9874. 
 

 
Bearing in mind that equation (5.1) covers a reactivity range of 40 orders of magnitude, 

deviations of factors of 10-100 are usually considered to constitute its tolerance interval. 

Because all values in the last column of Table 5.5 are well within this interval, equation (5.1) 

is applicable to a large variety of hydride abstractions by tritylium ions. It cannot be excluded, 

however, that other classes of hydride donors deviate from the predictions by equation (5.1) to 

a higher extent. 

Nevertheless, these results justify the evaluation of N-parameters for hydride donors from 

the manifold of rate constants for hydride transfers to tritylium ions reported in the literature. 

The temperature in many investigations differed from 20 °C, to which equation (5.1) refers. In 

some of these cases activation parameters have been reported, thus offering the possibility to 

calculate rate constants at 20 °C. In the remaining cases the activation entropy was estimated.  

Only rate constants determined in solvents of low Lewis basicity (methylene chloride, 

acetonitrile, dichloroethane, nitromethane) have been considered in the following. Studies 

performed in acetic acid have not been taken into account, due to the presumed nucleophilic 

assistance exerted by this solvent.[7c] 
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Literature Survey. Silanes can be employed in ionic hydrogenation reactions of alkenes, 

cyclopropanes, ketones, aldehydes, and alcohols,[20] which demonstrates their versatility.  

Several alkylsilanes and HGeEt3 have been studied in reactions with Tr+SbF6
– by 

Chojnowski.[7d,e] In order to evaluate N parameters, slope parameters of 0.75 for the silanes 

were assumed, resembling the values in Table 5.3. Table 5.7 summarizes the reported rate 

constants for the different silanes, and gives an overview of the derived reactivity parameters. 

While ordinary alkylsilanes have N-parameters of 2-3, trialkoxysilanes are considerably 

less reactive. The highest N value is found for HGeEt3 (N = 4.0). It may be compared with 

those of HGeBu3 (N = 5.92) and HGePh3 (N = 3.99), which have been obtained by reactions 

with benzhydrylium ions.[4] 

 
 
Table 5.7. Second-order rate constants for hydride transfers from silanes and HGeEt3 to 
Tr+SbF6

– (CH2Cl2), and the derived nucleophilicity parameters N (sN = 0.75). 
 

donor 
k25 °C

exp 

[L mol–1 s–1] 
ref. 

k20 °C
 

[L mol–1 s–1] 
N 

HSiMe3 2.23 × 102 [7d,e] 1.85 × 102 [a] 2.6 

HSiMe2Et 1.64 × 102 [b] [7e] 1.34 × 102 [c] 2.3 
HSiMeEt2 1.38 × 102 [d] [7e] 1.18 × 102 [e] 2.3 

HSinPr3 1.75 × 102 [7d,e] 1.43 × 102 [f] 2.4 

HSinHex3 2.56 × 102 [7e] 2.10 × 102 [f] 2.6 
HSiMe2(CH2Cl) 1.20 [7d] 8.97 × 10–1 [f] –0.6 

HSiMePh(CH2
tBu) 1.40 × 101 [7d] 1.09 × 101 [f] 0.9 

HSiMe2Bn 8.41 × 101 [7e] 6.76 × 101 [f] 1.9 
HSiMe2(m-ClBn) 2.83 × 101 [7e] 2.23 × 101 [f] 1.3 
HMeSi

 
1.63 × 102 [7e] 1.31 × 102 [g] 2.3 

HMeSi

 
1.39 × 102 [7e] 1.13 × 102 [h] 2.2 

HSi(OEt)3 1.5 × 10–1 [7d] 1.08 × 10–1 [f] –1.8 

HSiMe2(OTMS) 2.35 × 102 [7d] 1.92 × 102 [f] 2.5 
HSiMe2(OPr) 1.99 × 102 [7d] 1.62 × 102 [f] 2.4 

HGeEt3 2.78 × 103 [7e] 2.26 × 103 [i] 4.0 
[a] calculated with ∆S

≠ = –117 J K–1 mol–1;[7e] [b] the same author reported a value of 2.01 × 
102 L mol–1 s–1 ten years earlier;[7d] [c] calculated with ∆S

≠ = –113 J K–1 mol–1;[7e] [d] the same 
author reported a value of 1.85 × 102 L mol–1 s–1 ten years earlier;[7d] [e] calculated with ∆S

≠ = 
–117 J K–1 mol–1;[7e] [f] calculated with an estimated activation entropy ∆S

≠ = –110 J K–1  
mol–1; [g] calculated with ∆S

≠ = –105 J K–1 mol–1;[7e] [h] calculated with ∆S
≠ = –109 J K–1 

mol–1;[7e] [i] calculated with ∆S
≠ = –86 J K–1 mol–1 (determined for the reactions of HGeBu3 

with benzhydrylium ions).[21] 
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A hydride in β-position to the metal may be abstracted from tetralkylated silanes,  

-stannanes, and -plumbanes. For example, secBu4Sn, nPr4Sn, and iBu4Sn were used to reduce a 

series of substituted tritylium ions,[22] and plots of log k versus the electrophilicities E reveal 

linear relationships (Figure 5.5). As the slopes of the correlation lines are almost identical to 

the value obtained for nBu4Sn in reactions with benzhydrylium ions (sN = 1.1, Table 5.3), this 

sN-parameter was chosen for the evaluation of N-parameters for the hydride donors in Table 

5.8. 

 
 
 
 
 
Figure 5.5. Plots of log k for the 
reactions of secBu4Sn, nPr4Sn, 
and iBu4Sn with tritylium ions 
(from ref. [22], dichloroethane, 
20 °C) vs. E. Correlation 
equations: log k = 1.15E – 1.23 
(secBu4Sn); log k = 1.13E – 0.56 
(nPr4Sn); log k = 1.11E – 0.15 
(iBu4Sn); [a] rate constant 
calculated from values at higher 
temperatures (see Table 5.6 and 
ref. [22]). 
 

 
Table 5.8. Second-order rate constants for hydride transfers from peralkylated metals to tri-
tylium ions, and the derived nucleophilicity parameters N (sN = 1.1). 
 

donor acceptor solvent 
T 

[°C] 
kT

exp 

[L mol–1 s–1] ref. 
k20 °C

 [a] 

[L mol–1 s–1] N 

Et4Si Tr+BF4
– CH3CN 29.8 6.8 × 10–7 [16] 2.88 × 10–7  –6.5 

BuSiMe3 Tr+BF4
– CH2Cl2 22 5 × 10–6 [23] 4 × 10–6 –5.4 

PhCH2CH2SiMe3 Tr+BF4
– CH2Cl2 22 5.30 × 10–4 [23] 4.66 × 10–4 –3.5 

Ph2CHCH2SiEt2Me Tr+BF4
– CH2Cl2 22 3 × 10–7 [23] 3 × 10–7 –6.4 

Me3Si(CH2)6SiMe3 Tr+BF4
– CH2Cl2 22 3.00 × 10–5 [23] 2.58 × 10–5 –4.7 

Me3Si(CH2)3SiMe3 Tr+BF4
– 

CH3CN/ 
CH2Cl2  
(1:1) 

30 1.24 × 10–5 [24] 5.71 × 10–6 –5.3 

SiMe2
 

Tr+BF4
– CH2Cl2 22 2.00 × 10–2 [23] 1.80 × 10–2 –2.1 

SiMe2
 

Tr+BF4
– CH2Cl2 22 4 × 10–6 [23] 3 × 10–6 –5.5 

SiMe2

 
Tr+BF4

– CH2Cl2 23 2.21 × 10–3 [25] 1.85 × 10–3 –3.0 
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Table 5.8. Continued. 
 

donor acceptor solvent 
T 

[°C] 
kT

exp 

[L mol–1 s–1] ref. 
k20 °C

 [a] 

[L mol–1 s–1] N 

SiMe2

 
Tr+BF4

– CH2Cl2 22 1.58 × 10–3 [23] 1.40 × 10–3 –3.1 

Et4Ge Tr+BF4
– CH3CN 29.8 4.8 × 10–5 [16] 2.3 × 10–5 –4.7 

Me3Ge(CH2)3SiMe3 Tr+BF4
– CH3CN 30 3.8 × 10–5 [24] 1.8 × 10–5 –4.8 

Me3Ge(CH2)3GeMe3 Tr+BF4
– CH3CN 30 3.6 × 10–4 [24] 1.9 × 10–4 –3.4 

Et4Sn Tr+ClO4
– DCE [b] 20 3.1 × 10–2 [c] [22] - –1.9 

Pr4Sn  Tr+ClO4
– DCE 20 1.0 [22] - –0.5 [d] 

 
MeTr+ 

ClO4
– 

DCE 20 2.2 × 10–1 [22] -  

 
Me2Tr+ 

ClO4
– DCE 20 4.4 × 10–2 [22] -  

 
Me3Tr+ 

ClO4
– DCE 20 9.9 × 10–3 [22] -  

 
(MeO)Tr+ 

ClO4
– DCE 20 4.9 × 10–3 [22] -  

iBu4Sn Tr+ClO4
– DCE 20 2.6 [22] - –0.1 [d] 

 Me3Tr+ 

ClO4
– 

DCE 20 3.2 × 10–2 [22] -  

secBu4Sn Tr+ClO4
– DCE 20 2.3 × 10–1 [22] - –1.1 [d] 

 Me3Tr+ 

ClO4
– DCE 30 4.3 × 10–3 [22] 2.4 × 10–3  

 Me3Tr+ 

ClO4
– 

DCE 40 7.4 × 10–3 [22] 2.4 × 10–3  

 Me3Tr+ 

ClO4
– 

DCE 50 1.23 × 10–2 [22] 2.4 × 10–3  

Me3Sn(CH2)3SiMe3 Tr+BF4
– CH3CN 30 1.18 × 10–3 [24] 6.34 × 10–4 –3.4 

Me3Sn(CH2)3GeMe3 Tr+BF4
– CH3CN 30 1.42 × 10–2 [24] 8.31 × 10–3 –2.4 

Me3Sn(CH2)3SnMe3 Tr+BF4
– CH3CN 30 8.0 × 10–2 [24] 5.0 × 10–2 –1.7 

Me3SnCH2Bn Tr+BF4
– CH3CN 29.8 9.56 × 10–2 [16] 6.03 × 10–2 –1.6 

Me3Sn(CH2)3CMe3 Tr+BF4
– 

CH3CN/ 
CH2Cl2  
(1:1) 

30 4 × 10–4 [24] 2 × 10–4 –3.9 

Et4Pb Tr+BF4
– CH3CN 29.8 5.9 [16] 4.3 0.1 

Me3Pb(CH2)3SiMe3 Tr+BF4
– CH3CN 30 2.6 × 10–1 [24] 1.7 × 10–1 –1.2 

Me3Pb(CH2)3GeMe3 Tr+BF4
– CH3CN 30 4 × 10–1 [24] 3 × 10–1 –1.0 

Et2Hg Tr+BF4
– CH3CN 29.8 0.9 [16] 6 × 10–1 –0.7 

[a] Calculated from kT
exp with ∆S

≠ = –158 J K–1 mol–1 (determined for the reaction of secBu4Sn 
with Me3Tr+);[22] [b] DCE = dichloroethane; [c] a value of 1.0 × 10–2 L mol–1 s–1 (25 °C, 
CH3CN) was reported in ref. [16]; [d] calculated by the correlation equation in Figure 5.5. 
 
 

The series of tetraalkylstannanes offers to analyze the influence of elongation and bran-

ching in the alkyl residues on the hydride donor abilities. As the hydride transfer constitutes 
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the rate-determining step, the stability of the generated carbenium ion may serve as an indica-

tor for the magnitude of the rate constant. Increasing the stabilization of the resulting 

carbenium ion leads to an increase of N from –1.9 to –0.1 in the first line of Figure 5.6, 

although the number of potential hydrides in the neutral donors decreases from 3 to 1 per 

alkyl residue. However, keeping the reactive site a secondary carbon, branching leads to 

pronounced sterical hindrance in reactions with hydride acceptors. The values in Figure 5.6 

are based on reactions with tritylium ions, and may be compared with N = –0.30 for nBu4Sn 

(Table 5.3), which refers to reactions with benzhydrylium ions. 

 
 

 
 
 
 
 
Figure 5.6. Comparison of hydride 
donor nucleophilicities of different 
tetraalkylstannanes; the N parameters 
refer to the neutral, saturated 
compounds. 

 
 

Transition metal hydrides have been intensely studied by Bullock,[26,27] who determined the 

rates of reactions of HMo(CO)3Cp* with a series of substituted tritylium ions. Again, a linear 

correlation of log k versus E is observed (Figure 5.7). The slope of approximately 0.8 was 

chosen as an estimate for the evaluation of nucleophilicity parameters for the compounds in 

Table 5.9.  

 
 

 

 
 
 
 
 
 
 
Figure 5.7. Correlation of log k for 
the reactions of HMo(CO)3Cp* 
with substituted ritylium ions (data 
from ref. [27], CH2Cl2, 25 °C) with 
the corresponding E-parameters. 

 

SnPr3

N = –1.9 N = –0.5 N = –0.1

stabilization by hyperconjugation / induction

SnsecBu3

N = –1.1

st
er

ic
h

in
dr

an
ce

SnEt3
SniBu3

log k

-0.5

1.0

2.5

4.0

E

-5 -3 -1 1

Tr+

(MeO)Tr+

(MeO)2Tr+

(MeO)3Tr+

log k = 0.76E + 3.39



102  5. Towards a General Hydride Donor Ability Scale 

The different rates of reactions (25 °C) of HMo(CO)3Cp* with (MeO)2Tr+ in dichloro-

methane (k = 1.1 × 101 L mol–1 s–1)[27] and acetonitrile (k = 8.10 × 102 L mol–1 s–1)[28] can be 

explained by the fact that the latter solvent serves as a much better ligand to molybdenum 

than the former, thus accelerating the hydride donation of the transition metal hydride. 

Therefore, only data referring to dichloromethane have been considered in Table 5.9. 

 
 
Table 5.9. Second-order rate constants for hydride transfers from transition metal hydrides to 
tritylium ions (from ref. [27], CH2Cl2), and the derived nucleophilicity parameters N (sN = 
0.8). 
 

donor acceptor 
k25 °C

exp 

[L mol–1 s–1]  
k20 °C

 [a] 

[L mol–1 s–1] 
N 

HW(CO)3(C5H4CO2Me) Tr+BF4
– 7.2 × 10–1 5.2 × 10–1  –0.9 

HMn(CO)5 Tr+BF4
– 5.0 × 101 3.9 × 101  1.5 

HCr(CO)3Cp* Tr+BF4
– 5.7 × 101 4.5 × 101 1.6 

HW(CO)3Cp Tr+BF4
– 7.6 × 101 6.0 × 101 1.7 

cis-HMn(PCy3)(CO)4 Tr+BF4
– 1.7 × 102 1.4 × 102 2.2 

cis-HMn(PPh3)(CO)4 Tr+BF4
– 2.3 × 102 1.8 × 102 2.3 

HW(CO)3(C5H4Me) Tr+BF4
– 2.5 × 102 2.0 × 102 2.4 

HMo(CO)3Cp Tr+BF4
– 3.8 × 102 3.1 × 102 2.6 

HW(CO)3Cp* Tr+BF4
– 1.9 × 103 1.6 × 103 3.5 

HW(CO)3(indenyl) Tr+BF4
– 2.0 × 103 1.7 × 103 3.5 

HRe(CO)5 Tr+BF4
– 2.0 × 103 1.7 × 103 3.5 

cis-HRe(PPh3)(CO)4 Tr+BF4
– 1.2 × 104 1.0 × 104 [b] 4.5 

HW(NO)2Cp Tr+BF4
– 1.9 × 104 1.6 × 104 4.8 

trans- 
HMo(CO)2(PCy3)Cp 

Tr+BF4
– 4.3 × 105 3.7 × 105 [c] 6.5 

trans- 
HMo(CO)2(PPh3)Cp 

Tr+BF4
– 5.7 × 105 5.2 × 105 6.6 

trans- 
HMo(CO)2(PMe3)Cp 

Tr+BF4
– 4.6 × 106 4.1 × 106 [d] 7.8 

HMo(CO)3Cp* Tr+BF4
– 6.5 × 103 5.5 × 103 [e] 4.5 [f] 

 (MeO)Tr+BF4
– 1.4 × 102 1.1 × 102 [e]  

 (MeO)2Tr+BF4
– 1.1 × 101 8.4 [e]  

 (MeO)3Tr+BF4
– 1.4 1.0 [e]  

[a] Calculated from kT
exp with ∆S≠ = –100 J K–1 mol–1 unless otherwise noted; [b] calculated 

with ∆S
≠ = –84 J K–1 mol–1;[27] [c] calculated with ∆S

≠ = –75 J K–1 mol–1;[27] [d] calculated 
with ∆S

≠ = –75 J K–1 mol–1;[27] [e] calculated with ∆S
≠ = –100 J K–1 mol–1;[27] [f] calculated by 

the correlation equation in Figure 5.7. 
 
 

The dioxolane 1e is the weakest hydride donor in Table 5.3. Although product studies 

clearly showed the formation of the dioxolenium ion and triarylmethanes, the tritylium absor-
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bances did not decrease mono-exponentially during the reactions with 1e, and second-order 

rate constants could not be determined. The same problem occurred with the 2-phenyl-

substituted dioxolane, the reasons for these phenomena being unknown.  

Nevertheless, the literature data of hydride transfers from ethers and acetals to the tri-

phenylmethyl cation have been used to calculate N-parameters with the assumption of sN = 

0.8 (Table 5.10), the slope-parameter of 1e in Table 5.3. 

As can be seen, the nucleophilicity of 2-methyldioxolane (N = –3.3) is significantly lower 

than that of 1e (N = –1.06, Table 5.3). It is at least questionable, whether the steric hindrance 

caused by the propyl group in 1e can be overcompensated by its superior inductive effect 

compared to the methyl group in 2-methyldioxolane. The N-values in Table 5.10 must, there-

fore, be considered as preliminary and taken with care. 

 

Table 5.10. Second-order rate constants for hydride transfers from ethers and acetals to tri-
tylium ions (CH2Cl2), and the derived nucleophilicity parameters N (sN = 0.8). 
 

donor acceptor 
T  
[°C] 

kT
exp 

[L mol–1 s–1] 
ref. 

k20 °C
 

[L mol–1 s–1] 
N 

Et2O Tr+SbCl6
– 25 3.0 × 10–4 [2b] 2.2 × 10–4 [a] –5.1 

O

 
Tr+SbCl6

– 25 6.3 × 10–3 [2b] 4.3 × 10–3 [b] –3.5 

 Tr+BF4
– 18 3.90 × 10–3 [29] 4.6 × 10–3 [b] –3.4 

MeOCH2OMe Tr+SbCl6
– 25 6.0 × 10–4 [2b] 3.3 × 10–4 [c] –4.9 

O

O

 
Tr+PF6

– 25 9.42 × 10–3 [29] 5.90 × 10–3 [d] –3.3 

 Tr+SbCl6
– 22 8.74 × 10–3 [29] 7.24 × 10–3 [d] –3.2 

 Tr+SbCl6
– 18 7.40 × 10–3 [e] [29] 8.94 × 10–3 [d] –3.1 

 Tr+SbCl6
– 22.5 8.3 × 10–3 [30] 6.6 × 10–3 [d] –3.2 

 Tr+SbCl6
– 23 7.71 × 10–3 [31] 5.81 × 10–3 [d] –3.3 

O

O

 
Tr+SbCl6

– 25 7.9 × 10–3 [2b] 5.4 × 10-3 [f] –3.3 

O

O
Ph

 
Tr+SbCl6

– 25 1.5 × 10–2 [2b] 1.3 × 10–2 [g] –2.9 

O

O

 
Tr+SbCl6

– 23 4.14 × 10–2 [31] 3.37 × 10–2 [h] –2.4 

 Tr+SbCl6
– 23 3.23 × 10–2 [i] [31] 2.56 × 10–2 [h] –2.5 

O

O

 
Tr+SbCl6

– 23 1.29 × 10–2 [31] 1.06 × 10–2 [j] –3.0 

O

O

 
Tr+SbCl6

– 23 1.51 × 10–2 [31] 1.28 × 10–2 [k] –2.9 
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Table 5.10. Continued. 
 

donor acceptor 
T  
[°C] 

kT
exp 

[L mol–1 s–1] 
ref. 

k20 °C
calc 

[L mol–1 s–1] 
N 

O

O

 
Tr+SbCl6

– 23 2.31 × 10–2 [31] 1.96 × 10–2 [k] –2.6 

O

O

 
Tr+SbCl6

– 23 1.75 × 10–3 [31] 1.43 × 10–3 [k] –4.1 

 Tr+SbCl6
– 23 9.8 × 10–4 [31] 8.0 × 10–4 [l] –4.4 

O

O

 
Tr+SbCl6

– 23 7.35 × 10–2 [31] 5.93 × 10–2 [m] –2.0 

O

O

 
Tr+SbCl6

– 23 3.41 × 10–2 [31] 2.79 × 10–2 [n] –2.5 

O

O

 
Tr+SbCl6

– 23 3.51 × 10–2 [31] 2.95 × 10–2 [o] –2.4 

O

O

 
Tr+SbCl6

– 23 5.5 × 10–2 [31] 4.4 × 10–2 [p] –2.2 

O
O

 
Tr+BF4

– 22 2.69 × 10–3 [29] 2.28 × 10–3 [q] –3.8 

 Tr+BF4
– 18 1.24 × 10–3 [e] [29] 1.47 × 10–3 [q] –4.1 

[a] Calculated with ∆S≠ = –167 J K–1 mol–1;[2b] [b] calculated with ∆S≠ = –109 J K–1 mol–1;[2b] 
[c] calculated with ∆S≠ = –17 J K–1 mol–1;[2b] [d] calculated with ∆S≠ = –63 J K–1 mol–1;[2b]  
[e] in dichloroethane; [f] calculated with ∆S≠ = –109 J K–1 mol–1;[2b] [g] calculated with ∆S≠ =  
–218 J K–1 mol–1;[2b] [h] calculated with ∆S≠ = –92 J K–1 mol–1;[31] [i] in nitromethane; [j] cal-
culated with ∆S≠ = –130 J K–1 mol–1;[31] [k] calculated with ∆S≠ = –151 J K–1 mol–1;[31]  
[l] calculated with ∆S≠ = –143 J K–1 mol–1;[31] [m] calculated with ∆S≠ = –100 J K–1 mol–1;[31] 
[n] calculated with ∆S≠ = –118 J K–1 mol–1;[31] [o] calculated with ∆S≠ = –138 J K–1 mol–1;[31] 
[p] calculated with ∆S≠ = –123 J K–1 mol–1;[31] [q] calculated with estimated ∆S≠ = –100 J K–1 
mol–1. 
 
 

Hydrocarbons can also act as hydride donors when the resulting carbenium centers are part 

of a conjugated electronic π-system. Examples are 1a,b,c,d,f,g,h in Table 5.3. According to 

Table 5.5, the rate constants of the reactions of cycloheptatriene (1a) with tritylium ions are in 

good agreement with the calculated values (kexp/kcalc < 6). On the other hand, discrepancies 

between experimental and calculated rates are considerable larger in the reactions of 1,4-

dihydronaphthalene (1c, kexp/kcalc = 35) or 9,10-dihydroanthracene (1d, kexp/kcalc = 33) with 

Tr+. These findings can be rationalized by the much bigger steric shielding of the hydride to 

be transferred in 1c and 1d compared to that in 1a. The steric hindrance probably becomes a 

serious limitation of equation (5.1) when hydride ions are transferred from triarylmethanes to 

triarylmethyl cations. 
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Despite this concern, N-parameters for the hydride donors in Table 5.11 have been evalu-

ated with the assumption of sN = 1.0, similar to the values of the structurally related com-

pounds in Table 5.3. It should be mentioned that all rate constants in Table 5.11 refer to 

acetonitrile as solvent, in which hydride transfers have been shown to proceed about 6-8 times 

slower than in dichloromethane (Table 5.6). 

Attempts to determine second-order rate constants for hydride transfers from Hantzsch 

esters to tritylium ions in dichloromethane have been unsuccessful (see Chapter 7). 

 
 
Table 5.11. Second-order rate constants for hydride transfers from hydrocarbons to tritylium 
ions, and the derived nucleophilicity parameters N (sN = 1.0). 
 

donor acceptor solvent 
T 

[°C] 
kT

exp 
[L mol–1 s–1] 

ref. 
k20 °C

 [a] 
[L mol–1 s–1] 

N 

(Me)3TrH Tr+ClO4
– CH3CN 23 2.65 × 10–6 [32] 1.92 × 10–6 –6.2 

(MeO)2TrH Tr+ClO4
– CH3CN 23 6.18 × 10–6 [32] 4.53 × 10–6 –5.9 

 
(Me)3Tr+ 

ClO4
– CH3CN 23 2.51 × 10–7 [32] 1.78 × 10–7 –5.5 

(MeO)3TrH Tr+ClO4
– CH3CN 23 7.20 × 10–5 [32] 5.41 × 10–5 –4.8 

 Tr+BF4
– CD3CN 22 4.63 × 10–5 [33] 3.82 × 10–5 –4.9 

 
(Me)3Tr+ 

ClO4
– CH3CN 23 2.82 × 10–6 [32] 2.05 × 10–6 –4.5 

 
(MeO)Tr+ 

BF4
– CD3CN 26 5.02 × 10–7 [33] 2.56 × 10–7 –5.0 

 
(MeO)Tr+ 

ClO4
– 

CH3CN 23 1.07 × 10–6 [32] 7.70 × 10–7 –4.5 

(Me2N)2TrH Tr+ClO4
– CH3CN 23 1.31 × 10–3 [32] 1.01 × 10–3 –3.5 

(Me2N)3TrH Tr+ClO4
– CH3CN 23 6.17 × 10–2 [32] 5.00 × 10–2 –1.8 

1a Tr+BF4
– CH3CN 29.8 4.13 × 10–1 [16] 2.16 × 10–1 –1.2 

 
(Me)3Tr+ 

ClO4
– 

CH3CN 23 2.68 × 10–2 [32] 2.14 × 10–2 –0.5 

 
(MeO)Tr+ 

ClO4
– CH3CN 23 2.04 × 10–2 [32] 1.62 × 10–2 –0.2 

 
(MeO)2Tr+ 

ClO4
– CH3CN 23 1.09 × 10–3 [32] 8.42 × 10–4 0.0 

 
(MeO)3Tr+ 

ClO4
– CH3CN 80 1.63 × 10–3 [32] 9.92 × 10–6 –0.7 

Ph Ph

Ph H

 

Tr+ClO4
– CH3CN 23 9.1 × 10–2 [32] 7.4 × 10–2 –1.6 

 
Me3Tr+ 

ClO4
– CH3CN 23 7.1 × 10–3 [32] 5.6 × 10–3 –1.0 

 
Tr+BF4

– CH3CN 25 2.67 × 10–3 [17] 1.61 × 10–3 [b] –3.3 
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Table 5.11. Continued. 
 

donor acceptor solvent 
T 

[°C] 
kT

exp 
[L mol–1 s–1] ref. 

k20 °C
 [a] 

[L mol–1 s–1] N 

N
 

Tr+ClO4
– CH3CN 25 1.7 × 103 [34] 1.4 × 103 4.0 [c] 

1i Tr+ClO4
– CH3CN 25 8.9 × 104 [34] 7.9 × 104 (6.5) [c] 

[a] Calculated from kT
exp with ∆S≠ = –100 J K–1 mol–1; [b] calculated with ∆S≠ = –57 J K–1 

mol–1;[17] [c] calculated with sN = 0.7, in accordance with the values in Table 5.3. 
 
 

The nucleophilicity of cycloheptatriene (1a) is one order of magnitude smaller in CH3CN 

[N = –0.5 (mean value)] than in CH2Cl2 (N = 0.52, Table 5.3), in agreement with the results of 

Table 5.6. 

Because the rates of hydride transfers from the dihydronicotinamide 1i to tritylium ions in 

CH2Cl2 or H2O were shown to be equal to or even higher than the predictions of equation 

(5.1) (Table 5.5), the N-parameter for 1i in CH3CN (6.5, Table 5.11) appears to be too low, in 

view of its N-value in CH2Cl2 of 8.67 (Table 5.3) and the observation that the rates in CH2Cl2 

are only slightly bigger than in CH3CN (Table 5.6). A possible reason might be the sN-

parameter of 0.7 chosen for the evaluation of N in Table 5.11. The appropriate choice of sN-

parameters is a general problem, as their estimation significantly affects the resulting N-para-

meters. As we have seen before, sN-values do not only depend on the solvent (Table 5.3), but 

also on the carbocationic reaction partners (see the context of Figure 5.3). A value of sN = 0.6 

for 1i in CH3CN would give a nucleophilicity of N = 7.7, which appears to be more 

reasonable.  

However, in light of the huge scope of different compounds characterized in this work, and 

the estimations that were necessary for their characterization, deviations of ∆N = ± 2 have to 

be accepted. 

 

Test of reliability. In Table 5.12 some of the newly evaluated nucleophilicity parameters 

are tested with respect to their reliability. For this purpose, the hydride donors have been 

combined with benzhydrylium ions, i.e., the reference electrophiles of equation (5.1), and the 

experimental rate constants are compared with those calculated by equation (5.1). 
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Table 5.12. Comparison of experimental (CH2Cl2, 20 °C) and calculated rates of hydride 
transfers to acceptors different from tritylium ions.  
 

donor 
N [a]

 

(sN) 
acceptor 
(E) [b]

 

kexp 
[L mol–1 s–1] 

ref. 
kcalc 

[c] 

[L mol–1 s–1] 
kexp/ 
kcalc 

HSiMe3 
2.6 
(0.75) 

(ani)PhCH+ 

(2.11) 
4.81 × 103 [d] [15] 3.4 × 103 1.4 

HSiMe2Et 2.3 
(0.75) 

(ani)PhCH+ 

(2.11) 
6.14 × 103 [d] [15] 2.0 × 103 3.1 

HSiMeEt2 
2.3 
(0.75) 

(ani)PhCH+ 

(2.11) 
7.29 × 103 [d] [15] 2.0 × 103 3.6 

HSinPr3 
2.4 
(0.75) 

(ani)PhCH+ 

(2.11) 
1.15 × 104 [d] [15] 2.4 × 103 4.8 

HSinHex3 
2.6 
(0.75) 

(ani)PhCH+ 

(2.11) 
1.65 × 104 [d] [15] 3.4 × 103 4.9 

HSiMe2(CH2Cl) 
–0.6 
(0.75) 

(ani)PhCH+ 

(2.11) 
9.20 × 101 [d] [15] 1.4 × 101 6.6 

HSiMe2Bn 
1.9 
(0.75) 

(ani)PhCH+ 

(2.11) 
2.57 × 103 [d] [15] 1.0 × 103 2.6 

HSiMe2(OTMS) 
2.5 
(0.75) 

(ani)PhCH+ 

(2.11) 
4.54 × 103 [d] [15] 2.9 × 103 1.6 

HGeEt3 
4.0 
(0.75) 

Trop+ 
(–3.27) [e] 

1.95 [f] [7e] 3.5 0.6 

iBu4Sn 
–0.1 
(1.1) 

(ani)2CH+ 

(0.00) 
3.05 × 101 [35] 7.8 × 10–1 39 

SiMe2

 

–3.0 
(1.1) 

(tol)2CH+ 

(3.63) 
2.23 × 101 [35] 4.9 4.6 

SiMe2  
–5.5 
(1.1) 

Ph2CH+ 

(5.90) 
5.53 × 101 [35] 2.8 20 

HMo(CO)3Cp 
2.6 
(0.8) 

(fur)2CH+ 
(–1.36) 

6.65 × 102 [35] 9.8 68 

O

O

 

–3.2 [g] 
(0.8) 

(tol)2CH+ 
(3.63) 

2.30 [35] 2.2 1.0 

O

O
Ph

 

–2.9 
(0.8) 

(ani)(tol)CH+ 

(1.48) 
2.90 [35] 7.3 × 10–2 40 

(Me)3TrH 
–6.2 
(1.0) 

(tol)2CH+ 
(3.63) 

1.01 [35] 2.7 × 10–3 374 

(MeO)3TrH 
–4.7 [h] 
(1.0) 

(ani)2CH+ 

(0.00) 
5.7 × 10–5 [i] [32] 2.0 × 10–5 2.9 

Ph Ph

Ph H

 

–1.3 [j] 
(1.0) 

(ani)2CH+ 

(0.00) 
1.69 × 101 [35] 5.0 × 10–2 338 

N
 

4.0 
(0.7) 

(dma)2CH+ 

(–7.02) 
1.23 × 10–1 [35] 7.7 × 10–3 16 

  
(dpa)2CH+ 
(–4.72) 

5.44 [35] 3.1 × 10–1 18 

[a] From Tables 5.7-5.11; [b] from ref. [4]; [c] calculated by equation (5.1), using N, sN, and 
E; [d] calculated from rate constants at –70 °C with an estimated activation entropy of ∆S≠ = 
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–100 J K–1 mol–1; [e] from ref. [36]; [f] calculated from 2.63 L mol–1 s–1 (25 °C) with ∆S≠ =  
–100 J K–1 mol–1; [g] averaged value from Table 5.10; [h] averaged value from Table 5.11;  
[i] calculated from 7.6 × 10–5 L mol–1 s–1 (23 °C) with ∆S≠ = –100 J K–1 mol–1, in CH3CN;  
[j] averaged value from Table 5.11. 
 
 

The ratios kexp/kcalc for hydrosilanes in the last column of Table 5.12 resemble the corres-

ponding numbers for kcalc/kexp in the last column of Table 5.5, thus indicating consistency 

between the nucleophilicities of hydrosilanes in Table 5.3 and Table 5.7. 

The nucleophilicities N/sN of the last four hydride donors in Table 5.12 refer to CH3CN as 

solvent, whereas the measurements were mostly performed in CH2Cl2. The two largest 

deviations from kcalc (more than a factor of 100) fall within this group. While the reaction of 

(MeO)3TrH with (ani)2CH+ in CH3CN is characterized by an almost perfect agreement 

between experimentally observed and predicted rates (kexp/kcalc = 2.9), (Me)3TrH reacts 374 

times faster with (tol)2CH+ in CH2Cl2 than expected.  

The second significant deviation is found for triphenylcyclopropene, which transfers a 

hydride 338 times faster to (ani)2CH+ than calculated by equation (5.1). In both cases only 

part of the deviations can be due to the change of solvents and an error in one of the 

experimental data appears to be likely. 

Apart from these two cases, all other N-parameters in Table 5.12 seem to be quite reliable, 

with kexp/kcalc ≤ 68. As already stated above, deviations of this magnitude are within the confi-

dence limit of equation (5.1), considering its reactivity range of 40 powers of ten, that is cur-

rently covered. 

 

5.4. Conclusion 

 

In summary, we could evaluate nucleophilicity parameters N for numerous hydride donors 

widely varying in structure by using literature rate constants of hydride transfers to tritylium 

ions (Scheme 5.2). While ethers and acetals are relatively weak hydride donors with –5 < N < 

–2, similar to hydrocarbons (–6 < N < –1), trialkylsilanes and -germanes are considerable 

stronger reducing agents (0 < N < 4). The hydride donating abilities of tetraalkyl-group-14-

elements depend on the central atom, with silicon forming the least reactive, and lead the 

most reactive compounds. The nucleophilicities of transition metal hydrides cover a wide 

range with –1 < N < 8. Their most reactive representatives contain molybdenum as central 

metal, and are comparable to dihydropyridines in CH3CN. A comprehensive hydride donor 

ability scale could thus be established. 
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Scheme 5.2. Hydride donor ability scale of donors widely varying in structure (in CH2Cl2, if 
not otherwise noted); for N-values of compounds not reported in this chapter, see ref. [37] and 
Chapter 7. 
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6. Reduction Potentials of Substituted Tritylium Ions 

 

6.1. Introduction 

 

Triphenylmethyl compounds and derivatives thereof have previously been studied with 

respect to their electrochemical properties. Electrochemical oxidations of triarylmethanes to 

the corresponding carbocations,[1] as well as oxidations of tritylium ions such as crystal vio-

let, malachite green, ethyl violet, and brilliant green to further oxidation products[2] have been 

reported.  

Electrochemical reduction potentials of tritylium ions have been determined in several 

investigations (Scheme 6.1). Hereby, experimental conditions like electrochemical method, 

solvent, temperature, conductive salt, electrode material and reference electrode, varied 

tremendously. Table 6.1 gives an overview of literature data concerning reduction potentials 

of the triphenylmethyl cation. 

 
R1

R3

R2

R1

R3

R2

E1/2
red

e–

  Scheme 6.1. 

 
In some of the studies included in Table 6.1, substituted triaryl carbenium ions were ana-

lyzed, too. While Volz and Lotsch reported on the reduction potentials of several donor-

substituted tritylium ions in acetonitrile,[5] Arnett determined reduction potentials of donor-

substituted tritylium ions in sulfolane and oxidation potentials of substituted trityl anions in 

DMSO.[9] Some reduction potentials of stabilized tritylium systems in DMSO were given by 

Breslow.[10] Relative reduction potentials of tritylium ions were reported by Taft.[3] 

Most of these studies aimed at using the electrochemical data for the calculation of other 

thermodynamic parameters, e.g., pKa values, with the help of thermodynamic cycles. 

It becomes obvious from Table 6.1, that E1/2
red for Tr+ in acetonitrile and benzonitrile is 

almost independent of the nature of the counterion, as PF6
– and ClO4

– or SbCl6
– and ClO4

– 

gave essentially the same result. 
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Table 6.1. Reduction potentials E1/2
red of the triphenylmethyl cation Tr+ under various condi-

tions. 
 

counterion solvent 
T 
[°C] 

reference 
electrode 

conductive salt 
E1/2

red 

[mV] 
ref. 

PF6
– CH2Cl2 23 SCE [a] 0.1 M Et4NClO4 331 [4] 

PF6
– CH3CN 23 SCE [a] 0.1 M Et4NClO4 261 [4] 

ClO4
– CH3CN 25 SCE [a] 0.1 M Bu4NClO4 270 [5] 

SbCl6
– PhCN 25 Ag/AgCl in PhCN Bu4NClO4 467 [6] 

ClO4
– PhCN 25 Ag/AgCl in PhCN Bu4NClO4 474 [6] 

n.r. [b] CH2Cl2 22 AgI in CH2Cl2 Bu4NBF4 465 [7] 

TrOH [c] MeSO3H 22 
Hg/HgSO4  
in 98 % H2SO4 

- –635 [7] 

TrOH [c] 97 % H2SO4 20 n.r. [b] - –780 [8] 

BF4
– sulfolane 25 NHE [d] 0.1 M Bu4NBF4 542 [9] 

ClO4
– DMSO n.r. SCE [a,e] 0.1 M Bu4NClO4 190 [10] 

[a] standard calomel electrode; [b] not reported; [c] precursor; [d] normal hydrogen electrode, 
measured against Ag/AgNO3; [e] measured against Ag/AgCl in DMSO. 

 
 
In the present work, substituted tritylium ions as well as other types of electrophiles were 

subjected to steady-state cyclic voltammetry in acetonitrile to determine their reduction poten-

tials E1/2
red. As all substrates were studied under the same conditions, direct comparisons 

become possible, and the relationship of the obtained reduction potentials with the correspon-

ding electrophilicity parameters E can be analyzed. 

 

6.2. Results 

 

The electrochemical window, in which data could be obtained, was limited by the solvent 

acetonitrile. As shown by Figure 6.1, acetonitrile gets reduced at approximately –1.8 V and 

oxidized at approximately 3 V with respect to the Ag/Ag2O reference electrode.[11,12] Accurate 

values could only be obtained within this interval. 

Because an array of 8 platinum ultramicroelectrodes was used as working electrode (each 

disk had a radius of 10 µm), the detected currents i were so small that the iR drop caused by 

the resistance of the solution was assumed to be negligible. Consequently, no conductive salt 

was added. 
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Figure 6.1: The electrochemical window of the solvent acetonitrile (25 °C), vs. Ag/Ag2O. 
 
 

Even for reversible, diffusion-controlled processes, i.e., when the rate constant for the 

heterogeneous electron transfer at the electrode is fast, the actually measured half-wave 

reduction potentials E1/2
red are not identical with the thermodynamic standard reduction 

potentials E0. The difference between the two values is small, however, when the diffusion 

coefficients D and the activity coefficients γ of the reduced and oxidized forms are similar 

(equation 6.1). 
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Figure 6.2 illustrates, that forward and backward scan were not exactly superimposed, but 

the deviations were negligible.  

 
 

 
 
 
 
 
 
 
 
 
Figure 6.2. Forward and backward 
scan for the reduction of Me3Tr+BF4

–, 
CH3CN, 25 °C, vs. Ag/Ag2O. 
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This phenomenon can either be explained by the fact, that the solutions were not stirred 

during the experiments, causing small depletions of the concentrations of the electroactive 

species near the electrodes, or by non-faradayic charging currents. The following presentation 

and the discussion of results are based on the forward scans. 

 

The scan rate was usually adjusted to 20 mV/s. This small rate and the employment of 

ultramicroelectrodes gave rise to steady-state shapes of the recorded curves as depicted in 

Figure 6.2 and Figure 6.3a. When the scan rates were increased (Figure 6.3b-d) the shapes of 

the curves approached that obtained in experiments using electrodes of bigger size, where the 

current is governed by linear diffusion. As can be seen in Figure 6.3 (in b-d both, forward and 

backward scans, are shown) a current peak develops (in contrast to steady-state currents) 

when the scan rate is increased from 20 to 200 to 500 to 1000 mV/s. The larger gradients lead 

to pronounced transient diffusion, meaning that the reduction process at the electrode is faster 

than the transport of the cationic species to the electrode. 
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Figure 6.3. Influence of the scan rate on the shape of the waves for the reduction of 
Me3Tr+BF4

– (CH3CN, 25 °C), vs. Ag/Ag2O. 
 

 
As expected, higher concentrations of the substrate lead to increased steady-state currents 

(limiting currents il), as is shown in Figure 6.4 for the reduction of (MeO)Tr+BF4
–. 
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When the applied potentials were further decreased (beyond –50 mV in Figure 6.4), reduc-

tion waves corresponding to the conversion radical → anion could be observed. As reduction 

potentials of the tritylium ions (not the radicals) were of interest, and constant limiting 

currents were not reached in the second waves due to irreversibilities caused by the 

instabilities of the tritylium anions, these waves have not been evaluated. It was previously 

shown that the reduction of Tr+ in the aprotic solvent benzonitrile proceeds reversibly, 

whereas the reduction of the trityl radical to the anion is irreversible.[6a] 

 

 

 

 
 
 
 
 
 
Figure 6.4. Reduction waves for 
(MeO)Tr+BF4

– (20 mV/s, 
CH3CN, 25 °C, vs. Ag/Ag2O) in 
dependence of the substrate 
concentration. 
 

 
Figure 6.4 also demonstrates the independence of the half-wave reduction potential E1/2

red 

(the potential at which i = il/2) of the substrate concentration. 

For a disk shaped electrode the limiting current il is given by equation (6.2),[13] where n 

refers to the stoichiometric number of electrons transferred, D is the diffusion coefficient, c 

the substrate concentration and r the radius of the disk. 

 

il = 4nFDcr     (6.2) 

 

Therefore, plots of il versus c result in straight lines (Figure 6.5) with the slopes 4nFDr, 

from which the diffusion coefficients D can be derived (the fact that an array of 8 microdisc 

electrodes was used in the present work had to be taken into account). 
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Figure 6.5. Correlation of the limiting 
currents il for the reductions of 
(MeO)2Tr+BF4

– with [(MeO)2Tr+BF4
–] 

(CH3CN, 25 °C). 
 

When reduction processes are considered without reduced species initially present in the 

solution (as it was the case in this work, as only tritylium ions were present), equation (6.3) is 

valid, and plotting the potential E against 
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The slopes of the lines drawn in Figure 6.6 are near the theoretical value of 59 mV for a 

reversible one-electron transfer. It is shown later that not all species could be reduced ideally 

reversibly. The intercepts of the lines in Figure 6.6 refer to the reduction half-wave potentials 

E1/2
red. 

 

 

 

 

 

 

 

 

Figure 6.6. Plot of 
potential E vs.  
log [(il – i)/i] for the scans 
of (MeO)Tr+ (3.89 × 10–3 
mol L–1) and (MeO)3Tr+ 

(1.87 × 10–3 mol L–1) in 
CH3CN at 25 °C. 
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To avoid liquid junction potentials by working in two different solvents with a reference 

electrode in aqueous solution, the quasi-reference electrode Ag/Ag2O in acetonitrile was used. 

Because quasi-reference electrodes are known to be not very stable, each compound was 

studied with a small amount of ferrocene as internal standard.  

Due to the robustness of its reversibility at experimentally accessible potentials, the 

ferrocene/ferrocenium (Fc/Fc+) redox couple has been established as one of the standards for 

the calibration of electrochemical measurements.[14,15,16] However, it has been reported that 

the oxidation potential of ferrocene is strongly dependent on the dielectric properties of the 

solvent. A shift of 160 mV was observed when the concentration of tetrabutylammonium 

tetrafluoroborate was varied from 1 to 500 mM in acetonitrile.[14] 

The observation of slightly differing oxidation potentials for ferrocene in Table 6.2 might 

therefore be due to either slightly different ionic strengths in the experiments, or the 

instability of the reference electrode. 

Furthermore, when destabilized tritylium ions were combined with ferrocene, chemical 

interactions seemed to occur, leading to a significant current between the two half-waves (not 

shown). Only for stabilized systems like (Me2N)(MeO)Tr+, no chemical interaction was 

observed, the two half-waves being well separated from each other with no current flow at 

potentials in between (Figure 6.7). 

In consequence, ferrocene was not suited as an internal reference for the determination of 

reduction potentials of tritylium ions in general, and the obtained data have not been adjusted 

respectively. 
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Figure 6.7. Detection of ferrocene oxidation and (Me2N)(MeO)Tr+ reduction in a single ex-
periment (20 mV/s, CH3CN, 25 °C, vs. Ag/Ag2O). 
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Table 6.2 gives an overview of all obtained reduction potentials E1/2
red, diffusion coeffi-

cients D and the oxidation potentials E1/2
ox of ferrocene. For comparison, the diffusion coeffi-

cient of ferrocene in acetonitrile has been reported to be 2.2 × 10–9 m2/s.[12] 

All cationic species have been employed as either tetrafluoroborate or chloride salts. Only 

the meta-fluoro-substituted tritylium ion has been generated in solution by mixing the 

corresponding bromide with a small excess of the Lewis acid GaCl3. 

It has to be mentioned that the values for Tr+ and less stabilized derivatives have to be 

taken with care, as often no stable limiting currents were reached. The systems (pF)Tr+BF4
– 

and (mF)(mF)'TrBr/GaCl3 did not give satisfying results at all. 

 

6.3. Discussion 

 

In case of the neutral compounds, i.e., the dinitrothiophene 1b, the tetrazolopyridine 1e, 

and the benzofuroxan 1g, the oxidation potentials E1/2
ox of ferrocene are significantly high 

(Table 6.2). It has been reported that E1/2
ox of ferrocene increases with decreasing ionic 

strength of the solution.[14] As a conductive salt has not been used in the present work, the 

ionic strengths of the solutions were especially low in the experiments involving 1b, 1e, and 

1g, thus explaining the results in Table 6.2. 

The S-values (last column of Table 6.2) theoretically approach 59 mV for reversible one-

electron reductions. The only system, where this value is observed, is (mtBu)6Tr+, possibly 

due to the shielding effect of the six bulky groups, preventing the generated radicals to 

undergo subsequent reactions. All other species display slightly or significantly larger values 

of S. Particularly high numbers are again found for 1b, 1e and 1g, which is another indication 

that that the conductivities of the solutions have been too low in these experiments to reliably 

evaluate reduction potentials. Unfortunately, a dry supporting electrolyte was not available for 

increasing the conductivities of the solutions. 

The tritylium ions (mF)Tr+, (pF)3Tr+, and (Me2N)Tr+ also exhibit large S-parameters, the 

corresponding radicals obviously being particularly unstable. The reason for the big deviation 

of S for (Me2N)Tr+ is not understood at the moment. 

As it is not trivial to evaluate reduction potentials from half-waves with S-values 

significantly different from 59 mV, the corresponding values in Table 6.2 have to be 

considered as preliminary. In these cases E1/2
red do not reflect the thermodynamic reduction 

potentials E0. 
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Table 6.2: Electrophilicity parameters E, reduction potentials E1/2
red, and diffusion coefficients 

D of the electrophilic species studied in this work, as well as the oxidation potentials E1/2
ox of 

the internal standard ferrocene, CH3CN, 25 °C. 
 

compound [a] counterion E [b]
 

E1/2
red [c] 

[mV] 
D 
[m2 s–1] 

E1/2
ox [c] 

[mV] 
S [d]

 

[mV] 
(mF)Tr+ R-Br/GaCl3 1.01 (424) [e] - - 113 
(pF)3Tr+ BF4

– 0.05 (195) [e] - (542) [e] 121 
(mtBu)6Tr+ BF4

– - (249) [e] - (544) [e] 59 

Tr+ BF4
– 0.51 (381) [e] - - 73 

MeTr+ BF4
– –0.13 312 2.31 × 10–9 - 70 

Me2Tr+ BF4
– –0.70 262 1.72 × 10–9 535 63 

Me3Tr+ BF4
– –1.21 197 2.57 × 10–9 518 78 

(MeO)Tr+ BF4
– –1.59 182 2.76 × 10–9 503 63 

(MeO)2Tr+ BF4
– –3.04 52 2.85 × 10–9 537 66 

(MeO)3Tr+ BF4
– –4.35 –82 3.47 × 10–9 534 71 

(Me2N)Tr+ BF4
– –7.93 (–216) [e] 2.54 × 10–9 550 107 

(Me2N)(MeO)Tr+ BF4
– –7.98 –306 2.90 × 10–9 527 72 

(Me2N)2Tr+ BF4
– –10.29 –406 6.06 × 10–9 478 82 

(Me2N)3Tr+ Cl– –11.26 –548 4.28 × 10–9 521 78 

  1a 
BF4

– –3.72 [f] –72 5.96 × 10–9 526 68 

  1b 
- –12.33 [g] (–433) [e] 1.35 × 10–9 590 104 

  1c 

BF4
– - –796 3.43 × 10–9 547 83 

  1d 

BF4
– –5.90 [h] –135 3.76 × 10–9 - 72 

  1e 

- - (–755) [e] 3.63 × 10–9 597 133 

  1f 

BF4
– –7.30 [h] –169 4.57 × 10–9 523 80 

  1g 

- –6.41 [g] (–262) [e] 1.55 × 10–9 525 127 

[a] For the substitution pattern of tritylium ions, see Scheme 6.1; [b] from Chapters 2 and 3, if 
not otherwise noted; [c] vs. Ag/Ag2O in CH3CN; [d] S = dE/dlog [(il – i)/i]; [e] these values 
have to be taken with care, as no stable limiting currents were observed, or because of the 
high S-values; [f] from ref. [17]; [g] from ref. [18]; [h] not published. 
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A linear correlation between the empirical electrophilicity parameters E of benzhydrylium 

ions with their one-electron reduction potentials E1/2
red in acetonitrile was previously 

reported.[19] 

While the reduction potentials determined in the present work have been measured with 

respect to the Ag/Ag2O reference electrode, the values for benzhydrylium ions refer to the 

standard calomel electrode (SCE). 

A direct comparison between the two classes of compounds is complicated by the fact, that 

the Ag/Ag2O electrode is commonly used as a quasi-reference electrode, and therefore its 

potential against established references, like the SCE, is not known. 

However, if the redox potential of the Fc/Fc+ couple in acetonitrile is averaged to 530 mV 

vs. Ag/Ag2O (cf. Table 6.2), this value can be combined with the Fc/Fc+ potential of 380 mV 

vs. the SCE,[16] to calculate a potential of the Ag/Ag2O reference electrode in acetonitrile 

against the SCE of –150 mV. The new value for Me3Tr+ of 47 mV may be compared with a 

literature value of 50 mV.[5]  

In Figure 6.8, which compares benzhydrylium and tritylium ions, all reduction potentials 

refer to the SCE. It can be seen, that a linear correlation also exists for tritylium ions, although 

slight scattering must be admitted. The largest deviation exhibits the system (pF)3Tr+, for 

which E1/2
red is not reliable. 
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Figure 6.8. Correlation of empirical electrophilicity parameters E with reduction potentials 
E1/2

red (vs. SCE, in mV, CH3CN, 25 °C); data for benzhydrylium ions from ref. [19]. The two 
correlation lines refer to the benzhydryl and the trityl series, respectively. 
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Despite a clear common trend comprising the benzhydryl and the trityl series, two diver-

ging correlations are observed for the two series, with the gap between the lines increasing for 

decreasing stabilization of the carbenium ions. 

The tropylium ion (1a), the tetrazoles 1c-f and the benzofuroxan 1g also fit the correlation, 

their scattering being larger than the difference between the two correlation lines. The 

relatively high deviation of the thiophene 1b may be due to the sulfur, which possibly alters 

the surface of the electrode during the reduction process and therefore falsifies the reduction 

potential. 

The fact that tritylium ions are slightly less electrophilic than benzhydrylium ions of the 

same reduction potential can be explained by the higher steric demand of the reactions with 

tritylium ions. It is not clear, however, why the differences increase when more reactive 

systems are considered. 

When the reduction potentials of benzhydrylium and tritylium ions are plotted against the 

gas phase LUMO energies, which have been calculated on the B3LYP/6-31G(d,p) level of 

theory, the amino-substituted tritylium ions follow a correlation line different to that of the 

other tritylium ions (filled circles in Figure 6.9). Although (Me2N)Tr+ has a lower LUMO 

energy in the gas phase, it also has a lower reduction potential than (MeO)3Tr+.  
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Figure 6.9. Correlation of reduction potentials E1/2

red (vs. SCE, in mV, CH3CN, 25 °C) with 
the corresponding LUMO energies [B3LYP/6-31G(d,p)], data for benzhydrylium ions from 
ref. [19] and [20]. 
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This situation resembles the picture given in Figure 2.7, where it was shown that although 

these two systems are of equal stability in the gas phase, the stability of (Me2N)Tr+ exceeds 

that of (MeO)3Tr+ by 18 kJ mol–1 in aqueous solution. Exceptionally high solvation enthalpies 

of the mono- and diamino substituted tritylium ions, which have been used to rationalize the 

results of Figure 2.7, may also explain the results in Figure 6.9. 

Less data are available in the benzhydryl series, and considerable scattering exists for 

amino-substituted benzhydrylium ions. Although a thorough analysis, therefore, appears to be 

difficult, a general common trend comprising both series of compounds becomes obvious 

from Figure 6.9. A good linear correlation of E1/2
red values with LUMO energies has also been 

reported for substituted benzofurazanes.[21] 

 

A mechanistic question always controversially discussed, is whether hydride transfer 

reactions proceed in a stepwise or a concerted manner.[19,22] The stepwise reaction involves an 

initial single electron transfer (SET) leading to a radical pair, followed by a subsequent 

hydrogen atom transfer. In contrast, the polar mechanism proceeds via a one step hydride 

transfer (Scheme 6.2). Whether one or the other mechanism applies, is strongly dependent on 

the reaction partners as well as the reaction conditions. It was argued previously that hydride 

transfers from silanes to tritylium ions are characterized by SET.[23] 

 
 

R1 R2

R3

+ HSiR3

R1 R2

R3SET

polar

HSiR3

HSiR3

hydrogen atom
transfer

H

R1

R2

R3

 
 
Scheme 6.2. Two mechanistic pathways for the hydride transfer from a silane to a tritylium 
ion. 
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In Chapters 3 and 5 of this thesis, hydride transfers to tritylium ions have been investigated 

kinetically. With the reduction potentials of tritylium ions at hand, it is now possible to 

analyze the underlying mechanism of these reactions in a more detailed fashion.  

The free energy of the SET process ∆G
0

SET can be calculated by equation (6.4). As the 

corresponding free energy of activation, ∆G
‡

SET, cannot be smaller, the maximum rate of 

hydride transfer according to the SET can be obtained by substituting ∆G
0

SET into the Eyring 

equation. 

 
∆G

0
SET = F∆E

0 = F(Eox – Ered)     (6.4) 

 
The oxidation potentials of dimethylphenylsilane and phenylsilane in acetonitrile have 

been reported as 2.2 V vs. SCE and 2.1 V vs. Ag/AgNO3 (0.01 M), respectively.[24] The latter 

value can be converted to the SCE as reference by addition of 0.3 V.[16] It is reasonable to 

expect the oxidation potentials of other trialkylsilanes to be of similar magnitude, i.e., 

approximately 2 V vs. SCE. 

Figure 6.10 exemplifies the improbability for a stepwise process in the reactions of tri-

tylium ions with dimethylphenylsilane.  
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Figure 6.10. Reactions of substituted tritylium ions with dimethylphenylsilane. Plots of 
∆G

0
SET [calculated by equation (6.4), CH3CN, 25 °C] and ∆G

‡
obs (from the experimentally 

determined rate constants in Chapter 5, CH2Cl2, 20 °C) against the reduction potentials of 
substituted tritylium ions. 

 
 
The free energies ∆G

0
SET have been calculated according to equation (6.4) with Eox = 2.2 V 

and the reduction potentials of tritylium ions against the SCE as E
red. ∆G

‡
obs are the free 

energies of activation, which have been obtained by substitution of the experimentally 
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determined rate constants of hydride transfers from dimethylphenylsilane to tritylium ions 

(see Chapter 5) into the Eyring equation. 

Although the values for ∆G
0

SET and ∆G
‡

obs refer to acetonitrile and dichloromethane, 

respectively, it is unlikely that the different solvents can account for a change in ∆G
 of more 

than 100 kJ mol–1. As a matter of fact, it was shown in Table 5.6, that hydride transfers from 

silanes to tritylium ions proceed approximately 10 times faster in dichloromethane than in 

acetonitrile. As a deceleration of the rate by a factor of 10 leads to an increase of ∆G
‡

obs by 

only 5.6 kJ mol–1 (at 20 °C), the large gap of more than 100 kJ mol–1 between the two lines in 

Figure 6.10 strongly suggests a polar one-step hydride shift in the reactions of silanes with 

tritylium ions. 
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7. Miscellaneous Experiments 

 

7.1.  Nucleophilicitiy Parameters for N-Heterocyclic Carbene Boranes 

 

N-heterocyclic carbene boranes have recently been employed as hydride donors in syn-

thetic applications.[1] In order to include these substances in the comprehensive nucleophili-

city scale of hydride donors in Chapter 5, the reactions of 1,3-bis(2,6-diisopropylphenyl)-

imidazol-2-ylidene borane (1) and 1,3-dimethylimidazol-2-ylidene borane (2) with benzhy-

drylium ions were analyzed kinetically. 

 

N N

BH3

N N

BH3

1 2

iPr

iPr

iPr

iPr

 

 
The rates of these reactions have been measured in dichloromethane solution at 20 °C. 

When a high excess of 1 or 2 was added to a benzhydrylium tetrafluoroborate, the absorban-

ce of the carbenium ion decreased mono-exponentially, according to a second-order rate law. 

Plots of the observed rate constants kobs versus the concentrations of the carbene boranes were 

linear with the slopes of the correlation lines representing the second-order rate constants k for 

the hydride transfers (Figure 7.1 and Table 7.1). 

 
 
Table 7.1. Second-order rate constants for hydride transfers from carbene boranes 1 and 2 to 
substituted benzhydrylium ions (CH2Cl2, 20 °C), and derived nucleophilicity parameters N/sN. 

 
donor acceptor [a] electrophilicity E [b] k / L mol–1 s–1 N (sN) 

1 (dma)2CH+ –7.02 1.16 × 102 9.55 (0.81) 

 (thq)2CH+ –8.22 1.04 × 101  

 (jul)2CH+ –9.45 1.27  

2 (thq)2CH+ –8.22 4.05 × 102 11.77 (0.84) 

 (jul)2CH+ –9.45 5.05 × 101  
[a] dma = 4-(dimethylamino)phenyl; thq = 1,2,3,4-tetrahydroquinoline-6-yl; jul = julolidine-
4-yl; [b] from ref. [4]. 
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Figure 7.1. Left: Absorbance decay for the reaction of (jul)2CH+BF4

– (c0 = 1.38 × 10–5 mol  
L–1) with 2 (c = 4.84 × 10–4  mol L–1), kobs = 2.45 × 10–2 s–1, CH2Cl2, 20 °C; right: plot of kobs 
versus [2], k = 5.05 × 101 L mol–1 s–1. 
 
 

According to equation (7.1), plots of log k against the known electrophilicity parameters E 

of the benzhydrylium ions (Table 7.1) give rise to straight lines, from which the nucleophi-

licity parameters N and sN of the carbene boranes can be derived (Table 7.1). 

 

log k = sN(E + N)    (7.1) 

 

The linear correlations in Figure 7.2 reveal a 100-fold higher reactivity of the methyl-sub-

stituted system 2 compared with the aryl-substituted system 1.  

 

 

 

 

 

 

 

 

 

 
Figure 7.2. Plots of log k against 
the electrophilicity parameters E 
of benzhydrylium ions. 
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Recently, quantum chemical calculations showed, that while the two phenyl rings in 

diphenylimidazole-2-ylidene are only slightly distorted out of the plane of the heterocycle, the 

two mesityl groups in dimesitylimidazole-2-ylidene are almost perpendicular to the 5-mem-

bered ring.[2]  

N

N
Ph

Ph
N

N
Mes

Mes

diehdral angle 27 ° ca. 90 °   Scheme 7.1. 

 

As the steric demand of the 2,6-bis(isopropyl)phenyl group in 1 is even larger than that of 

the mesityl residue, a perpendicular orientation of the aryl rings can also be assumed for com-

pound 1. Consequently, no mesomeric interaction between the heterocycle and the aryl-

substituent can occur, the influence of the latter being purely inductive. Both, the smaller 

electron-donating inductive effect as well as the considerable steric demand of the two 

bis(isopropyl)phenyl rings in 1 compared to the methyl groups in 2, may explain the lower 

reactivity of the former compound. 

With N-parameters between 9 and 12 (Table 7.1), the carbene boranes are slightly less 

nucleophilic than the borohydride anion BH4
– in DMSO (N ≈ 15).[3] They do, however, 

possess similar nucleophilicities to the cyanoborohydride anion BH3CN– in DMSO (N ≈ 

11.5),[3] and are even slightly better hydride donors than the triethylamine-borane complex in 

CH2Cl2 (N ≈ 8.9).[4] 

 

 

7.2. Hydride Transfers from Dihydropyridines to Tritylium Ions 

 

The redox couple 1,4-dihydropyridine/pyridinium ion plays an important role in biology 

(NADH/NAD+). The 1,4-dihydropyridine moiety is prone to hydride loss, as this conversion 

leads to a stable aromatic system (Scheme 7.2). A series of different 1,4-dihydropyridines 

have previously been studied in reactions with substituted benzhydrylium ions in order to 

evaluate their nucleophilicity parameters N, according to equation (7.1).[3] 
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It was furthermore found that the experimentally determined rate constants of hydride 

transfers from N-benzyldihydronicotinamide (3a, Scheme 7.3) to tritylium ions agreed well 

with those calculated by equation (7.1).[3,5] In the present work, reactions of the Hantzsch 

esters 3b and 3c with tritylium ions were studied in dichloromethane solution at 20 °C. 

 

N

O

NH2

Ph

N
H

O

OEt

N
H

O

OEt

3a 3b 3c

O O

EtOEtO

  Scheme 7.3. 

 
Product studies revealed the exclusive formation of triarylmethanes and pyridinium ions, 

when tritylium tetrafluoroborates were combined with equimolar amounts of 3b and 3c. 

Figure 7.3 shows the general down-field shift of the protons in 3c when it becomes oxidized. 

Especially the 9 protons b and f of the 3 methyl groups of the collidine moiety are affected by 

the developing adjacent positive charge (Scheme 7.2). Proton d disappears in the course of the 

reaction, while the dublet of the protons f transforms into a singlet. 

That a lutidinium ion is formed from 3b is demonstrated in Figure 7.4. The remaining 

hydrogen at the position f is quite deshielded, and resonates at 9.22 ppm. 

 

However, the time-dependent absorbances of the tritylium ions during these reactions 

indicated reaction pathways which were not trivial. Hydride transfers with second-order 

kinetics would require mono-exponential decays when the nucleophiles are used in high 

excess over the electrophiles. As depicted in Figure 7.5, neither the reaction of (Me2N)Tr+ 

with 3b, nor the reaction of (MeO)Tr+ with 3c fulfilled this requirement.  

It is noteworthy that although (MeO)Tr+ was immediately consumed (t < 1 s) when it was 

combined with 3b, its concentration did not reach zero even after 40 min when it was 

combined with 3c (Figure 7.5b). These results can not be explained satisfactorily at the 

moment, and because no mechanistic model was available, an evaluation of the data appeared 

to be difficult. 
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Figure 7.3. 1H-NMR spectrum for 3c (top), and after the addition of an equimolar amount of 
Me3Tr+BF4

– (bottom) (200 MHz, CDCl3, 27 °C). 
 
 

A problem might be the fact, that the dihydropyridines 3 contain more than one reactive 

site (ambident nucleophiles). Apart from the hydride transfer, fast and reversible attack at 
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oxygen or nitrogen is conceivable. Furthermore, compounds 3 might also react as enamines 

(Scheme 7.4). 
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Figure 7.4. 1H-NMR spectrum after the reaction of Tr+BF4

– with 3b (200 MHz, CDCl3). 
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Figure 7.5. Time-dependent absorbances of tritylium ions during their reactions with 
Hantzsch esters (CH2Cl2, 20 °C). a) (Me2N)Tr+BF4

– (c0 = 4.13 × 10–5 M) with 3b (c0 = 6.63 × 
10–4 M), mono-exponential least-squares-fit according to A = A0e

kt + C; b) (MeO)Tr+BF4
– (c0 

= 2.69 × 10–5 M) with 3c (c0 = 1.10 × 10–3 M). 
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While the equilibria in Scheme 7.4 may be established relatively fast, the actual hydride 

transfer proceeds more slowly, thus explaining the rapid decays in Figure 7.5, followed by the 

shallow parts of the curves. 

Whether this hypothesis is correct, and why problems similar to those outlined in Figure 

7.5 did not occur in reactions of N-benzyldihydronicotinamide (3a) with tritylium ions,[3] are 

questions which have to be addressed in future work. 

 

 

7.3. Reactivities of Tritylium Ions toward Imidazoles 

 

The rate constants for the reactions of the tritylium ions in Table 7.2 with imidazole (4a) 

and 2-methylimidazole (4b) have been determined in acetonitrile at 20 °C.  

 
Table 7.2. E-parameters of substituted tritylium ions.[6] 
 

electrophile E 

(MeO)2Tr+ –3.04 
(MeO)3Tr+ –4.35 
(Me2N)Tr+ –7.93 

(Me2N)(MeO)Tr+ –7.98 
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The tritylium ions have been introduced as tetrafluoroborate salts, and stopped-flow and 

conventional photospectrometry have been used for monitoring the time-dependent tritylium 

ion absorbances.  

Nucleophilicity parameters N/sN for 4a and 4b in acetonitrile according to equation (7.1) 

have been reported previously,[7] thus offering the possibility of a comparison between experi-

mental and calculated rate constants. 

NHN

4a

NHN

4b

Me

N

sN

11.47

0.79

11.74

0.76  

 
The possible reaction mechanisms are depicted in Scheme 7.5: Apart from the simple, 

reversible attack of one imidazole at a tritylium ion (k2 and k–2) forming a positively charged 

adduct, general base catalysis (kcat) might serve as a second pathway to the products on the 

lower right side. The latter pathway is characterized by the attack of an imidazole with 

simultaneous abstraction of the proton by a second imidazole. The neutral adduct and the 

imidazolium ion (lower right side) are in equilibrium with the positively charged adduct and 

the neutral imidazole (lower left side) through proton transfer (kp). 
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Scheme 7.5. Reactions of tritylium ions with imidazole (R = H) and 2-methylimidazole (R = 
Me). 
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In the kinetic experiments, the nucleophiles have been employed in large excess so that 

their concentrations could be assumed to stay constant during the reactions. In the case of 

imidazole (4a), mono-exponential decays of the carbocation absorbances according to a 

pseudo-first-order rate law have been observed. The absorbances always reached zero, 

implying a complete consumption of the tritylium ions in these reactions. Plots of first-order 

rate constants versus the concentrations of 4a were linear with the slopes of the correlation 

lines representing the second-order rate constants k2 (Figure 7.6). Because the kinetics of the 

reactions with 4a were found to be of first order in both, the electrophile and the nucleophile, 

general base catalysis could be ruled out. The results thus indicate the direct addition of 

imidazole at the carbocation with a fast subsequent proton transfer. 

 

0 0.1 0.2 0.3 0.4

t / s

0

0.3

0.6

0.9

1.2

A

0

20

40

60

80

100

kobs / s–1

[4a] / mmol

0 1 2 3 4

kobs = 2.58 × 104 L mol–1 s–1 [4a] + 2.51 s–1

 
 
Figure 7.6. Decay of the absorbance of (MeO)3Tr+BF4

– (c0 = 3.24 × 10–5 mol L–1) during its 
reaction with 4a (c0 = 6.56 × 10–4 mol L–1); stopped-flow photospectrometry, CH3CN, 20 °C. 
Inset: plot of kobs vs. [4a]; k = 2.58 × 104 L mol–1 s–1. 
 
 

In contrast, the reactions of 2-methylimidazole (4b) proved to be more complicated. When 

it was combined with (MeO)2Tr+ or (MeO)3Tr+, the electrophile absorbances did not decrease 

mono-exponentially. At the moment, no satisfying explanation can be given for this phenome-

non.  

 

 



136  7. Miscellaneous Experiments 

In the case of (Me2N)Tr+ and (Me2N)(MeO)Tr+, the recorded curves followed mono-ex-

ponential laws, but they did not reach zero. These observations indicated significant equilibria 

K = k2/k–2 or K = kcatkp/k–2.  

For (Me2N)Tr+, neither the plot of kobs against [4b], nor that against [4b]2 is linear (Figure 

7.7), suggesting that both pathways (k2 and kcat) are followed simultaneously in this reaction. 

The reaction with (Me2N)(MeO)Tr+ gave rise to a linear plot of kobs vs. [4b]2 (Figure 7.8), 

indicating a second-order dependence on the nucleophile concentration, in agreement with the 

pathway kcat. However, too many open questions remained in the reactions with 2-methyl-

imidazole as nucleophile, so that a deeper analysis and interpretation of the kinetic data has 

not been undertaken. 
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Figure 7.7. Plot of kobs vs. [4b] (left) and vs. [4b]2 (right) for the reaction of (Me2N)Tr+BF4

– 
with 4b; CH3CN, 20 °C. 
 

 

 
 
 
 
 
 
 
 
Figure 7.8. Plot of kobs vs [4b]2 
for the reaction of 
(Me2N)(MeO)Tr+BF4

– with 4b; 
CH3CN, 20 °C. Correlation 
equation: kobs = 181 L2 mol–2 s–1 
[4b]2 + 6.72 × 10–3 s–1. 
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In summary, three rate constants k2 could be determined for the reactions of substituted 

tritylium ions with imidazole (4a). Table 7.3 shows that the experimental values kexp are only 

slightly smaller than the rate constants calculated by substitution of the corresponding 

reactivity parameters into equation (7.1). This result can be rationalized by the pronounced 

steric hindrance inherent to tritylium ions when compared to benzhydrylium ions, with which 

the nucleophilicity parameters of 4a have been evaluated. 

 
 
Table 7.3. Comparison of calculated and experimental rate constants for the reactions between 
tritylium ions and imidazole (4a), CH3CN, 20 °C. 
 

electrophile kexp [L mol–1 s–1] kcalc [L mol–1 s–1] kcalc/kexp 
(MeO)2Tr+ 1.64 × 105 4.57 × 106 28 
(MeO)3Tr+ 2.58 × 104 4.22 × 105 16 

(Me2N)Tr+ 5.19 × 101 6.26 × 102 12 
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The following two chapters are not related to tritylium ions. They contain studies which were 

supported by quantum chemical calculations performed by the author of this thesis. Data con-

cerning the experimental work of these two chapters are not included in the Experimental 

Part. 
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A. Carbocationic n-endo-trig Cyclizations 

 

A.1. Introduction 

 

Whereas Baldwin’s rules proved to be a useful guide for a large variety of cyclization 

reactions,[1] their applicability to carbocationic π-cyclizations[2] appears to be limited. Thus, 

we have found that cationic 5-endo-trig cyclizations[3] as well as 4-exo-dig cyclizations[4] 

provide a straightforward access to five- and four-membered carbocycles, though both cycli-

zation modes were termed as “disfavored” by Baldwin’s rules. 

Correlation equation (A.1) has been found to provide a reliable estimate for the rates of 

intermolecular reactions of carbocations with π-systems.[5] 

 

log k2 (20 °C) = sN(N + E)     (A.1) 

 

In order to apply equation (A.1) also to π-cyclizations, i.e., to intramolecular reactions of 

carbocations with π-systems, the knowledge of effective molarities[6] is needed, i.e., a correc-

tion term, which adjusts the predictions of equation (A.1) to intramolecular processes. For this 

purpose, we have compared the rates of inter- and intramolecular reactions of the 1-(p-meth-

oxyphenyl)ethyl cation 1a, its homologue 1b, and the unsaturated derivatives 1c-e with dif-

ferent nucleophiles (Scheme A.1). 

 

  

 

 

Scheme A.1. 

 

A.2. Kinetic Investigations 

 

The carbocations 1a-e were generated by laser irradiation (266 nm, 7 ns, 40-60 mJ) of the 

corresponding triphenylphosphonium tetrafluoroborates in CH3CN (Scheme A.2). The resul-

ting UV-vis absorptions were in the range λmax = 340-360 nm. When the benzyl cations 1a-e 

were generated in the presence of a high excess of the π-systems 2a-d (Scheme A.3), expo-

nential decays of  the absorbances of the carbocations were observed from which the first-

MeO

1a

MeO

1b

MeO

n = 2 3 4
1c 1d 1e

( )n
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order rate constants kobs were obtained. These were then plotted against the variable con-

centrations of 2a-d. 

 

R

MeO

1-PPh3

PPh3

BF4
–

CH3CN

hν R

MeO

1a–e

+ PPh3
BF4

–

    Scheme A.2. 

For the reactions of the carbocations 1a-c and 1e, the intercepts of the kobs vs. [2] plots were 

small (< 106 s–1) compared to kobs, and the second-order rate constants for the reactions of 

these carbocations with the π-systems were derived from the slopes of these plots, as shown 

for a typical example in Figure A.1. 

OEt
O

OSiMe3 OSiMe3

2a 2b 2c 2d     Scheme A.3. 

 

A different behavior was found for carbocation 1d. As shown in Figure A.2, kobs for the 

reactions of 1d with the π-nucleophiles 2 increases strongly with [2] at low concentrations of 

2 and transforms into linear plots with smaller slopes at higher concentrations, from which the 

second-order rate constants for the reactions of 1d with 2 (Table A.1) were derived. 

 

 

 

 
 
 
 
 
 
Figure A.1. Plot of kobs 
vs. [2b] for the 
reaction of 1b with 2b 
in CH3CN (20 °C). 
Inset: absorbance at 
350 nm as a function 
of time, [2b] = 0.02 
mol L–1. 
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Figure A.2. Dependence of kobs on the concentration of the nucleophile (CH3CN, 20 °C) for 
the reaction of 1d with 2c. The linear part of the curve was used to determine the second-
order rate constant. 
 
 

In trifluoroethanol (TFE), all carbocations 1a-e decayed according to first-order rate laws, 

with 1d reacting considerably faster than all other systems (last column of Table A.1). 

 

A.3. Product Studies 

 

In order to investigate the products of the reactions of the benzyl cations 1 with the π-

nucleophiles 2a-d, the carbocations 1a,b were generated in situ by treatment of the benzyl 

alcohols (1a,b)-OH with Bi(OTf)3 in CH3NO2. The alcohol 1a-OH reacted with the silyl enol 

ethers 2c and 2d in the presence of 2.5 mol% Bi(OTf)3 to give the 2-substituted cycloalkan-

ones 3ac and 3ad, respectively, as 1:1 mixtures of diastereoisomers (Scheme A.4). 

 

OSiMe3

2c (n = 2)

MeO

OH

+

1a-OH

MeO

O

( )n

3ac (n = 2, d.r. = 1:1)

2.5 mol% Bi(OTf)3

CH3NO2, rt

2d (n = 1) 3ad (n = 1, d.r. = 1:1)
96 %
91 %

( )n

 Scheme A.4. 
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Table A.1. Second-order rate constants (L mol–1 s–1) for the reactions of carbocations 1a-e 
with the π-systems 2a-d in acetonitrile and with trifluoroethanol (s–1) at 20 °C. 
 

Carbocation  
2b

O

  
CF3CH2OH [a] 

1a  (R = CH3) 8.1 × 106 8.2 × 107 6.3 × 107 - 4.3 × 105 

1b  (R = n-C4H9) 4.3 × 106 6.6 × 107 3.4 × 107 1.2 × 108 2.4 × 105 

1c  (R = (CH2)2CH=CH2) - 6.3 × 107 - - 2.4 × 105 

1d 
[b]  (R = (CH2)3CH=CH2) 5.0 × 106 5.6 × 107 2.6 × 107 1.2 × 108 2.0 × 106 

1e  (R = (CH2)4CH=CH2) 5.7 × 106 6.8 × 107 3.3 × 107 1.3 × 108 2.6 × 105 

[a] First-order rate constants (s–1), [b] k2 for the reactions of 1d with 2a-d from the slope kobs 
vs. [2] at high nucleophile concentrations. 
 
 

Under the same conditions, 1b-OH reacted with 2a-d to give 3ba-3bd in 51-85 % yield 

(Scheme A.5). 

MeO

O

MeO

O

MeO

O

( )n

3ba 3bb 3bc (n = 2, d.r. = 1:1)
3bd (n = 1, d.r. = 1:1)

51 % 79 % 85 %
81 %        Scheme A.5. 

 

When the Bi(OTf)3-catalyzed reaction of 1d-OH with 2b in CH3NO2 was carried out at 

high substrate concentrations ([1d-OH] = 0.25 M, [2b] = 0.5 M), the non-cyclized product 

3db was isolated in 69 % yield, and formation of a cyclization product was not observed 

(Scheme A.6). 

O

2b

MeO

OH

+

1d-OH

MeO

O

3db

2.5 mol%
Bi(OTf)3

CH3NO2, rt

69 %

( )3
( )3

   Scheme A.6. 

 

At low substrate concentrations ([1d-OH] = 0.005 mol L–1, [2b] = 0.011 mol L–1), the 

reaction became more complicated; while a separation of the products was not achieved, 

NMR and GC-MS analysis of the product mixture indicated the presence of dehydration pro-

ducts of 1d-OH as well as of cyclized products in addition to 3db. 
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Solvolysis in trifluoroethanol (3e) of benzyl chloride 1d-Cl in the presence of 2-chloro-

pyridine as a proton trap yielded the cyclohexyl ether 3d′′′′e exclusively (Scheme A.7). 

 

MeO

Cl

1d-Cl

2-chloropyridine

MeO

3d'e

OCH2CF3

+

MeO

OCH2CF3

3de

2,6-lutidine 50 %
-

50 %
> 95 %

CF3CH2OH
( )3

( )3

 Scheme A.7. 

 

However, when the trifluoroethanolysis of 1d-Cl was performed in the presence of the 

stronger base 2,6-lutidine, 3d′′′′e and 3de were obtained in equal amounts. In contrast, the 

solvolyses of 1c-Cl and 1e-Cl led to the exclusive formation of the non-cyclized benzyl ethers 

3ce and 3ee, independent of the nature of the proton trap (Scheme A.8). 

 

MeO

Cl

n = 2
n = 4

1c-Cl
1e-Cl

CF3CH2OH

2,6-lutidine or
2-chloropyridine

MeO

OCH2CF3

3ce

3ee

( )n( )n

     Scheme A.8. 

 

 
A.4. Discussion 

 

The carbocations 1a and 1b differ only slightly in reactivity, and the somewhat smaller rate 

constants for 1b can be explained by steric effects. From the exclusive formation of the non-

cyclized ethers 3ce and 3ee in the trifluoroethanolyses of the benzyl chlorides 1c-Cl and 1e-

Cl, even in the presence of 2,6-lutidine (Scheme A.8), one can derive that under these con-

ditions neither the 5-endo-trig cyclization of 1c nor the 7-endo-trig cyclization of 1e does 

occur. As a consequence, the first-order rate constants of the reactions of the cations 1c and 1e 

with trifluoroethanol are almost identical to that of the saturated counterpart 1b (last column 

of Table A.1). Furthermore, the second-order rate constants for the reactions of the saturated 

benzyl cation 1b and of the unsaturated analogues 1c and 1e with the π-systems 2a-d are 

closely similar indicating that the carbocationic center in 1c and 1e does not interact with the 
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terminal CC-double bond. This observation is in line with the almost identical UV-vis spectra 

of 1b, 1c, and 1e. 

Carbocation 1d behaves differently, as revealed by the concomitant formation of the ben-

zyl ether 3de and the cyclohexyl ether 3d′′′′e during the trifluoroethanolysis of 1d-Cl (Scheme 

A.7). According to Scheme A.9, carbocation 1d either reacts directly with the nucleophiles to 

give the non-cyclized products 3d or undergoes a reversible cyclization with formation of 1d′′′′ 

which then reacts with the nucleophile to give the cyclohexane derivative 3d′′′′. 

 

MeO
1d

Nu

k1

MeO 1d'

Nu

MeO
3d

Nu

MeO
3d'

Nu

k–1

k2
k2'

 

 
Scheme A.9. Fast reversible cyclization of carbocation 1d. 

 
 
Assuming a low equilibrium concentration of 1d′′′′ the kinetics of the consumption of 1d 

(Scheme A.9) can be described by equation (A.2). 
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While the first term of equation (A.2) represents the formation of 3d, the second term 

reflects the rate of formation of 3d′′′′, i.e., k1[1d] multiplied with the partitioning ratio [forward 

reaction (k2′[Nu]) divided by the sum of backward (k–1) and forward reaction]. 

Rearrangement of equation (A.2) yields equation (A.3) which simplifies to equation (A.4) 

if [Nu] is used in high excess and thus remains almost constant. 
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For [Nu] >> [1d]:        ][
][

obs 1d
1d

k
dt

d
=−     (A.4)   

  

with 
[Nu]'
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2
12obs

kk
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kkk

+
+=

−

    (A.5) 

 
At high concentrations of the nucleophiles, k–1 << k2′[Nu], and equation (A.5) transforms 

to equation (A.6). 

 

12obs [Nu] kkk +=        (A.6) 

 

According to equation (A.6), the slopes of the linear parts of the kobs vs. [Nu] plots yield 

the second-order rate constants k2, and the intercepts of these straight lines give the cycli-

zation rate constant k1 ≈ 1.1 × 107 s–1 which is independent of the nature of the nucleophile. 

Table A.1 shows that the second-order rate constants for the direct reaction of 1d with π-

nucleophiles (formation of 3d) are similar to those for the corresponding reactions of carbo-

cations 1a-c and 1e though the overall rate constants kobs, which include the formation of 3d′′′′, 

are much larger for 1d. At lower nucleophile concentration [with condition (A.4) still ful-

filled], equation (A.5) does not transform into the linear dependence (A.6), and the nonlinear 

relationship between kobs and [Nu] as expressed by equation (A.5) is observed in the left parts 

of Figure A.2.  

From the observation that the trifluoroethanolysis of 1d–Cl in  the presence of the weakly 

basic 2-chloropyridine yields the cyclohexyl ether 3d′′′′e exclusively (Scheme A.7), one can de-

rive that the direct trapping of 1d by CF3CH2OH is outstripped by the fast cyclization of 1d. 

This conclusion is in line with the fact that the decay of 1d in CF3CH2OH (Table A.1, right 

column) is much faster than that of the other carbocations (1a-c, 1e). For the direct trapping of 

1d by CF3CH2OH a rate constant close to 2.4 × 105 s–1 (as for 1b) would be expected. 

In previous work it was shown that the rates of reactions of carbocations with alkenes 

depend only slightly on solvent polarity.[7] If we now assume that the cyclization of 1d occurs 

with a similar rate in CF3CH2OH as in acetonitrile (k1 = 1.1 × 107 s–1), one can calculate the 

partitioning coefficient from the second term of equation (A.5), because direct trapping of 1d  

[first term of equation (A.5)] does not occur in the absence of 2,6-lutidine (Scheme A.7). In 

equation (A.7), k2′ [Nu] from equation (A.5) is replaced by k′TFE, i.e., the first-order rate con-

stant for the reaction of 1d′ with trifluoroethanol. 
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From equation (A.7) one calculates k′TFE/(k–1 + k′TFE) = 0.18 or k-1/k′TFE = 4.5, i.e., the 

backward reaction k–1 is 4.5 times faster than the reaction of 1d′ with trifluoroethanol. When 

1d is generated in trifluoroethanol in the presence of 2,6-lutidine, which partially deprotonates 

CF3CH2OH, a part of 1d is directly trapped by CF3CH2O
–, and a mixture of 3d′′′′e and 3de is 

obtained. 

 

A.5. Quantum Chemical Calculations 

 

In order to elucidate the structures and relative energies of the cations 1d and 1d′′′′, theo-

retical calculations have been performed. For comparison, the unsubstituted parent structures 

1h and 1h′′′′ as well as the meta-fluoro substituted structures 1f and 1f' have also been 

investigated (Scheme A.10). 

 

1

3
2

1

3
2

1d 1d'X = p-OMe
X = H 1h 1h'

X = m-F 1f 1f'

XX

       Scheme A.10. 

 

Conformational analyses of the acyclic structures 1d, 1h and 1f on the basis of the MM3 

force field yielded 152, 89 and 175 minima, respectively. The four energetically most 

favorable conformers of each species were then subjected to geometry optimizations on the 

B3LYP/G-311G(d,p) level (Tables A.2-4, entries 1-4).  

Because of the reduced conformational flexibility of the cyclohexane ring, chair structures 

of 1d′′′′, 1h′′′′ and 1f′′′′ with the aryl substituent in equatorial position were used as input with a 

bond-length of 1.54 Å for C(1)–C(2). Geometry optimization at the B3LYP/G-311G(d,p) 

level led to the lengthening of the C(1)–C(2) bond in all cases. The methoxy substituted 

cation 1d′′′′ opened up fully until an energy minimum at C(1)–C(2) = 3.33 Å was reached, i.e., 

a clearly acyclic structure was formed (Table A.2, last entry). 
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Table A.2. Geometry optimizations of 1d (4 conformers) and 1d′′′′ (B3LYP/6-311G(d,p)). 
 

bond length / Å 
conformer ∆Etot / kJ mol–1 [a] 

1-2 2-3 1-3 

1d - 1 4.12 4.33 1.33 3.91 

1d - 2 6.43 5.64 1.33 4.50 
1d - 3 4.90 4.32 1.33 3.89 

1d - 4 7.40 5.27 1.33 4.55 

1d′′′′ 0 3.33 1.33 3.03 
[a] Relative to 1d′′′′. 

 
In contrast, optimization of 1h′′′′ and 1f′′′′ led to shallow minima with C(1)–C(2) = 1.80 Å and 

1.76 Å, respectively, corresponding to non-classical structures (Table A.3 and A.4, last en-

tries). 

 
Table A.3. Geometry optimizations of 1h (4 conformers) and 1h′′′′ (B3LYP/6-311G(d,p)). 
 

bond length / Å 
conformer ∆Etot / kJ mol–1 [a] 

1-2 2-3 1-3 

1h - 1 8.52 5.62 1.33 4.50 

1h - 2 7.21 4.33 1.33 3.90 

1h - 3 10.2 5.27 1.33 4.55 

1h - 4 3.30 5.13 1.33 4.43 

1h′′′′ 0 1.80 1.40 2.40 
[a] Relative to 1h′′′′. 

 
Table A.4. Geometry optimizations of 1f (4 conformers) and 1f′′′′ (B3LYP/6-311G(d,p)). 
 

bond length / Å 
conformer ∆Etot / kJ mol–1 [a] 

1-2 2-3 1-3 

1f - 1 15.7 4.35 1.33 3.92 

1f - 2 18.7 5.28 1.33 4.56 

1f - 3 16.6 5.63 1.33 4.50 
1f - 4 17.4 3.11 1.33 4.37 

1f′′′′ 0 1.76 1.41 2.39 
[a] Relative to 1f′′′′. 

 

As shown in Tables A.2-4, the structures obtained by optimizations of the cyclohexyl 

systems were slightly more stable than the extended conformers with long C(1)–C(2) distan-

ces. Optimizations of the cyclohexyl structures 1d′′′′, 1h′′′′ and 1f′′′′ with fixed C(1)–C(2) bond 
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lengths show that in all cases classical cyclohexyl cations do not correspond to minima on the 

B3LYP/6-311G(d,p) level (Figure A.3).  
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Figure A.3. Bond length scans on the
B3LYP/6-311G(d,p) level. The distances
C(1)–C(2) were gradually increased by
0.02 Å from 1.40 to 1.88 Å. E tot = 0 is
assigned to the conformer with C(1)–C(2)
= 1.80 Å (1h'), 1.88 Å (1d') and 1.76 Å
(1f').

 

 

Ab initio geometry optimizations on the MP2/6-31+G(2d,p) level, which proved to be a 

good compromise between performance and accuracy for medium sized organic cations,[8] 

have been performed for the methoxy- and the unsubstituted system, using the preoptimized 

structures (Tables A.5 and A.6). 

In the case of the parent compound, a structure with a hydrogen bridging the atoms 2 and 3 

resulted (1h′′′′′′′′ in Table A.5, Figure A.4), when an input bond length C(1)–C(2) = 1.54 Å was 

used. Optimization starting with C(1)–C(2) = 1.88 Å led to a minimum with C(1)–C(2) = 1.83 

Å (1h′′′′ in Table A.5). The latter structure is 31.6 kJ mol–1 lower in energy than the hydrogen 

bridged structure. 
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H
H

H=

 

Figure A.4. MP2/6-31+G(2d,p) optimized structure 1h′′′′′′′′ of the 3-phenylcyclohexyl cation, 
when starting with a bond length C(1)–C(2) of 1.54 Å. 
 
 
Table A.5. Geometry optimizations of 1h (4 conformers) and 1h′′′′ (MP2/6-31+G(2d,p)). 
 

bond length / Å 
conformer ∆Etot / kJ mol–1 [a] 

1-2 2-3 1-3 

1h - 1 52.6 5.53 1.34 4.42 

1h - 2 43.2 3.96 1.34 3.60 

1h - 3 52.6 5.15 1.34 4.43 
1h - 4 45.6 4.92 1.34 4.31 

1h′′′′ 0 1.83 1.39 2.27 

1h′′′′′′′′ 31.6 1.45 1.40 2.55 
[a] Relative to 1h′′′′. 
 

 

Optimization of the 3-(4-methoxyphenyl)cyclohexyl cation (1d′′′′) at the MP2/6-31+G(2d,p) 

level starting with a C(1)-C(2) distance of 1.54 Å, yielded a structure with C(1)-C(2) = 1.95 

Å. In contrast, starting at 3.33 Å – the minimum in the DFT calculations – gave a minimum 

with C(1)-C(2) = 2.91 Å (1d′′′′′′′′ in Table A.6), which is 1.31 kJ mol–1 higher in energy than the 

one with 1.95 Å. 

 
Table A.6. Geometry optimizations of 1d (4 conformers) and 1d′′′′ (MP2/6-31+G(2d,p)). 
 

bond length / Å 
conformer ∆Etot / kJ mol–1 [a] 

1-2 2-3 1-3 

1d - 1 4.12 3.94 1.34 3.60 

1d - 2 13.9 5.55 1.34 4.42 

1d - 3 4.59 3.95 1.34 3.60 

1d - 4 13.8 5.15 1.34 4.44 

1d′′′′ 0 1.95 1.38 2.37 

1d′′′′′′′′ 1.31 2.91 1.35 2.83 
[a] Relative to 1d′′′′. 
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In summary, the cyclized structures 1h′′′′, 1d′′′′ and 1f' do not correspond to classical cyclo-

hexyl cations. For the former two species ab initio calculations predict non-classical carbo-

cations as minima on the energy hypersurface. While structure 1h′′′′ of the unsubstituted system 

is much more stable than its open chain isomers 1h (Table A.5), the experimentally studied p-

methoxyphenyl substituted carbocation 1d′′′′ is only slightly stabilized by interaction of the 

carbocationic center with the terminal CC-double bond (4 kJ mol–1, Table A.6). 

 

A.6. Consequences for π-Participation in Solvolysis Reactions 

 

Extensive kinetic investigations by Borčić et al. have shown that all 4-methoxy substituted 

derivatives 4U-Cl and 4S-Cl listed in Table A.7 solvolyze with approximately the same 

rates,[9] indicating that the breaking of the C−Cl bond is not nucleophilically assisted by the π-

bond. As a consequence, the ratio kU/kS is close to 1 for all compounds in the first line of 

Table A.7. When the 6-double bond is unsubstituted (R1 = R2 = H), nucleophilic π-parti-

cipation was not even observed when the arene ring was bearing an electron-withdrawing 

substituent (e.g., 3-Br), and all kU/kS ratios in the column H, H of Table A.7 are close to 1. 

The ratio kU/kS increases with decreasing electron releasing ability of the substituent X of the 

aromatic ring and increasing number of methyl groups at the double bond until kU/kS = 58 is 

reached on bottom right of Table A.7. 

 

Table A.7. Relative solvolysis rates (kU/kS) of benzyl chlorides 4U-Cl and 4S-Cl in different 
solvents at 25 °C (data from ref. [9b]). 
 

R1

R2Cl
R1

R2Cl

4U-Cl 4S-Cl

XX

 
 

R1, R2
 

X Solvent [a]
 

H, H CH3, H H, CH3 CH3, CH3 

4-OMe 95 EtOH 0.49 [b] 1.07 0.89 1.08 

4-Me 95 EtOH 0.96 [c] 1.50 2.42 3.22 

 80 EtOH 1.04 1.13 1.43 2.23 
H 80 EtOH 0.92 [c] 2.57 5.93 16.1 

4-Br 97 TFE 1.15 [d] 3.05 6.18 18.9 

3-Br 97 TFE 1.37 [c] 5.73 10.3 58.2 
[a] In vol-%, the residue is water; [b] 5 °C; [c] 50 °C; [d] 30 °C. 
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Why does the unsubstituted terminal double bond not even assist the heterolysis of the C-

Cl bond in compounds 4U-Cl, which do not carry electron-donating substituents X, though 

MP2 calculations showed that in the case of 1h (= 4U, X = R1 = R2 = H) cyclization is 

associated with a stabilization of more than 40 kJ mol–1 (see Table A.5)? 

The observed cyclization rate constant of 1.1 × 107 s–1 for cation 1d (= 4U, X = 4-OMe, R1 

= R2 = H) indicates that there is still a small energy barrier for the intramolecular attack of the 

carbenium center of 1d at the monosubstituted terminal CC-double bond. Using the azide 

clock method, Jencks and Richard[10] have shown that the unsubstituted 1-phenylethyl cation 

1g reacts 2 × 103 times faster and the 3-bromo-substituted 1-phenylethyl cation 1i reacts 

2 × 104 times faster with the solvent (50:50 trifluoroethanol/water) than the 4-methoxy sub-

stituted analogue 1a (Scheme A.11). Exactly the same reactivity ratio has been observed for 

the reactions of the laser-flash photolytically generated carbocations 1a and 1g with hexa-

fluoroisopropanol (HFIP).[11]  

 

MeO

1a 1g

Br

1i

TFE/H2O = 50/50 5 x 107 1 x 1011 1 x 1012

2 x 102 4 x 105HFIP  

 
Scheme A.11. Pseudo-first-order rate constants k (s–1) for the reactions of 1-arylethyl cations 
with 50:50 trifluoroethanol/water (25 °C)[10] and hexafluoroisopropanol (20 °C).[11]

 

 

 
With the assumption that similar substituent effects hold for the reaction with the CC-

double bond, one can estimate cyclization rate constants of 2 × 1010 s–1 (1.1 × 107 × 2,000) for 

4U (X = R1 = R2 = H) and of 2 × 1011 s–1 (1.1 × 107 × 20,000)  for 4U (X = 3-Br, R1 = R2 = 

H). 

According to Jencks and Richard,[12] intermediates can only be formed if their lifetimes 

exceed the duration of a bond-vibration, typically 10–13 s. The preceding calculations show 

that all benzyl cations 4U with R1 = R2 = H listed in Table A.7 have cyclization rate constants 

< 1013 s-1 which implies that π-participation for breaking the C−Cl bond is not needed, in line 

with kU/kS ≈ 1 in the column H, H of Table A.7. 
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Typically, 1,1-dialkylethylenes and trialkylethylenes react 104-105 times faster with carbo-

cations than monoalkylated ethylenes.[13] Multiplication of the cyclization rate constant k = 

1.1 × 107 s–1 of 1d (= 4U, X = 4-OMe, R1 = R2 = H) with this factor again yields cyclization 

rate constants < 1013 s–1. Accordingly, the first line of Table A.7 shows that none of the 

solvolyses of the 4-methoxy substituted benzyl chlorides 4U-Cl is assisted by π-participation. 

When carbocations 4U with weaker electron donors X and more nucleophilic double bonds in 

the side chain are employed, cyclization rate constants > 1013 s–1 can be estimated, implying 

that carbocations 4U corresponding to the lower right corner of Table A.7 should not be 

accessible as intermediates, and the solvolyses of the benzyl chlorides 4U-Cl in this part of 

Table A.7 are assisted by π-participation. The fact that a methyl group at R2 position of 4U-Cl 

generally accelerates the solvolyses slightly more than a methyl group at R1 position, can be 

assigned to a non-classical structure of these intermediates in line with previous suggestions 

by Borčić. 

 

A.7. Effective Molarities 

 

Because of the lack of a sufficient number of rate constants for the reactions of the carbo-

cations 1 with nucleophiles, it is not possible to determine their electrophilicity parameters E. 

With the assumption that the relative reactivities of 1-(trimethylsiloxy)-cyclohexene (2c) and 

1-hexene toward benzhydrylium ions (3 × 107) also hold for carbocation 1b, one can estimate 

a second-order rate constant of k = 3.4 × 107 L mol–1 s–1 / 3 × 107 = 1.1 L mol–1 s–1 for the 

intermolecular reaction depicted in Scheme A.12. 

 

MeO

+

MeO

kcalc = 1.1 M–1 s–1

1b

3bf

 

 
Scheme A.12. Estimated second-order rate constant (L mol–1 s–1) for the reaction of carbo-
cation 1b with 1-hexene. 
 

 
When this rate constant (1.1 L mol–1 s–1) is compared with the rate constant of the ana-

logous intramolecular reaction in Scheme A.9, one arrives at an effective molarity EM = 
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kcycl/kacycl = 1.1 × 107 s–1/ 1.1 L mol–1 s–1 = 1 × 107 mol L–1 for the 6-endo-trig cyclization 

depicted in Scheme A.9. With the assumption that similar effective molarities hold for related 

π-cyclizations, one arrives at the rule of thumb that cationic 6-endo-trig cyclizations are 

roughly 10 million times faster than calculated for the corresponding intermolecular process 

by equation (A.1). 

Kinetic and product studies indicate that the effective molarities for the Baldwin-

disfavored 5-endo-trig and the Baldwin-favored 7-endo-trig cyclizations are significantly 

smaller. Cyclization experiments with other π-donors are needed in order to examine whether 

the effective molarities are specific for certain cyclization modes and thus allow introducing a 

correction term in order to apply equation (A.1) also for cyclization reactions. 
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B. Organocatalytic Activity of Cinchona Alkaloids:  

Which Nitrogen is more Nucleophilic? 

 

B.1. Introduction 

 

Since the beginning of the 20th century, alkaloids, such as quinine or quinidine, have been 

used as catalysts for asymmetric syntheses.[1a,b] A breakthrough were Pracejus' alcoholyses of 

disubstituted ketenes in the presence of cinchona alkaloids.[1c] Though numerous other classes 

of tertiary amines have since been investigated with respect to their catalytic efficiencies,[1] 

the naturally occurring cinchona alkaloids 1a,b and derivatives thereof (Scheme B.1) have 

remained in the focus of interest.[2] Though Adamczyk and Rege reported that 1,3-propane 

sultone reacts with quinine selectively at the Nsp2 center of the quinoline ring,[3] it is generally 

assumed that the catalytic activity of the cinchona alkaloids is due to the nucleophilicity of the 

Nsp3 center of the quinuclidine ring. During the efforts to characterize the nucleophilic 

reactivity of cinchona alkaloids in comparison with other organocatalysts it was noticed that 

in contrast to most other electrophiles, benzhydrylium ions attack selectively at the Nsp2 center 

of the quinoline ring. This observation prompted us to systematically investigate the nucleo-

philic reactivity of the two basic positions in cinchona alkaloids. 

 

N

N

R1

OR2

N

CH3

N

MeO

N N

1a : R1 = OMe; R2 = H, quinine
1c : R1 = OMe; R2 = Ac
1d : R1 = H; R2 = H, cinchonidine

1b : quinidine

1e
1f

1g 1h

N

N

OMe

OH

 
 

Scheme B.1. Cinchona alkaloids and related compounds. 
 
 
B.2. Product Identification 

 

In agreement with earlier reports[4] compounds 1a-d react with benzyl bromide at the quin-

uclidine ring (Scheme B.2). The quaternary ammonium salts resulting from benzylation of 1a 

and 1d are commercially available and are used as phase-transfer catalysts. 
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Scheme B.2. Reactions of quinine (1a) with benzyl bromide and benzhydrylium salts. 
 
 

In contrast, benzhydrylium ions (Table B.1) attack cinchona alkaloids at the quinoline 

nitrogen. Comparison of the 1H- and 13C-NMR chemical shifts of the adducts of quinuclidine 

(1e), 6-methoxyquinoline (1h), and O-acetylquinine (1c) with (mfa)2CH+ and (ani)2CH+ 

reveals exclusive attack of benzhydrylium ions at the Nsp2 center of cinchona alkaloids. 

 

Table B.1. Abbreviations and electrophilicity parameters E of benzhydrylium ions. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

[a] From ref. [5]. 
 
 

While the reactions of quinuclidine (1e) (δNCH2 = 2.78 ppm) with (mfa)2CH+ and 

(ani)2CH+ are accompanied by a 0.6-0.8 ppm deshielding of the NCH2-protons, the chemical 

shifts of the quinuclidine protons remained unaffected when O-acetylquinine (1c) was com-

 X E 
[a]

 

Ph2CH+ H 5.90 

(tol)2CH+ Me 3.63 
(ani)2CH+ OMe 0.00 

(pfa)2CH+ N(Ph)CH2CF3 –3.14 

(mfa)2CH+ N(CH3)CH2CF3 –3.85 
(dpa)2CH+ NPh2 –4.72 

(mor)2CH+ N(CH2CH2)2O –5.53 

(mpa)2CH+ N(Ph)CH3 –5.89 
(dma)2CH+ N(CH3)2 –7.02 

(pyr)2CH+ N(CH2)4 –7.69 

(thq)2CH+ 

H

N N

Me Me  

–8.22 

(ind)2CH+ 

H

N N
Me Me  

–8.76 
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bined with these benzhydrylium ions. On the other hand, benzhydrylation of 1c led to distinct 

changes in the chemical shifts of the quinoline moiety similar to that observed upon treatment 

of 6-methoxyquinoline (1h) with benzhydrylium salts. 

A further argument for the attack of benzhydrylium ions at the quinoline ring of 1c comes 

from the comparison of the chemical shifts of 9-H and C-9 of the adducts in Scheme B.3, 

which have been assigned by COSY and HSQC. The NMR chemical shifts of the benzhydryl 

proton 9-H and the benzhydryl carbon C-9 in the adducts obtained from benzhydrylium ions 

and O-acetylquinine (1c) are very similar to those of the corresponding adducts with 6-

methoxyquinoline (1h), indicating the same environment of the benzhydryl center in both 

pairs of adducts. 

 

In contrast, the corresponding chemical shifts of the adducts with quinuclidine (1e) differ 

significantly. While the benzhydryl proton resonates at much higher field (∆δ = 2-2.6 ppm), 

the benzhydryl carbon is more deshielded (∆δ = 7-10 ppm). 

 
 
 

N

N

OMe
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X

X
H
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N

X

X
H

 

X δ(9-H) δ(C-9)  δ(9-H) δ(C-9)  δ(9-H) δ(C-9) 
N(CH3)CH2CF3 7.77 72.8  7.80 73.5  5.20 83.5 
OMe 8.20 72.8  8.20 72.9  6.28 80.1 

 
Scheme B.3. Comparison of the 1H- and 13C-NMR chemical shifts of the benzhydryl center in 
different adducts with amines (in ppm, solvent: CD3CN). 
 

B.3. Kinetic Investigation 

 

In order to rationalize the opposing selectivities of different electrophiles, the kinetics of 

the reactions of benzhydrylium ions and benzyl bromide with quinine (1a) were studied and 

compared with the corresponding reactions of related compounds (Scheme B.1). 

The decay of the benzhydrylium absorbances has been followed photometrically after 

combining benzhydrylium tetrafluoroborates with variable excesses of the amines. Pseudo-
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first-order rate constants kobs were obtained by fitting the decay of the absorbances to the 

mono-exponential function A = A0 e
–kobst + C. Plots of kobs vs. the concentrations of the amines 

were linear (Figure B.1), with the second-order rate constants (Table B.2) being the slopes of 

the correlation lines. Because of solubility problems, different solvents had to be used for the 

different reaction series. Comparison of rate constants in CH3CN and CH2Cl2 reveals a 3-4 

times higher reactivity in CH2Cl2. 

 

 
 
 
 
 
 
Figure B.1. Exponential decay of the 
absorbance A at 590 nm and linear 
correlation of the pseudo-first order 
rate constants kobs with [1a] for the 
reaction of (mfa)2CH+BF4

– (c0 = 1.8 × 
10–5 mol L–1) with amine 1a (CH2Cl2, 
20 °C); as the reaction is reversible, the 
final absorbance is not zero. 

 

 
Table B.2. Second-order rate constants for the reactions of the amines 1a-h with benzhydryl-
ium tetrafluoroborates (20 °C). 
 

k / M–1 s–1 
amine N / sN Ar2CH+ 

CH2Cl2 CH3CN 

1a 10.46 / 0.75 (mfa)2CH+ 8.88 × 104  

 (CH2Cl2) (dpa)2CH+ 1.76 × 104  

  (mor)2CH+ 4.98 × 103  

  (dma)2CH+ no rxn  

1b 10.54 / 0.74 (mfa)2CH+ 9.36 × 104  

 (CH2Cl2) (dpa)2CH+ 1.74 × 104  

  (mor)2CH+ 5.38 × 103  

  (dma)2CH+ no rxn  

1c  (mfa)2CH+ 8.23 × 104 2.68 × 104 

1e 20.54 / 0.60 [a] (mfa)2CH+  9.97 × 108 [a] 

 (CH3CN) (mor)2CH+  3.34 × 108 [a] 

  (dma)2CH+  1.18 × 108 [a] 

  (pyr)2CH+  5.22 × 107 [a] 

  (ind)2CH+  1.08 × 107 [a] 
 

k obs = 88807[1a] + 8.7307
R2 = 0.999

0
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Table B.2. Continued. 

k / M–1 s–1 
amine N / sN Ar2CH+ 

CH2Cl2 CH3CN 

1f 15.66 / 0.62 (dma)2CH+  1.84 × 105 

 (CH3CN) (pyr)2CH+  1.13 × 105 

  (thq)2CH+  4.12 × 104 

  (ind)2CH+  1.63 × 104 

  (jul)2CH+  no rxn  

  (lil)2CH+  no rxn 

1g 11.60 / 0.62 (pfa)2CH+  1.78 × 105 

 (CH3CN) (mfa)2CH+ 1.23 × 105 4.22 × 104 

  (dpa)2CH+  3.46 × 104 

  (mor)2CH+  3.34 × 103 

  (mpa)2CH+  4.04 × 103 

  (pyr)2CH+  no rxn 

1h 10.86 / 0.66 (pfa)2CH+  1.37 × 105 

 (CH3CN) (mfa)2CH+ 7.96 × 104  2.16 × 104 

  (dpa)2CH+  2.10 × 104 

  (mor)2CH+  2.33 × 103 

  (dma)2CH+  no rxn 
[a] From ref. [6]. 
 
 

Plots of log k vs. the electrophilicity parameters E of the benzhydrylium ions (Figure B.2) 

are linear as required by equation (B.1), where k is the second-order rate constant, E the 

electrophilicity parameter, N the nucleophilicity parameter, and sN the nucleophile-specific 

slope parameter.[7]
 

 

log k = sN(N + E)                 (B.1)  

 

From the slopes and intercepts on the abscissa we can derive the nucleophile-specific 

parameters sN and N, respectively, which are listed in the second column of Table B.2. 

The kinetics of the reactions of benzyl bromide with quinine (1a) and several of its 

substructures have been followed conductimetrically. In all cases, pseudo-first-order condi-

tions were employed with the amines 1 in high excess, giving rise to an exponential increase 

of the conductance G (equation B.2). The second-order rate constants (Table B.3) were again 

obtained from plots of kobs vs. [1]. 

 

Gt = Gmax(1 – e–kobst) + C                     (B.2) 
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Figure B.2. Plots of log k vs. E for the reactions of amines with benzhydrylium ions. 
 
 
Table B.3. Second-order rate constants (at 20 °C) for the reactions of amines with benzyl bro-
mide. 
 

k / M–1 s–1 
amine 

DMSO CH3CN 

1a 2.88 × 10–2  

1d 3.68 × 10–2  

1e 17.3 6.32 

1f  6.16 × 10–2 

1g 
 1.7 × 10–4 

 

B.4. Discussion 

 

The similarity of the slope parameters sN in Table B.2 implies that the relative reactivities 

of the different amines depend only slightly on the nature of the benzhydrylium ion. For that 

reason, the relative reactivities toward (mfa)2CH+ given in Table B.4 can be considered to be 

representative also for reactions with other benzhydrylium ions. Obviously, the quinoline ring 

in quinine (1a) has a similar reactivity towards benzhydrylium ions as the 4-methyl- and 6-

methoxy-substituted quinolines 1g and 1h. Quinuclidine (1e) reacts more than four orders of 
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magnitude faster with benzhydrylium ions, and the 50-fold reduced reactivity of 1f can be 

assigned to the steric shielding by the neighboring naphthylmethyl group. 

 

Table B.4. Relative reactivities of different amines toward (mfa)2CH+ and benzyl bromide in 
CH3CN at 20 °C. 
 

 

 

 1g 1h 1a 1e 1f 1a 

krel (mfa)2CH+ 1.0 0.51 0.70 [a] 2.4 × 104 5.0 × 102 [b] << 0.7 

krel (PhCH2Br) 1.0  << 6.2 × 101 3.7 × 104 3.6 × 102 6.2 × 101 [c] 

[a] Value in CH2Cl2 divided by 3, as for 1c (from Table B.1); [b] calculated by equation (B.1) 
from E, N, and sN; [c] value in DMSO divided by 2.7, as for 1e (from Table B.2). 
 
 

The additional hydroxy group in the naphthylmethyl group of 1a must be responsible for a 

further > 103-fold reduction of reactivity which is derived from the exclusive attack of benz-

hydrylium ions at the quinoline ring of 1a (with krel = 0.70). Though unlikely, one can not 

rigorously exclude a faster, highly reversible electrophilic attack of benzhydrylium ions at the 

Nsp3 center of 1a and 1b. The observed mono-exponential decays of the benzhydrylium 

absorbances in the reactions of Ar2CH+BF4
– with an excess of 1a or 1b (pseudo-first-order 

conditions) allow us, however, to exclude the appearance of noticeable concentrations of 

intermediate ammonium ions, where the diarylmethyl group is located at the Nsp3 center. The 

observed rate constants for the reactions of 1a,b with Ar2CH+ can, therefore, unequivocally be 

assigned to the reactions at the Nsp2 center.  

Comparison of the nucleophilic reactivities of 1e-g toward benzhydrylium ions and benzyl 

bromide shows common features. Quinuclidine (1e) is four orders of magnitude more reactive 

than 1g toward both types of electrophiles, and the attack of both electrophiles is 100-fold 

retarded by the naphthylmethyl group in 1f. The additional hydroxy group in 1a,b reduces the 

reactivities towards the sterically less demanding benzyl group much less (by a factor of 6) 

than towards the diarylmethylium ions (> 103). 

 

B.5. Computational Analysis 

 

Benzhydryl and benzyl cation affinities of quinine and its building blocks were calculated 

at the MP2(FC)/6-31+G(2d,p)//B3LYP/6-31G(d) level in order to rationalize why benzyl 
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bromide reacts selectively at the Nsp3 center of cinchona alkaloids while benzhydrylium ions 

react selectively at the Nsp2 center. As illustrated by the reaction enthalpies ∆H298 in Figure 

B.3, the substituent effects on the quinoline ring affect its benzhydryl and benzyl cation affi-

nities almost equally. 
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Figure B.3. Comparison of gas-phase benzyl and benzhydryl affinities ∆H298 (kJ mol–1) of 
quinine and several substructures (MP2(FC)/6-31+G(2d,p)//B3LYP/6-31G(d)). 
 

 
Replacement of CH3 in lepidine (1g) by CH2OH (→ 1i) reduces the carbocation affinities 

by 2.5 ± 0.1 kJ mol–1 while replacement of the 4-CH3 group in 1g by 6-OCH3 (→ 1h) raises 

the cation affinities by 2.8 ± 0.6 kJ mol–1. Introduction of the 6-methoxy group into lepidine 

(1g → 1j) increases the cation affinities by 11.4 ± 0.3 kJ mol–1, and benzhydrylation or ben-

zylation of the Nsp2 center of quinine (1a) is 19.6 ± 0.5 kJ mol–1 more exothermic than that of 

lepidine (1g). 

In contrast to the similar trends of the Ph2CH+ and PhCH2
+ affinities of the differently 

substituted quinolines, large differences were calculated for the relative benzhydrylation and 

benzylation enthalpies of the quinuclidines. While the benzylation of quinuclidine (1e) is 

37 kJ mol–1 more exothermic than the benzylation of lepidine (1g), this difference shrinks to 
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10 kJ mol–1 for benzhydrylation, which can be explained by two additional gauche-inter-

actions. 

Ph

PhH

N

H

PhH

N

N-benzylated
quinuclidine

N-benzhydrylated
quinuclidine  

 

The lower carbocation affinity of 2-hydroxymethylquinuclidine 1k (compared with 

quinuclidine 1e) can be assigned to the loss of an intramolecular hydrogen bridge by the 

quaternization. Surprisingly, the introduction of side chains into 1e to give 1a or 1f increases 

the affinity toward benzhydryl cations more than towards benzyl cations. 

Eventually, Figure B.4 (left) shows that ∆H298 (g) is almost identical for the benzhydryl-

ation of both nitrogens of quinine (1a), while ∆H298 (g) for benzylation and methylation are 

considerably more negative for attack at the Nsp3 center. When ∆G298 (g) values are compared, 

a shift in favor of Nsp2 alkylation is observed (Figure B.4, middle), which is enhanced when 

solvation is included (Figure B.4, right). As a result, the preferred attack of benzyl bromide at 

Nsp3, and of benzhydryl cations at Nsp2 are in line with the relative thermodynamic stabilities 

of the reaction products. From these results, one can extrapolate that thermodynamic effects 

will direct sterically demanding electrophiles to the Nsp2 center of the cinchona alkaloids, 

while small electrophiles are directed to the Nsp3 center. 

 

B.6. Intrinsic Barriers 

 

Relative reactivities are, however, not exclusively controlled by the relative stabilities of 

the products. The Marcus equation (B.3) expresses the activation free energy of a reaction 

(∆G
‡) by a combination of the reaction free energy (∆G

0) and the intrinsic barrier (∆G0
‡). The 

latter term (∆G0
‡) corresponds to the activation free energy (∆G‡) of a reaction without 

thermodynamic driving force (i.e. for ∆G
0 = 0).[8] 

 

∆G
‡ = ∆G0

‡ + 0.5∆G
0 + [(∆G

0)2/16∆G0
‡]             (B.3)     
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Figure B.4. Benzhydryl, benzyl and methyl cation affinities of the different nitrogen atoms of 
quinine (1a) (MP2(FC)/6-31+G(2d,p)). 
 
 

In previous work, it was shown that quinuclidine is a much stronger nucleophile than 

DMAP, although the Lewis basicities, i.e., the equilibrium constants for the generation of the 

ammonium ions, are the other way around (Scheme B.4).[6] 

The fact that quinuclidine (1e) reacts 103 times faster with benzhydrylium ions than 

DMAP, but also departs 50,000 times faster from the benzhydrylium fragment, has been 

assigned to the lower intrinsic barrier ∆G0
‡ for the reaction of quinuclidine (∆G0

‡ = 43 kJ  

mol–1) compared with the corresponding reaction of DMAP (∆G0
‡ = 65 kJ mol–1). 

Presumably, a large portion of the higher reorganization energy (λ = 4∆G0
‡) in the reaction 

with DMAP comes from the reorganization of solvent molecules during the formation of the 

pyridinium ions.  

 

N

N

OMe

OH
R and
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R

N
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OHRN
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OH

1a

+
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N N
Me Me
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Me Me
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NMe2

N
1e

N NMe2

DMAP

k = 1.08 x 107

K = 9.30 x 103
k = 1.29 x 104

K = 5.60 x 105
 

 
Scheme B.4. Comparison of second-order rate constants k (L mol–1 s–1) and equilibrium con-
stants K (L mol–1) for the reactions of quinuclidine and DMAP with (ind)2CH+BF4

– in CH3CN 
at 20 °C (from ref. [6]). 

 
 
In order to examine whether differences in intrinsic barriers also affect the different 

nucleophilicities of the two nitrogen atoms in 1a, the intrinsic barriers for the reactions of 

benzhydrylium ions with some cinchona alkaloids have been determined. The combinations 

of (mfa)2CH+ with 1a-c in CH2Cl2 (equation B.4) do not proceed quantitatively, and the 

corresponding equilibrium constants have been evaluated by UV/Vis spectroscopy. Assuming 

the validity of Lambert-Beer's law, the equilibrium constants for reactions B.4 can be expres-

sed by the absorbances of the benzhydrylium ions before (A0) and after (A) the addition of the 

amines 1a-c (equation B.5). 

 

K

CH2Cl2N

R

(mfa)2CH +

N

R

CH(mfa)2

(B.4)

1a-c

MeO MeO

 

 

K =
[(mfa)2CH+] [1]

[(mfa)2CH-NR3
+]

A [1]
= (B.5)A0-A
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The equilibrium constants K (Table B.5) and rate constants k (Table B.2) were then con-

verted into ∆G
0 and ∆G

‡, respectively, and inserted into the Marcus equation (B.3) to give the 

intrinsic barriers (∆G0
‡) listed in Table B.5. 

 

Table B.5. Equilibrium constants (K), reaction free energies (∆G
0), activation free energies 

(∆G
‡), and intrinsic barriers (∆G0

‡) for the reactions of (mfa)2CH+ with the amines 1a-c in 
CH2Cl2 at 20°C. 
 

amine K / L mol–1 ∆G
0 / kJ mol–1 [a] ∆G

‡ / kJ mol–1 [b] ∆G0
‡ / kJ mol–1 

1a 1.55 × 104 -23.5 44.0 55.1 

1b 1.79 × 104 -23.9 43.8 55.1 

1c 4.98 × 103 -20.7 44.1 54.0 
[a] ∆G

0 = –RTln K; [b] from k in Table B.2, using the Eyring equation. 
 
 

With the ∆G0
‡ ≈ 55 kJ mol–1, the intrinsic barriers for the reactions of (mfa)2CH+ with 1a, 

1b, and 1c in CH2Cl2 are of similar magnitude as the intrinsic barriers for the reactions of 

pyridine and of p-substituted pyridines with benzhydrylium ions in the same solvent.[9] 

Because the intrinsic barriers for the reactions of benzhydrylium ions with quinuclidine 

have previously been reported to be approximately 20 kJ mol–1 smaller then those for the 

corresponding reactions with pyridines,[6] we can conclude that a similar difference should 

also hold for the electrophilic attack at the two different nucleophilic sites of the cinchona 

alkaloids. As a consequence, electrophilic attack at the Nsp3 center can be expected if the 

thermodynamic stabilities of the two different products are similar. 

 

B.7. Conclusion 

 

Quinuclidinium ions arising from Nsp3 attack of primary alkylating agents at cinchona 

alkaloids are more stable than the isomeric quinolinium ions arising from the corresponding 

Nsp2 attack. In contrast, quinolinium ions are more stable than the isomeric quinuclidinium 

ions when sterically more demanding alkylating agents are used. Because more reorganization 

energy is needed for the electrophilic attack at the Nsp2
 than at the Nsp3

 center, kinetically 

controlled quinuclidine alkylation cannot only be expected when the Nsp3 adduct is thermo-

dynamically favored, but also when the Nsp
2 adduct is slightly favored by thermodynamics, 

i.e., when the less negative ∆G
0 term for Nsp3

 attack of equation (B.3) is overcompensated by 

the smaller intrinsic barrier ∆G0
‡. 
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Experimental Part 

 

1. General Information 

 

1.1. Methods 

 

Analytics.
 1H-, 13C- and 19F-NMR spectra were recorded on 200, 300, 400 or 600 MHz NMR 

spectrometers from Varian. Chemical shifts are reported in ppm relative to TMS (δH = 0.00, 

δC = 0.0), the deuterated solvent as the internal standard (CDCl3: δH = 7.26, δC = 77.1; 

CD2Cl2: δH = 5.30, δC = 53.4; acetone-d6: δH = 2.05, δC = 29.8, DMSO-d6: δH = 2.50, δC = 

39.5), or – in the case of 19F-NMR – fluorotrichloromethane (δF = 0). 13C-NMR spectra were 

recorded while 1H broadband decoupling. CH couplings have therefore been omitted in the 

descriptions of the 13C-NMR spectra. The following abbreviations were used to designate 

chemical shift multiplicities: br s = broad singlet, s = singlet, d = doublet, t = triplet, q = 

quartet, quint = quintet, sex = sextet, m = multiplet. Signal assignment was achieved by 

integration, HMBC and DEPT spectra. For structurally related carbon atoms, similar relaxa-

tion times were assumed, which allowed the derivation of the number of equivalent carbon 

atoms in 13C-NMR spectra. EI-MS was performed on a MAT 95 (Thermo Finnigan), while 

ESI-MS was performed on a LTQ FT (Thermo Finnigan). Reactions were followed by a 

6890N GC-MS system (Agilent Technologies). Melting points were determined by a Büchi 

B-540 apparatus. An Elementar vario EL or an Elementar vario micro cube were used for 

elemental analyses. 

 

Kinetic instruments. Reactions were either followed by conductimetry or photospectrometry. 

For conductimetry, reactions with half-times > 10 s were recorded by conventional methods 

using a Tacussel CD810 or a Radiometer MeterLab CDM230, both instruments equipped 

with Pt electrodes. Reactions with half-times τ < 10 s were followed by a Hi-Tech Scientific 

SF-61 DX2 stopped-flow device (cell volume 21 µL, Pt electrodes), controlled by the Hi-

Tech KinetAsyst3 software. For photospectrometry, slow reactions (τ > 10 s) were followed 

by conventional UV-vis-spectrometry using a J&M TIDAS instrument equipped with an 

insertion quartz probe (Hellma) and a halogen or a deuterium light source. Faster reactions (τ 

< 10 s) were studied by using either a SX.18MV-R (Applied Photophysics) or a SF-61 DX2 

(Hi-Tech Scientific) stopped-flow reactor. In all experiments, the temperature was controlled 

by water baths and water circuits. 
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Laser-flash equipment. The laser pulse (7 ns pulse width, 266 nm, 40-60 mJ/pulse) originated 

from a Nd-YAG laser (Innolas Spitlight 600). The UV-vis detection unit comprised a 150 W 

Xe-light source (Hamamatsu Photonics), a spectrograph (Acton), a photomultiplier, and a 

pulse generator. For the data acquisition a 350 MHz-oscilloscope was used. A shutter was 

used to prevent the sample from unnecessary exposure to the light from the Xe lamp. The 

timing was controlled by a BNC 565 delay generator (Berkeley Nucleonics Corporation). 

 

Computational chemistry. For theoretical calculations Intel Xeon (2.67 GHz) and AMD 

Opteron (2.4 GHz) PCs with Debian GNU/Linux 4.0 (64-Bit-Version) were used. The 

conformational space has been searched using the MM3 force field and the systematic search 

routine in the TINKER program.[1] All quantum chemical calculations were performed with 

Gaussian 03, revision D.01.[2] Conformational minima on the energy hypersurface have been 

confirmed by frequency calculations. Single point energy calculations were performed with 

the option SCF=tight. 

 

Electrochemical equipment. The half-wave reduction potentials of all compounds were 

examined by steady-state cyclic voltammetry in acetonitrile solution at ambient room 

temperature using the conventional three electrode configuration and a EG&G Princeton 

Applied Research potentiostat (model 273). A Powerlab/4sp AD converter controlled by 

Powerlab Chart 5 software (ADInstruments) allowed recording, analysis and storage of the 

data by a PC. The electrodes and an inlet for gaseous nitrogen were fixed in a four-necked 

glass vessel. The whole setup was encased in a faradaic cage. A network of 8 platinum 

microelectrodes (each Pt wire had a radius of 10 µm) in a glass tube served as working 

electrode. The counter electrode was a platinum spiral with a large and smooth surface. The 

reference electrode – a silver wire covered with a silver oxide layer – was pocketed in a glass 

capillary with a frit to avoid direct contact with the substrates. The frit was filled with 

acetonitrile and a small amount of tetraethylammonium perchlorate as conductive salt. No 

conductive salt was used in the bulk solution. The acetonitrile was freshly distilled from CaH2 

and stored over MS-4 Å for at least 24 h prior to use. The typical procedure was as follows: 

After the glass vessel was flushed with nitrogen, the first portion of acetonitrile (usually 5 

mL) was added and degassed for about 30 seconds. The substrate was added, the 

voltammogram recorded with a scan rate of usually 20 mV/s. Additional solvent was injected 

in 5 mL steps, each time degassing the solution (30 s) and recording the voltammogram. The 
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substrate concentrations ranged from 10–3 to 10–2 mol L–1 At last, a small amount of the inter-

nal standard ferrocene was added.  

 

1.2. Materials 

 

Solvents. Dichloromethane was predried over CaCl2 before it was distilled from CaH2. 

DMSO, acetonitrile, and acetone (VWR, ≥ 99.9 %) were used as purchased. Water was puri-

fied by using a Millipore MilliQ (final specific resistance ≥ 18.2 MΩcm). Tetrahydrofuran 

and diethyl ether were dried over sodium/benzophenone and distilled prior to use. 

 

Chemicals. The N-heterocyclic carbene boranes 1 and 2 were a gift of Prof. Dennis P. Curran 

(University of Pittsburgh, Pittsburgh, Pennsylvania). Benzhydrylium tetrafluoroborates and 

benzhydryl chlorides were taken from the stock of the work group. Triphenylsilane was used 

as purchased, liquid silanes, cycloheptatriene, tributylstannane, and tin tetrachloride were 

purchased and distilled prior to use. Gallium trichloride (anhydrous, 99.99 %) was used as 

purchased. Tetrabutylstannane, tris(trimethylsilyl)silane, 2-propyl-1,3-dioxolane, and 2-

phenyl-1,3-dioxolane were prepared according to standard procedures. All reagents used in 

the synthetic procedures have been bought from commercial suppliers (Aldrich, Acros, 

ABCR, Apollo). 

 

 

2. Synthetic Procedures 

 

When it was necessary to avoid moisture, the glassware was heated and evacuated prior to 

use. A protecting gas atmosphere (nitrogen, argon) was applied during these reactions. 

 

2.1. Preparation of triarylmethanols 

 

General procedure 1 (GP1): 

Grignard compounds derived from substituted bromobenzenes were prepared by slow 

addition of the bromoarene to a stirred suspension of magnesium turnings in dry THF and 

subsequent refluxing for 30 min. After cooling to r.t., the solution of a substituted benzo-

phenone or alkyl benzoate in dry THF was added slowly. The mixture was refluxed for 1 h 

and then cooled with an ice bath. Water and 2 M HCl were added until the precipitate had 
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dissolved completely. The phases were separated and the aqueous phase twice extracted with 

diethyl ether. The combined organic layers were washed with saturated aqueous sodium 

bicarbonate, water and brine. After drying over Na2SO4 or MgSO4, the solvent was evapo-

rated under reduced pressure, and the product – usually a viscous oil – crystallized. 

 

Tris(3,5-difluorophenyl)methanol 

This compound was not isolated, but directly converted to the corresponding bromomethane. 

 

Bis(3,5-difluorophenyl)phenylmethanol  

According to GP1 from 9.30 g (48.2 mmol) 3,5-difluorobromobenzene, 1.19 g (49.0 mmol) 

magnesium and 3.62 g (24.1 mmol) ethyl benzoate in 30 mL tetrahydrofuran. 5.97 g (18.0 

mmol, 75 %) of a colorless solid were obtained. 

 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.81 (s, 1 H, OH), 6.70-6.90 (m, 6 H, Harom.), 7.18-

7.26 (m, 2 H, Harom.), 7.35-7.40 (m, 3 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 81.2 (quint, 1 C, 4
JC,F = 2.1 Hz, COH), 103.2 (t, 2 C, 

2
JC,F = 25.4 Hz, CH), 110.7-111.1 (m, 4 C, CH), 127.6 (s, 2 C, CH), 128.4 (s, 1 C, CH), 

128.6 (s, 2 C, CH), 144.7 (s, 1 C, Cquat.), 149.6 (t, 2 C, 3JC,F = 8.1 Hz, Cquat.), 162.7 (dd, 4 C, 
1
JC,F = 249 Hz, 3JC,F = 12.6 Hz, Cquat.). 

19
F-NMR (282 MHz, CDCl3): δ/ppm = –109. 

HR-MS (EI, pos.): m/z calculated for [C19H12F4O]+: 332.0819, found: 332.0813. 

Mp: 71-72 °C. 

 

(3,5-Difluorophenyl)bis(3-fluorophenyl)methanol 

According to GP1 from 2.41 g (12.5 mmol) 3,5-difluorobromobenzene, 316 mg (13.0 mmol) 

magnesium, and 2.66 g (12.2 mmol) 3,3'-difluorobenzophenone. 1.21 g (3.64 mmol, 30 %) of 

a slightly yellow solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.83 (s, 1 H, OH), 6.78 (tt, 1 H, J = 8.7 Hz, J = 2.3 Hz, 

Harom.), 6.83-6.90 (m, 2 H, Harom.), 7.00-7.10 (m, 6 H, Harom.), 7.30-7.38 (m, 2 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 81.0 (m, 1 C, COH), 103.3 (t, 1 C, 2
JC,F = 25.3 Hz, 

CH), 110.7-111.1 (m, 2 C, CH), 114.9 (d, 2 C, 2
JC,F = 23.1 Hz, CH), 115.0 (d, 2 C, 2

JC,F = 

21.1 Hz, CH), 123.3 (d, 2 C, 4
JC,F = 3.0 Hz, CH), 129.9 (d, 2 C, 3

JC,F = 8.2 Hz, CH), 147.7 
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(d, 2 C, 3
JC,F = 6.6 Hz, Cquat.), 149.7 (t, 1 C, 3

JC,F = 8.1 Hz, Cquat.), 162.7 (d, 2 C, 1
JC,F = 247 

Hz, CF), 162.9 (d, 2 C, 1JC,F = 249 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –109, –112. 

HR-MS (EI, pos.): m/z calculated for [C19H12OF4]
+: 332.0819, found: 332.0819. 

Mp: 98-99 °C. 

 

Tris(3-fluorophenyl)methanol 

According to GP1 from 5.25 g (30.0 mmol) 3-fluorobromobenzene, 753 mg (31.0 mmol) 

magnesium, and 1.12 g (9.48 mmol) diethyl carbonate. 1.85 g (5.89 mmol, 62 %) of a color-

less solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.87 (br s, 1 H, OH), 7.02-7.08 (m, 9 H, Harom.), 7.27-

7.36 (m, 3 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 81.1 (m, 1 C, COH), 114.8 (d, 3 C, 2
JC,F = 21.2 Hz, 

CH), 115.1 (d, 3 C, 2
JC,F = 23.0 Hz, CH), 123.5 (d, 3 C, 4

JC,F = 2.9 Hz, CH), 129.8 (d, 3 C, 
3
JC,F = 8.1 Hz, CH), 148.4 (d, 3 C, 3JC,F = 6.5 Hz, Cquat.), 162.7 (d, 3 C, 1JC,F = 247 Hz, CF). 

19
F-NMR (282 MHz, CDCl3): δ/ppm = –113. 

Mp: 112.5-116 °C (Lit.:[3] 118.5-119 °C). 

 

(3,5-Difluorophenyl)diphenylmethanol 

According to GP1 from 6.50 g (33.7 mmol) 3,5-difluorobromobenzene, 830 mg (34.1 mmol) 

magnesium, and 6.14 g (33.7 mmol) benzophenone. 6.63 g (22.4 mmol, 66 %) of a colorless 

solid were obtained. 

 

1
H-NMR (600 MHz, CDCl3): δ/ppm = 2.81 (s, 1 H, OH), 6.73 (tt, 1 H, J = 8.73 Hz, J = 2.33 

Hz, Harom.), 6.86-6.91 (m, 2 H, Harom.), 7.24-7.27 (m, 4 H, Harom.), 7.31-7.36 (m, 6 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 81.6 (t, 1 C, 4JC,F = 2.2 Hz, COH), 102.6 (t, 1 C, 2JC,F 

= 25.4 Hz, CH), 110.9-111.2 (m, 2 C, CH), 127.7 (s, 4 C, CH), 127.8 (s, 2 C, CH), 128.2 (s, 

4 C, CH), 145.8 (s, 2 C, Cquat.), 150.8 (t, 1 C, 3
JC,F = 8.2 Hz, Cquat.), 162.6 (dd, 2 C, 1

JC,F = 

249 Hz, 3JC,F = 12.6 Hz, CF). 

HR-MS (EI, pos.): m/z calculated for [C19H14OF2]
+: 296.107, found: 296.1014. 

Mp: 87.5-88.5 °C. 
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Bis(3-fluorophenyl)phenylmethanol 

According to GP1 from 10.5 g (60.0 mmol) 3-fluorobromobenzene, 1.46 g (60.1 mmol) mag-

nesium, and 4.51 g (30.0 mmol) ethyl benzoate. 5.50 g (18.6 mmol, 62 %) of a colorless solid 

were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.83 (s, 1 H, OH), 6.96-7.10 (m, 6 H, Harom.), 7.25-

7.40 (m, 7 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 81.4 (s, 1 C, COH), 114.4 (d, 2 C, 2
JC-F = 21.2 Hz, 

CH), 115.0 (d, 2 C, 2
JC-F = 22.9 Hz, CH), 123.5 (d, 2 C, 4

JC-F = 2.9 Hz, CH), 127.7 (s, 2 C, 

CH), 127.8 (s, 1 C, CH), 128.2 (s, 2 C, CH), 129.5 (d, 2 C, 3
JC-F = 8.1 Hz, CH), 145.8 (s, 1 

C, Cquat.), 148.9 (d, 2 C, 3JC-F = 6.5 Hz, Cquat.), 162.6 (d, 2 C, 1JC-F = 246 Hz, CF). 

HR-MS (EI, pos.): m/z calculated for [C19H14OF2]
+: 296.1007, found: 296.1012. 

Mp: 113-114 °C (Lit.:[3] 114-114.5 °C). 

 

(3-Fluorophenyl)diphenylmethanol 

According to GP1 from 6.30 g (36.0 mmol) 3-fluorobromobenzene, 880 mg (36.2 mmol) 

magnesium, and 6.56 g (36.0 mmol) benzophenone. 7.47 g (26.8 mmol, 74 %) of a colorless 

solid were obtained. 

 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.85 (s, 1 H, OH), 6.96-7.04 (m, 1 H, Harom.), 7.07-

7.13 (m, 2 H, Harom.), 7.26-7.40 (m, 11 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 81.7 (s, 1 C, COH), 114.1 (d, 1C, 2JC,F = 21.2 Hz, CH), 

115.1 (d, 1 C, 2
JC,F = 22.8 Hz, CH), 123.6 (d, 1 C, 4

JC,F = 2.8 Hz, CH), 127.5 (s, 2 C, CH), 

127.8 (s, 4 C, CH), 128.1 (s, 4 C, CH), 129.3 (d, 1 C, 3
JC,F = 8.1 Hz, CH), 146.3 (s, 2 C, 

Cquat.), 149.4 (d, 1 C, 3JC,F = 6.6 Hz, Cquat.), 162.5 (d, 1 C, 1JC,F = 246 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –114. 

HR-MS (EI, pos.): m/z calculated for [C19H15OF]+: 278.1101, found: 278.1089. 

Mp: 114-115 °C (Lit.:[3] 117 °C). 

 

(4-Chlorophenyl)diphenylmethanol  

According to GP1 from 2.13 g (13.6 mmol) bromobenzene, 330 mg (13.6 mmol) magnesium 

and 2.94 g (13.6 mmol) 4-chlorobenzophenone in 40 mL tetrahydrofuran. After recrystal-

lization from pentane 2.52 g (8.55 mmol, 63 %) of a colorless solid were obtained. 
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1
H-NMR (600 MHz, CDCl3): δ/ppm = 2.77 (s, 1 H, OH), 7.22-7.34 (m, 14 H, Harom.). 

13
C-NMR (150 MHz, CDCl3): δ/ppm = 81.7 (s, 1 C, COH), 127.5 (s, 2 C, CH), 127.8 (s, 4 C, 

CH), 128.0 (s, 2 C, CH), 128.1 (s, 4 C, CH), 129.3 (s, 2 C, CH), 133.1 (s, 1 C, CCl), 145.3 

(s, 1 C, Cquat.), 146.4 (s, 2 C, Cquat.). 

HR-MS (EI, pos.): m/z calculated for [C19H15ClO]+: 294.0806, found: 294.0786. 

Mp: 80-81 °C (Lit.:[4] 85-86 °C). 

 

(4-Fluorophenyl)diphenylmethanol 

According to GP1 from 2.26 g (14.4 mmol) bromobenzene, 350 mg (14.4 mmol) magnesium, 

and 2.88 g (14.4 mmol) 4-fluorobenzophenone. 3.65 g (13.1 mmol, 91 %) of a colorless solid 

were obtained. 

 

1
H-NMR (600 MHz, CDCl3): δ/ppm = 2.79 (1 H, s, OH), 7.00 (2 H, t, JH,H = 8.7 Hz, Harom.), 

7.25-7.35 (12 H, m, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 81.7 (s, 1 C, COH), 114.7 (d, 2 C, 2
JC,F = 21.3 Hz, 

CH), 127.4 (s, 2 C, CH), 127.8 (s, 4 C, CH), 128.0 (s, 4 C, CH), 129.7 (d, 2 C, 3
JC,F = 8.1 

Hz, CH), 142.7 (d, 1 C, 4JC,F = 3.2 Hz, Cquat.), 146.7 (s, 2 C, Cquat.), 161.9 (d, 1 C, 1JC,F = 247 

Hz, CF). 

HR-MS (EI, pos.): m/z calculated for [C19H15OF]+: 278.1101, found: 278.1118. 

Mp: 122-124 °C (Lit.:[5] 121-122 °C). 

 

Bis(4-fluorophenyl)phenylmethanol 

According to GP1 from 5.97 g (34.1 mmol) 4-fluorobromobenzene, 830 mg (34.1 mmol) 

magnesium, and 5.00 g (25.0 mmol) 4-fluorobenzophenone. After recrystallization from 

pentane, 4.16 g (14.0 mmol, 56 %) of a colorless solid were obtained. 

 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.78 (s, 1 H, OH), 6.98-7.25 (m, 4 H, Harom.), 7.22-

7.34 (m, 9 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 81.4 (s, 1 C, COH), 114.9 (d, 4 C, 2
JC,F = 21.3 Hz, 

CH), 127.7 (s, 1 C, CH), 127.8 (s, 2 C, CH), 128.2 (s, 2 C, CH), 129.7 (d, 4 C, 3
JC,F = 8.1 

Hz, CH), 142.6 (d, 2 C, 4JC,F = 3.2 Hz, Cquat.), 146.6 (s, 1 C, Cquat.), 162.1 (d, 2 C, 1JC,F = 247 

Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –115. 

HR-MS (EI, pos.): m/z calculated for [C19H12OF2]
+: 296.1007, found: 296.1016. 
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Mp: 96-97 °C (Lit.:[3] 100 °C). 

 

(4-Methylphenyl)diphenylmethanol 

According to GP 1 from 5.13 g (30.0 mmol) 4-bromotoluene, 750 mg (30.9 mmol) mag-

nesium and 5.45 g (29.9 mmol) benzophenone. 7.11 g (25.9 mmol, 87 %) of a colorless solid 

were obtained after crystallization from pentane. 
 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.38 (s, 3 H, Me), 2.80 (s, 1 H, OH), 7.14-7.20 (m, 4 

H, Harom.), 7.30-7.36 (m, 10 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 21.0 (s, 1 C, Me), 81.9 (s, 1 C, COH), 127.1 (s, 2 C, 

CH), 127.9 (s, 10 C, CH), 128.6 (s, 2 C, CH), 136.9 (s, 1 C, Cquat.), 144.0 (s, 1 C, Cquat.), 

147.0 (s, 2 C, Cquat.). 

Mp: 68-69 °C (Lit.:[6] 75.5-76.4 °C). 

 

Bis(4-methylphenyl)phenylmethanol 

According to GP 1 from 13.7 g (80.1 mmol) 4-bromotoluene, 1.95 g (80.2 mmol) magnesium 

and 6.00 g (40.0 mmol) ethyl benzoate. 7.57 g (26.3 mmol, 66 %) of a colorless solid were 

obtained after crystallization from pentane. 

 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.38 (s, 6 H, Me), 2.77 (s, 1 H, OH), 7.13-7.22 (m, 8 

H, Harom.), 7.32-7.34 (m, 5 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 21.2 (s, 2 C, Me), 81.9 (s, 1 C, COH), 127.2 (s, 1 C, 

CH), 128.0 (s, 8 C, CH), 128.7 (s, 4 C, CH), 137.0 (s, 2 C, Cquat.), 144.3 (s, 2 C, Cquat.), 

147.1 (s, 1 C, Cquat.). 

Mp: 73-74 °C (Lit.:[6] 75.5-76.4 °C). 

 

Tris(4-methylphenyl)methanol 

According to GP 1 from 11.3 g (66.0 mmol) 4-bromotoluene, 1.62 g (66.7 mmol) magnesium 

and 5.39 g (32.8 mmol) ethyl 4-methylbenzoate. 7.22 g (23.9 mmol, 73 %) of a colorless solid 

were obtained after crystallization from diethyl ether/pentane. 

 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.35 (s, 9 H, Me), 2.71 (s, 1 H, OH), 7.10-7.19 (m, 12 

H, Harom.). 
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13
C-NMR (75 MHz, CDCl3): δ/ppm = 21.0 (s, 3 C, Me), 81.6 (s, 1 C, COH), 127.8 (s, 6 C, 

CH), 128.5 (s, 6 C, CH), 136.7 (s, 3 C, Cquat.), 144.3 (s, 3 C, Cquat.). 

Mp: 93-94 °C (Lit.:[7] 94 °C). 

 

(4-Methoxyphenyl)diphenylmethanol 

According to GP 1 from 6.44 g (34.4 mmol) 4-methoxybromobenzene, 850 mg (35.0 mmol) 

magnesium and 6.38 g (35.0 mmol) benzophenone. 7.25 g (25.0 mmol, 73 %) of a colorless 

solid were obtained after crystallization from pentane. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 2.77 (s, 1 H, OH), 3.80 (s, 3 H, Me), 6.83 (d, 3

JH,H = 

8.8 Hz, 2 H, Harom.), 7.18 (d, 3JH,H = 8.8 Hz, 2 H, Harom.), 7.25-7.33 (m, 10 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 55.2 (s, 1 C, Me), 81.7 (s, 1 C, COH), 113.2 (s, 2 C, 

CH), 127.1 (s, 2 C, CH), 127.8 (s, 4 C, CH), 127.9 (s, 4 C, CH), 129.2 (2 C, CH), 139.2 (s, 1 

C, Cquat.), 147.1 (s, 2 C, Cquat.), 158.7 (s, 1 C, COMe). 

Mp: 77-78 °C (Lit.:[8] 58-61 °C). 

 

Bis(4-methoxyphenyl)phenylmethanol 

According to GP 1 from 2.25 g (12.0 mmol) 4-methoxybromobenzene, 300 mg (12.3 mmol) 

magnesium and 2.33 g (11.0 mmol) 4-methoxybenzophenone. 2.82 g (8.80 mmol, 80 %) of a 

colorless solid were obtained after crystallization from pentane. 
 

1
H-NMR (600 MHz, CDCl3): δ/ppm = 2.65 (s, 1 H, OH), 3.71 (s, 6 H, Me), 6.75 (d, 3

JH,H = 

8.5 Hz, 4 H, Harom.), 7.09 (d, 3JH,H = 8.5 Hz, 4 H, Harom.), 7.15-7.25 (m, 5 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 55.2 (s, 2 C, Me), 81.4 (s, 1 C, COH), 113.2 (s, 4 C, 

CH), 127.0 (s, 1 C, CH), 127.7 (s, 2 C, CH), 127.8 (s, 2 C, CH), 129.1 (s, 4 C, CH), 139.4 

(s, 2 C, Cquat.), 147.3 (s, 1 C, Cquat.), 158.6 (s, 2 C, COMe). 

Mp: 75-76 °C (Lit.:[9] 75-77 °C). 

 

Tris(4-methoxyphenyl)methanol 

According to GP 1 from 4.66 g (24.9 mmol) 4-methoxybromobenzene, 615 mg (25.3 mmol) 

magnesium and 2.00 g (12.0 mmol) methyl 4-methoxybenzoate. 2.26 g (6.45 mmol, 54 %) of 

a colorless solid were obtained after crystallization from diethyl ether/pentane. 
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1
H-NMR (600 MHz, CDCl3): δ/ppm = 2.73 (s, 1 H, OH), 3.80 (s, 9 H, Me), 6.83 (d, 3

JH,H = 

8.8 Hz, 6 H, Harom.), 7.17 (d, 3JH,H = 8.8 Hz, 6 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 55.2 (s, 3 C, Me), 81.1 (s, 1 C, COH), 113.1 (s, 6 C, 

CH), 129.0 (s, 6 C, CH), 139.7 (s, 3 C, Cquat.), 158.5 (s, 3 C, COMe). 

Mp: 79-80 °C (Lit.:[10] 80 °C). 

 

(4-Dimethylaminophenyl)diphenylmethanol 

This compound was not isolated, but directly converted to the corresponding tetrafluoroborate 

salt. 

 

(4-Dimethylaminophenyl)(4-methoxyphenyl)phenylmethanol 

According to GP 1 from 2.28 g (12.2 mmol) 4-methoxybromobenzene, 300 mg (12.3 mmol) 

magnesium and 2.22 g (12.2 mmol) benzophenone. 2.50 g (7.50 mmol, 62 %) of a slightly red 

solid were obtained after crystallization from diethyl ether/pentane. 
 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.74 (s, 1 H, OH), 2.97 (s, 6 H, NMe2), 3.82 (s, 3 H, 

OMe), 6.66-6.72 (m, 2 H, Harom.), 6.84-6.87 (m, 2 H, Harom.), 7.09-7.14 (m, 2 H, Harom.), 

7.21-7.35 (m, 7 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 40.5 (s, 2 C, NMe2), 55.2 (s, 1 C, OMe), 81.5 (s, 1 C, 

COH), 111.7 (s, 2 C, CH), 113.0 (s, 2 C, CH), 126.8 (s, 1 C, CH), 127.7 (s, 2 C, CH), 127.8 

(s, 2 C, CH), 128.8 (s, 2 C, CH), 129.1 (s, 2 C, CH), 135.2 (1 C, Cquat.), 139.8 (1 C, Cquat.), 

147.6 (1 C, Cquat.), 149.5 (1 C, CNMe2), 158.5 (1 C, COMe). 

Mp: 91-92 °C (Lit.:[11] 83-85 °C). 

 

Bis(4-dimethylaminophenyl)phenylmethanol 

According to GP 1 from 6.00 g (30.0 mmol) 4-(dimethylamino)bromobenzene, 730 mg (30.0 

mmol) magnesium and 2.25 g (15.0 mmol) ethyl benzoate. 3.52 g (10.2 mmol, 68 %) of a 

slightly green solid were obtained after crystallization from diethyl ether/pentane. 
 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.68 (s, 1 H, OH), 2.96 (s, 12 H, Me), 6.65-6.71 (m, 4 

H, Harom.), 7.15-7.17 (m, 4 H, Harom.), 7.24-7.37 (m, 5 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 40.5 (s, 4 C, Me), 81.5 (s, 1 C, COH), 111.7 (s, 4 C, 

CH), 126.6 (s, 1 C, CH), 127.6 (s, 2 C, CH), 127.8 (s, 2 C, CH), 128.8 (s, 4 C, CH), 135.6 

(s, 2 C, Cquat.), 147.9 (s, 1 C, Cquat.), 149.5 (s, 2 C, CNMe2). 
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Mp: 108-109 °C (Lit.:[12] 109-110 °C). 

 

Preparation of 3,3'-difluorobenzophenone 

1.78 g (14 mmol) of oxalyl chloride were cooled to –70 °C in 30 mL dichloromethane. Gas 

started to evolve upun the addition of 2.19 g (28 mmol) of DMSO. 3.0 g (14 mmol) bis(3-

fluorophenyl)methanol were added dropwise during 10 min, and the solution was stirred for 

15 min. After addition of 2.19 g (28 mmol) triethylamine, the mixture was stirred for further 5 

min before warming to room temperature. Water was added, the phases separated and the 

organic phase washed with water before it was dried. Evaporation of the solvent yielded 

2.64 g (12.1 mmol, 89 %) of a slightly yellow solid. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.31 (tdd, 2 H, J = 8.2 Hz, J = 2.6 Hz, J = 1.1 Hz, 

Harom.), 7.43-7.58 (m, 6 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 116. 8 (d, 2 C, 2
JC,F = 22.6 Hz, CH), 119.9 (d, 2 C, 

2
JC,F = 21.4 Hz, CH), 125.9 (d, 2 C, 4

JC,F = 3.1 Hz, CH), 130.2 (d, 2 C, 3
JC,F = 7.7 Hz, CH), 

139.2 (d, 2 C, 3JC,F = 6.5 Hz, Cquat.), 162.6 (d, 2 C, 1JC,F = 249 Hz, CF), 193.9 (s, 1 C, C=O). 

HR-MS (EI, pos.): m/z calculated for [C13H8F2O]+: 218.0538, found: 218.0538. 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –112. 

Mp: 58-60 °C (Lit.:[13] 58.5-59.0 °C). 

 

2.2. Preparation of tritylium tetrafluoroborates 

 

General procedure 2 (GP2):[14] 

The corresponding triarylmethanol was dissolved in acetic anhydride or diethyl ether, and the 

solution stirred vigorously at 0 °C. A solution of tetrafluoroboric acid in water or diethyl ether 

(50-54 wt%) was added dropwise. After the mixture was stirred for 5 min, the solvent was 

removed under reduced pressure. The residue was washed with diethyl ether, and the colored 

product dried in vacuo. 

 

Bis(4-fluorophenyl)phenylmethylium tetrafluoroborate 

218 mg (0.736 mmol) of bis(4-fluorophenyl)phenylmethanol were dissolved in 5 mL diethyl 

ether and the solution cooled to 0 °C. 0.5 mL (3.1 mmol) of an ethereal solution (54 % w/v) of 

tetrafluoroboric acid were added dropwise. After completion, the yellow precipitate was 
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filtered off, washed with diethyl ether, and dried in vacuum. 100 mg (0.273 mmol, 37 %) of a 

yellow solid were obtained. The product was not stable and decomposed within several days. 

 

HR-MS (ESI, pos.): m/z calculated for [C19H13F2]
+: 279.0980, found: 279.0979. 

Mp: 120 °C. 

 

(4-Fluorophenyl)diphenylmethylium tetrafluoroborate 

According to GP 2 from 3.3 g (12 mmol) of (4-fluorophenyl)diphenylmethanol, 20 mL of 

diethyl ether and 3.0 mL (18 mmol) of an ethereal solution (54 % w/v) of tetrafluoroboric 

acid. 3.0 g (8.6 mmol, 72 %) of a yellow solid were obtained. 

 
1
H-NMR (400 MHz, CD2Cl2): δ/ppm = 7.60 (t, 2 H, J = 8.5 Hz, Harom.), 7.67 (d, 4 H, JH,H = 

7.5 Hz, Harom.), 7.78-7.82 (m, 2 H, Harom.), 7.89 (t, 4 H, JH,H = 7.5 Hz, Harom.), 8.25 (t, 2 H, J 

= 7.5 Hz, Harom.). 
13

C-NMR (100 MHz, CD2Cl2): δ/ppm = 118.9 (d, 2 C, 2
JC,F = 22.5 Hz, CH), 130.5 (s, 4 C, 

CH), 136.4 (s, 1 C, Cquat.), 139.8 (s, 2 C, Cquat.), 142.3 (s, 4 C, CH), 143.1 (s, 2 C, CH), 

146.4. (d, 2 C, 3JC,F = 12.7 Hz, CH), 172.9 (d, 1 C, 1JC,F = 227 Hz, CF), 208.2 (s, 1 C, C+). 
19

F-NMR (376 MHz, CD2Cl2): δ/ppm = –83, 152. 

HR-MS (ESI, pos.): m/z calculated for [C19H14F]+: 261.1074, found: 261.1074. 

 

(4-Methylphenyl)diphenylmethylium tetrafluoroborate 

According to GP 2 from 1.85 g (6.73 mmol) of (4-methyl-phenyl)diphenylmethanol, 12 mL 

of acetic anhydride and 1.5 mL of an aqueous solution of tetrafluoroboric acid (50 wt%, 12 

mmol). 1.57 g (4.56 mmol, 68 %) of a green solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.70 (s, 3 H, Me), 7.60-7.65 (m, 6 H, Harom.), 7.72 (d, 

3
JH,H = 6.7 Hz, 2 H, Harom.), 7.84 (t, 3

JH,H = 7.8 Hz, 4 H, Harom.), 8.16 (t, 3
JH,H = 7.5 Hz, 2 H, 

Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 23.4 (s, 1 C, Me), 130.3 (s, 4 C, CH), 132.1 (s, 2 C, 

CH), 137.8 (s, 1 C, Cquat.), 139.6 (s, 2 C, Cquat.), 141.6 (s, 4 C, CH), 142.0 (s, 2 C, CH), 

143.5 (s, 2 C, CH), 159.7 (s, 1 C, Cquat.), 208.0 (s, 1 C, C+). 

HR-MS (ESI, pos.): m/z calculated for [C20H17]
+: 257.1325, found: 257.1325. 

Mp: 163-168 °C (decomposition). 
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Bis(4-methylphenyl)phenylmethylium tetrafluoroborate 

According to GP 2 from 2.50 g (8.67 mmol) of bis(4-methylphenyl)phenylmethanol, 10 mL 

of diethyl ether and 1.28 mL of an ethereal solution of tetrafluoroboric acid (50 wt%, 8.67 

mmol). 2.26 g (6.31 mmol, 73 %) of a green solid were obtained. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 2.68 (s, 6 H, Me), 7.57 (d, 3JH,H = 8.1 Hz, 4 H, Harom.), 

7.59 (dd, 3
JH,H = 8.3 Hz, 4

JH,H = 1.2 Hz, 2 H, Harom.), 7.68 (d, 3
JH,H = 8.1 Hz, 4 H, Harom.), 

7.81 (dd, , 3J1, H,H = 8.3 Hz, 3
J2, H,H = 7.5 Hz, 2 H, Harom.), 8.12 (tt, 3JH,H = 7.6 Hz, 4JH,H = 1.2 

Hz, 1 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 23.2 (s, 2 C, Me), 130.1 (s, 2 C, CH), 131.7 (s, 4 C, 

CH), 137.5 (s, 2 C, Cquat.), 139.5 (s, 1 C, Cquat.), 140.9 (s, 2 C, CH), 141.0 (s, 1 C, CH), 

142.5 (s, 4 C, CH), 157.8 (s, 2 C, Cquat.), 205.9 (s, 1 C, C+). 

MS (EI): m/z (%) = 271 (28, [M–BF4]
+), 211 (79), 197 (59), 119 (100). 

Mp: 137-138 °C. 

 

Tris(4-methylphenyl)methylium tetrafluoroborate 

According to GP 2 from 2.50 g (8.27 mmol) of tris(4-methylphenyl)methanol, 10 mL diethyl 

ether and 1.29 mL of an ethereal solution of tetrafluoroboric acid (50 wt%, 8.74 mmol). 2.15 

g (5.78 mmol, 70 %) of a green solid were obtained. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 2.67 (s, 9 H, Me), 7.53 (d, 3JH,H = 8.1 Hz, 6 H, Harom.), 

7.65 (d, 3JH,H = 8.1 Hz, 6 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 23.0 (s, 3 C, Me), 131.4 (s, 6 C, CH), 137.3 (s, 3 C, 

Cquat.), 141.7 (6 C, CH), 156.4 (3 C, Cquat.), 204.2 (1 C, C+). 

MS (EI): m/z (%) = 285 (81, [M–BF4]
+), 225 (68), 211 (57), 119 (100). 

Mp: 167-168 °C. 

 

Tris(3,5-di-tert-butylphenyl)methylium tetrafluoroborate 

According to GP 2 from 2.60 g (4.36 mmol) tris(3,5-di-tert-butylphenyl)methanol, 10 mL 

diethyl ether and 1.50 mL of an ethereal solution of tetrafluoroboric acid (50 wt%, 10.9 

mmol). 2.51 g (2.76 mmol, 86 %) of an orange solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 1.40 (s, 54 H, Me), 7.40 (d, 6 H, 4

JH,H = 1.83 Hz, 

Harom.), 8.27 (t, 3 H, 4JH,H = 1.83 Hz, Harom.). 
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13
C-NMR (75 MHz, CDCl3): δ/ppm = 31.2 (s, 18 C, Me), 35.4 (s, 6 C, CMe3), 137.4 (s, 6 C, 

CH), 138.0 (s, 3 C, CH), 140.9 (s, 3 C, Cquat.), 153.1 (s, 6 C, Cquat.). 

HR-MS (EI, pos.): m/z calculated for [C43H63]
+: 579.4924, found: 579.4926. 

Mp: 247-248 °C. 

 

(4-Methoxyphenyl)diphenylmethylium tetrafluoroborate 

According to GP 2 from 7.25 g (25.0 mmol) (4-methoxyphenyl)diphenylmethanol, 20 mL 

acetic anhydride and 4.7 mL of an aqueous solution of tetrafluoroboric acid (50 wt%, 38 

mmol). 7.74 g (21.5 mmol, 86 %) of a red solid were obtained. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 4.31 (s, 3 H, Me), 7.51-7.54 (m, 6 H, Harom.), 7.75 (t, 

3
JH,H = 7.9 Hz, 4 H, Harom.), 7.85 (d, 3JH,H = 9.2 Hz, 2 H, Harom.), 8.00 (t, 3

JH,H = 7.5 Hz, 2 H, 

Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 58.9 (s, 1 C, Me), 119.3 (s, 2 C, CH), 129.7 (s, 4 C, 

CH), 133.4 (s, 1 C, Cquat.), 138.6 (s, 2 C, CH), 138.9 (s, 4 C, CH), 139.2 (s, 2 C, Cquat.), 

147.9 (s, 2 C, CH), 177.0 (s, 1 C, COMe), 198.2 (s, 1 C, C+). 

HR-MS (ESI, pos.): m/z calculated for [C20H17O]+: 273.1274, found: 273.1268. 

Elemental analysis: calculated (%): C 66.70, H 4.76, found (%): C 66.43, H 4.69. 

Mp: 194-195 °C (Lit.:[15] 188-190 °C). 

 

Bis(4-methoxyphenyl)phenylmethylium tetrafluoroborate 

According to GP 2 from 800 mg (2.50 mmol) bis(4-methoxyphenyl)phenylmethanol, 6 mL of 

acetic anhydride and 0.43 mL of an aqueous solution of tetrafluoroboric acid (50 wt%, 3.5 

mmol). 830 mg (2.13 mmol, 85 %) of a red solid were obtained. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 4.15 (s, 6 H, Me), 7.36 (d, 3JH,H = 8.9 Hz, 4 H, Harom.), 

7.46 (d, 3
JH,H = 8.4 Hz, 2 H, Harom.), 7.65 (d, 3

JH,H = 8.7 Hz, 4 H, Harom.), 7.70 (t, 3
JH,H = 7.9 

Hz, 2 H, Harom.), 7.93 (t, 3JH,H = 7.5 Hz, 1 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 57.6 (s, 2 C, Me), 117.5 (s, 4 C, CH), 129.4 (s, 2 C, 

CH), 132.4 (s, 2 C, Cquat.), 137.3 (s, 1 C, CH), 137.8 (s, 2 C, CH), 139.1 (s, 1 C, Cquat.), 

144.6 (s, 4 C, CH), 172.5 (s, 2 C, COMe), 194.4 (s, 1 C, C+). 

HR-MS (ESI, pos.): m/z calculated for [C21H20O2]
+: 303.1380, found: 303.1370. 

Mp: 191-193 °C (Lit.:[16] 193-196 °C). 
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Tris(4-methoxyphenyl)methylium tetrafluoroborate 

According to GP 2 from 1.33 g (3.80 mmol) of tris(4-methoxyphenyl)methanol, 15 mL of 

diethyl ether and 0.70 mL of an aqueous solution of tetrafluoroboric acid (50 wt%, 4.74 

mmol). 1.54 g (3.66 mmol, 96 %) of a red solid were obtained. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 4.11 (s, 9 H, Me), 7.30 (d, 3JH,H = 8.4 Hz, 6 H, Harom.), 

7.57 (d, 3JH,H = 8.4 Hz, 6 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 57.1 (s, 3 C, Me), 116.6 (s, 6 C, CH), 131.9 (s, 3 C, 

Cquat.), 142.8 (s, 6 C, CH), 170.4 (s, 3 C, COMe), 192.0 (s, 1 C, C+). 

HR-MS (ESI, pos.): m/z calculated for [C22H21O3]
+: 333.1485, found: 333.1479. 

Mp: 188-189 °C (Lit.:[16] 176-178 °C). 

 

(4-Dimethylaminophenyl)diphenylmethylium tetrafluoroborate 

According to GP 2 from (4-dimethylaminophenyl)di-phenylmethanol as a crude oil, 8 mL of 

acetic anhydride and 1.70 mL of an aqueous solution of tetrafluoroboric acid (50 wt%, 13.6 

mmol). 2.07 g (5.55 mmol) of a violet solid were obtained. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 3.63 (s, 6 H, Me), 7.21 (d, 3JH,H = 9.9 Hz, 2 H, Harom.), 

7.30 (d, 3
JH,H = 7.1 Hz, 4 H, Harom.), 7.53 (t, 3

JH,H = 7.8 Hz, 4 H, Harom.), 7.60 (d, 3
JH,H = 9.9 

Hz, 2 H, Harom.), 7.66 (t, 3JH,H = 7.5 Hz, 2 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 42.7 (s, 2 C, Me), 118.0 (s, 2 C, CH), 128.8 (s, 4 C, 

CH), 130.1 (s, 1 C, Cquat.), 133.2 (s, 2 C, CH), 134.3 (s, 4 C, CH), 139.1 (s, 2 C, Cquat.), 

143.3 (s, 2 C, CH), 160.5 (s, 1 C, CNMe2), 175.7 (s, 1 C, C+). 

HR-MS (ESI, pos.): m/z calculated for [C21H20N]+: 286.1590, found: 286.1584. 

Mp: 180-181 °C (decomposition). 

 

(4-Dimethylaminophenyl)(4-methoxyphenyl)phenylmethylium tetrafluoroborate 

According to GP 2 from 2.30 g (6.90 mmol) of (4-dimethylaminophenyl)(4-methoxyphenyl)-

phenylmethanol, 5 mL of acetic anhydride and 1.00 mL of an aqueous solution of tetrafluoro-

boric acid (50 wt%, 8.03 mmol). 2.26 g (5.60 mmol, 81 %) of a red solid were obtained. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 3.54 (br s, 6 H, NMe2), 3.94 (s, 3 H, OMe), 7.06 (d, 

3
JH,H = 8.9 Hz, 2 H, Harom.), 7.10 (dd, 3

JH,H = 9.7 Hz, 4
JH,H = 2.5 Hz, 1 H, Harom.), 7.19 (dd, 

3
JH,H = 9.7 Hz, 4

JH,H = 2.5 Hz, 1 H, Harom.), 7.28-7.30 (m, 4 H, Harom.), 7.45 (dd, 3
JH,H = 9.7 
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Hz, 4JH,H = 2.1 Hz, 1 H, Harom.), 7.53 (t, 3JH,H = 7.8 Hz, 2 H, Harom.), 7.62 (dd, 3JH,H = 9.7 Hz, 
4
JH,H = 2.1 Hz, 1 H, Harom.), 7.67 (t, 3JH,H = 7.5 Hz, 1 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 42.1 (s, 2 C, NMe2), 56.0 (s, 1 C, OMe), 114.8 (s, 2 C, 

CH), 116.7 (s, 1 C, CH), 117.1 (s, 1 C, CH), 128.7 (s, 2 C, CH), 129.2 (s, 1 C, Cquat.), 131.5 

(s, 1 C, Cquat.), 133.4 (s, 1 C, CH), 134.6 (s, 2 C, CH), 137.8 (s, 2 C, CH), 139.1 (s, 1 C, 

Cquat.), 143.1 (s, 1 C, CH), 143.2 (s, 1 C, CH),  159.8 (s, 1 C, CNMe2), 165.2 (s, 1 C, 

COMe), 176.9 (s, 1 C, C+). 

HR-MS (ESI, pos.): m/z calculated for [C22H22NO]+: 316.1696, found: 316.1695. 

Mp: 84-88 °C. 

 

Bis(4-dimethylaminophenyl)phenylmethylium tetrafluoroborate 

According to GP 2 from 1.70 g (4.91 mmol) of bis(4-dimethylaminophenyl)phenylmethanol, 

10 mL of acetic anhydride and 0.8 mL of an aqueous solution of tetrafluoroboric acid (50 

wt%, 6.42 mmol). 1.91 g (4.59 mmol, 94 %) of a deep red solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 3.37 (s, 12 H, Me), 7.02 (d, 3

JH,H = 9.2 Hz, 4 H, 

Harom.), 7.31 (d, 3JH,H = 7.8 Hz, 2 H, Harom.), 7.39 (d, 3JH,H = 9.1 Hz, 4 H, Harom.), 7.53 (t, 3JH,H 

= 7.6 Hz, 2 H, Harom.), 7.67 (t, 3JH,H = 7.4 Hz, 1 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 41.5 (s, 4 C, Me), 114.6 (s, 4 C, CH), 128.5 (s, 2 C, 

Cquat.), 128.6 (s, 2 C, CH), 133.1 (s, 1 C, CH), 134.6 (s, 2 C, CH), 139.3 (s, 1 C, Cquat.), 

140.7 (s, 4 C, CH), 156.4 (s, 2 C, CNMe2), 176.7 (s, 1 C, C+). 

HR-MS (ESI, pos.): m/z calculated for [C23H25N2]
+: 329.2012, found: 329.2011. 

Mp: 117-120 °C (decomposition). 

 

2.3. Preparation of triarylmethyl esters 

 

General procedure 3 (GP3): 

The corresponding triarylmethyl halide was dissolved in dry acetone, and an excess of the 

sodium carboxylate added. The mixture was refluxed for 6 hours and stirred for 6 hours at 

room temperature. After filtration through celite and washing with acetone, the solvent was 

evaporated. 
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Bis(3-fluorophenyl)phenylmethyl acetate 

According to GP3 from 800 mg (2.23 mmol) bromobis(3-fluorophenyl)phenylmethane and 

548 mg (6.68 mmol) sodium acetate. The resulting yellow oil crystallized upon the addition of 

pentane. 200 mg (0.591 mmol, 26 %) of a slightly brown solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.21 (s, 3 H, CH3), 6.99 (tdd, 2 H, J = 8.2 Hz, J = 2.51 

Hz, J = 1.0 Hz, Harom.), 7.05-7.18 (m, 4 H, Harom.), 7.26-7.40 (m, 7 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 22.4 (s, 1 C, CH3), 88.6 (t, 1 C, 4
JC,F = 1.8 Hz, Ar3C), 

114.4 (d, 2 C, 2JC,F = 21.1 Hz, CH), 115.4 (d, 2 C, 2
JC,F = 23.5 Hz, CH), 123.9 (d, 2 C, 4JC,F 

= 2.9 Hz, CH), 127.8 (s, 1 C, CH), 128.0 (s, 2 C, CH), 128.3 (s, 2 C, CH), 129.3 (d, 2 C, 
3
JC,F = 8.2 Hz, CH), 142.1 (s, 1 C, Cquat.), 145.5 (d, 2 C, 3JC,F = 7.0 Hz, Cquat.), 162.3 (d, 2 C, 

1
JC,F = 245 Hz, CF), 168.5 (s, 1 C, C=O). 

19
F-NMR (282 MHz, CDCl3): δ/ppm = –113. 

HR-MS (EI, pos.): m/z calculated for [C21H16F2O2]
+: 338.1113, found: 338.1119. 

Elemental analysis: calculated (%): C 74.55, H 4.77; found (%): C 74.06, H 4.93. 

Mp: 67-68 °C. 

 

(3-Fluorophenyl)diphenylmethyl acetate 

According to GP3 from 800 mg (2.70 mmol) chloro(3-fluorophenyl)diphenylmethane and 

664 mg (8.09 mmol) sodium acetate. 849 mg (2.65 mmol, 98 %) of a colorless solid were ob-

tained after crystallization at 4 °C. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.22 (s, 3 H, CH3), 6.99 (tdd, 1 H, J = 8.2 Hz, J = 2.5 

Hz, J = 1.1 Hz, Harom.), 7.10-7.20 (m, 2 H, Harom.), 7.28-7.45 (m, 11 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 22.5 (s, 1 C, CH3), 89.3 (d, 1 C, 4
JC,F = 1.9 Hz, Ar3C), 

114.2 (d, 1 C, 2
JC,F = 21.1 Hz, CH), 115.5 (d, 1 C, 2

JC,F = 23.4 Hz, CH), 124.0 (d, 1 C, 4
JC,F 

= 2.9 Hz, CH), 127.6 (s, 2 C, CH), 127.9 (s, 4 C, CH), 128.4 (s, 4 C, CH), 129.2 (d, 1 C, 
3
JC,F = 8.2 Hz, CH), 142.8 (s, 2 C, Cquat.), 146.2 (d, 1 C, 3JC,F = 6.9 Hz, Cquat.), 162.4 (d, 1 C, 

1
JC,F = 245 Hz, CF), 168.7 (s, 1 C, C=O). 

19
F-NMR (282 MHz, CDCl3): δ/ppm = –113. 

Elemental analysis: calculated (%): C 78.73, H 5.35; found (%): C 77.63, H 5.29. 

Mp: 62-63 °C. 
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Triphenylmethyl acetate 

According to GP3 from 1.58 g (5.67 mmol) triphenylmethyl chloride and 465 mg (5.67 

mmol) sodium acetate in 20 mL acetone. After recrystallization from pentane 1.23 g (4.07 

mmol, 72 %) of a colorless solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.09 (s, 3 H, Me), 7.11-7.32 (m, 15 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 22.5 (s, 1 C, Me), 89.8 (s, 1 C, Ph3C), 127.2 (s, 3 C, 

CH), 127.7 (s, 6 C, CH), 128.3 (s, 6 C, CH), 143.3 (s, 3 C, Cquat.), 168.7 (s, 1 C, C=O). 

MS (EI, pos.): m/z (%) = 302 (6, [M]+), 260 (53), 259 (100), 243 (83). 

HR-MS (ESI, pos.): m/z calculated for [C21H18O2]
+: 302.1301, found: 302.1298. 

Elemental analysis: calculated (%): C 83.42, H 6.00, found (%): C 83.43, H 5.90. 

Mp: 82-83 °C (Lit.:[17] 83 °C). 

 

Triphenylmethyl benzoate 

According to GP3 from 1.00 g (3.59 mmol) triphenylmethyl chloride and 520 g (3.61 mmol) 

sodium benzoate in 20 mL acetone. 1.17 g (3.21 mmol, 89 %) of a colorless solid were 

obtained. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 7.18 (t, 3

JH,H = 7.3 Hz, 3 H, Harom.), 7.24 (t, 3
JH,H = 7.5 

Hz, 6 H, Harom.), 7.35-7.40 (m, 8 H, Harom.), 7.49 (t, 3JH,H = 7.4 Hz, 1 H, Harom.), 8.05 (d, 3JH,H 

= 7.2 Hz, 2 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 90.5 (s, 1 C, Ph3C), 127.3 (s, 3 C, CH), 127.8 (s, 6 C, 

CH), 128.4 (2 s, 8 C, CH), 129.8 (s, 2 C, CH), 131.3 (s, 1 C, Cquart.), 133.0 (s, 1 C, CH), 

143.4 (s, 3 C, Cquart.), 164.4 (s, 1 C, C=O). 

HR-MS (ESI, pos.): m/z calculated for [C26H20O2]
+: 364.1458, found: 364.1478. 

Elemental analysis: calculated (%): C 85.69, H 5.53, found (%): C 85.39, H 5.48. 

Mp: 168-169 °C (Lit.:[18] 168-169 °C). 

 

Triphenylmethyl p-nitrobenzoate 

 According to GP3 from 1.50 g (5.38 mmol) triphenylmethyl chloride and 1.02 g (5.39 mmol) 

sodium p-nitrobenzoate in 20 mL acetone. 1.21 g (2.96 mmol, 55 %) of a colorless solid were 

obtained. 
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1
H-NMR (400 MHz, acetone-d6): δ/ppm = 7.28-7.39 (m, 9 H, Harom.), 7.48-7.56 (m, 6 H, 

Harom.), 8.34-8.40 (m, 4 H, Harom.). 
13

C-NMR (100 MHz, acetone-d6): δ/ppm = 91.5 (s, 1 C, Ph3C), 124.0 (s, 2 C, CH), 127.7 (s, 3 

C, CH), 128.1 (s, 6 C, CH), 128.5 (s, 6 C, CH), 131.1 (s, 2 C, CH), 136.8 (s, 1 C, Cquat.), 

143.3 (s, 3 C, Cquat.), 151.0 (s, 1 C, CNO2), 162.6 (s, 1 C, C=O). 

HR-MS (ESI, pos.): m/z calculated for [C19H19]
+: 243.1168, found: 243.1163. 

Mp: 177-180 °C. 

 

(4-Chlorophenyl)diphenylmethyl benzoate 

According to GP3 from 588 mg (1.88 mmol) chloro(4-chlorophenyl)diphenylmethane and 

2.20 g (15.3 mmol) sodium benzoate in 30 mL acetone. After recrystallization from pentane 

497 mg (1.25 mmol, 66 %) of a colorless solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.25-7.55 (m, 16 H, Harom.), 7.58-7.66 (m, 1 H, Harom.), 

8.12-8.17 (m, 2 H, Harom.).  
13

C-NMR (75 MHz, CDCl3): δ/ppm = 90.1 (s, 1 C, Ar3C), 127.7 (s, 2 C, CH), 128.1 (s, 4 C, 

CH), 128.2 (s, 2 C, CH), 128.3 (s, 4 C, CH), 128.6 (s, 2 C, CH), 129.9 (s, 2 C, CH), 130.2 

(s, 2 C, CH), 131.2 (s, 1 C, CCl), 133.3 (s, 1 C, CH), 133.5 (s, 1 C, Cquat.), 142.1 (s, 1 C, 

Cquat.), 143.2 (s, 2 C, Cquat.), 164.6 (s, 1 C, C=O). 

MS (EI, pos.): m/z (%) = 398 (1, [M]+), 293 (34), 277 (84), 105 (100). 

HR-MS (EI, pos.): m/z calculated for [C26H19
35ClO2]

+: 398.1068, found: 398.1080. 

Elemental analysis: calculated (%): C 78.29, H 4.80; found (%): C 79.17, H 4.81. 

Mp: 102-103 °C. 

 

(4-Chlorophenyl)diphenylmethyl p-nitrobenzoate 

According to GP3 from 527 mg (1.68 mmol) chloro(4-chlorophenyl)diphenylmethane, 2.00 g 

(10.6 mmol) sodium p-nitrobenzoate and 20 mL dry acetone. 535 mg (1.21 mmol, 72 %) of a 

colorless solid were obtained. 

 
1
H-NMR (400 MHz, acetone-d6): δ/ppm = 7.30-7.32 (m, 2 H, Harom.), 7.36-7.42 (m, 6 H, 

Harom.), 7.50-7.55 (m, 6 H, Harom.), 8.35-8.40 (m, 4 H, Harom.). 
13

C-NMR (100 MHz, acetone-d6): δ/ppm = 91.6 (s, 1 C, Ar3C), 124.6 (s, 2 C, CH), 128.5 (s, 2 

C, CH), 128.8 (s, 2 C, CH), 128.9 (s, 4 C, CH), 129.0 (s, 4 C, CH), 131.2 (s, 2 C, CH), 



188  Experimental Part 

131.8 (s, 2 C, CH), 133.9 (s, 1 C, CCl), 137.2 (s, 1 C, Cquat.), 142.9 (s, 1 C, Cquat.), 143.6 (s, 

2 C, Cquat.), 151.7 (s, 1 C, CNO2), 163.3 (s, 1 C, C=O). 

MS (EI, pos.): m/z (%) = 443 (<1, [M]+), 277 (63), 242 (53), 217 (67), 165 (89), 105 (100). 

HR-MS (EI, pos.): m/z calculated for [C26H18
35ClNO4]

+: 443.0919, found: 443.0924. 

Mp: 120-122 °C. 

 

Preparation of sodium p-nitrobenzoate 

463 mg (11.6 mmol) of NaOH were mixed with 1.94 g (11.6 mmol) p-nitrobenzoic acid in 20 

mL acetone and the solution stirred overnight at room temperature. The precipitate was 

filtered off and washed with acetone. The solvent was evaporated and 2.12 g (11.2 mmol, 97 

%) of a colorless solid were obtained. 

 
1
H-NMR (200 MHz, CD3OD): δ/ppm = 8.05-8.25 (m, 4 H, Harom.). 

Elemental analysis: calculated (%): C 44.46, H 2.13, N 7.41, found (%): C 44.42, H 1.94, N 

7.28 

 

2.4. Preparation of triarylmethyl halides 

 

General procedure 4 (GP4): 

The triarylmethanol was mixed with an excess of acetyl bromide, thionyl chloride or acetyl 

chloride, respectively. The mixture was refluxed for 3 hours after which the liquid parts of the 

mixture were removed in vacuum. The remaining solid was washed with hexane and in some 

cases recrystallized to yield the desired product. 

 

Bromotris(3,5-difluorophenyl)methane 

The carbinol was prepared by a Grignard reaction from 6.29 g (32.6 mmol) 3,5-difluoro-

bromobenzene, 809 mg (33.3 mmol) magnesium and 1.30 g (11.0 mmol) diethyl carbonate. 

The resulting crude product (yellow oil) was treated with 4.8 mL (65 mmol) acetyl bromide. 

After refluxing for 3 hours, and stirring overnight at room temperature, the acetyl bromide 

was removed in high vacuum, and the solid residue was washed with hexane. 835 mg (1.94 

mmol, 18 %) of a slightly brown solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 6.76-6.87 (m, 9 H, Harom.). 
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13
C-NMR (75 MHz, CDCl3): δ/ppm = 71.2-71.4 (m, 1 C, CBr), 104.4 (t, 3 C, 2JC,F = 25.3 Hz, 

CH), 113.3-113.8 (m, 6 C, CH), 147.2 (t, 3 C, 3
JC,F = 8.7 Hz, Cquat.), 162.4 (dd, 6 C, 1

JC,F = 

250 Hz, 3JC,F = 12.8 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –109. 

Elemental analysis: calculated (%): C 52.93, H 2.10; found (%): C 52.49, H 1.99. 

Mp: 104-105 °C. 

 

Bromo(3,5-difluorophenyl)bis(3-fluorophenyl)methane 

According to GP4 from 1.17 g (3.52 mmol) (3,5-difluorophenyl)bis(3-fluorophenyl)methanol 

and 1.8 mL (24 mmol) acetyl bromide. 344 mg (0.870 mmol, 25 %) of a slightly brown solid 

were obtained without recrystallization. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 6.80-6.90 (m, 3 H, Harom.), 7.00-7.10 (m, 6 H, Harom.), 

7.28-7.36 (m, 2 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 73.3 (m, 1 C, CBr), 103.8 (t, 1 C, 2JC,F = 25.3 Hz, CH), 

113.5-113.9 (m, 2 C, CH), 115.5 (d, 2 C, 2
JC,F = 25.3 Hz, CH), 117.5 (d, 2 C, 2

JC,F = 23.9 

Hz, CH), 125.8 (d, 2 C, 4
JC,F = 3.0 Hz, CH), 129.5 (d, 2 C, 3

JC,F = 8.3 Hz, CH), 146.4 (d, 2 

C, 3
JC,F = 7.0 Hz, Cquat.), 148.4 (t, 1 C, 3

JC,F = 8.7 Hz, Cquat.), 162.1 (d, 2 C, 1
JC,F = 247 Hz, 

CF), 162.2 (dd, 2 C, 1JC,F = 249 Hz, 3JC,F = 12.8 Hz, CF). 

Elemental analysis: calculated (%): C 57.75, H 2.81; found (%): C 57.33, H 2.39. 

Mp: 70-72 °C. 

 

Chlorobis(3,5-difluorophenyl)phenylmethane 

The carbinol was prepared by a Grignard reaction from 5.48 g (28.4 mmol) 3,5-difluoro-

bromobenzene, 700 mg (28.8 mmol) magnesium and 2.11 g (14.1 mmol) ethyl benzoate. The 

resulting crude product (yellow oil) was treated with 3.2 g (41 mmol) acetyl chloride. After 

refluxing for 2 hours, the acetyl chloride was removed in high vacuum, and the solid residue 

was washed with hexane. 1.07 g (3.05 mmol, 22 %) of a slightly brown solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 6.72-6.84 (m, 6 H, Harom.), 7.18-7.24 (m, 2 H, Harom.), 

7.32-7.40 (m, 3 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 78.2 (m, 1 C, CCl), 103.9 (t, 2 C, 2JC,F = 25.3 Hz, CH), 

112.6-113.1 (m, 4 C, CH), 128.3 (s, 2 C, CH), 128.7 (s, 1 C, CH), 129.1 (s, 2 C, CH), 142.9 
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(s, 1 C, Cquat.), 148.0 (t, 2 C, 3
JC,F = 8.7 Hz, Cquat.), 162.4 (dd, 4 C, 1

JC,F = 248 Hz, 2
JC,F = 

12.7 Hz, CF). 

HR-MS (EI, pos.): m/z calculated for [C19H11
35ClF4]

+: 350.0480, found: 350.0464. 

Elemental analysis: calculated (%): C 65.06, H 3.16; found (%): C 65.04, H 3.11. 

Mp: 64-65 °C. 

 

Bromobis(3,5-difluorophenyl)phenylmethane 

6.6 g (20 mmol) of the corresponding alcohol were refluxed for 3 hours with 10 mL (135 

mmol) of acetyl bromide. After cooling to room temperature, all volatile compounds were 

removed in high vacuum. 4.9 g (12 mmol, 60 %) of a brown oil remained, which was not 

further purified. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 6.80-6.90 (m, 6 H, Harom.), 7.25-7.30 (m, 2 H, Harom.), 

7.33-7.40 (m, 3 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 73.8 (quint, 1 C, 4
JC,F = 2.15 Hz, CBr), 104.0 (t, 2 C, 

2
JC,F = 25.3 Hz, CH), 113.6-114.2 (m, 4 C, CH), 128.3 (s, 2 C, CH), 128.8 (s, 1 C, CH), 

130.1 (s, 2 C, CH), 143.5 (s, 1 C, Cquat.), 148.6 (t, 2 C, 3
JC,F = 8.73 Hz, Cquat.), 162.4 (dd, 4 

C, 1JC,F = 249 Hz, 3JC,F = 12.8 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –109. 

 

Bromotris(3-fluorophenyl)methane 

According to GP4 from 1.85 g (5.89 mmol) tris(3-fluorophenyl)methanol and 3.1 mL (42 

mmol) acetyl bromide. 405 mg (1.07 mmol, 18 %) of a slightly brown solid were obtained 

without recrystallization. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.00-7.08 (m, 9 H, Harom.), 7.28-7.35 (m, 3 H, Harom.).  

13
C-NMR (75 MHz, CDCl3): δ/ppm = 74.4 (q, 1 C, 4JC,F = 1.97 Hz, CBr), 115.3 (d, 3 C, 2JC,F 

= 21.2 Hz, CH), 117.7 (d, 3 C, 2
JC,F = 23.9 Hz, CH), 126.0 (d, 3 C, 4

JC,F = 2.95 Hz, CH), 

129.3 (d, 3 C, 3JC,F = 8.25 Hz, CH), 147.1 (d, 3 C, 3JC,F = 7.00 Hz, Cquat.), 162.1 (d, 3 C, 1JC,F 

= 247 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –113. 

Elemental analysis: calculated (%): C 60.50, H 3.21; found (%): C 60.40, H 2.87. 

Mp: 75.6-80.1 °C. 
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Chlorotris(3-fluorophenyl)methane 

According to GP4 from 1.61 g (5.12 mmol) tris(3-fluorophenyl)methanol and 5.0 mL (70 

mmol) acetyl chloride. After recrystallization from hexane, 1.08 g (3.25 mmol, 63 %) of a 

colorless solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 6.94-7.36 (m, 12 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 78.5 (s, 1 C, CCl), 115.3 (d, 3 C, 2JC,F = 21.2 Hz, CH), 

116.8 (d, 3 C, 2JC,F = 23.8 Hz, CH), 125.1 (d, 3 C, 4JC,F = 3.0 Hz, CH), 129.4 (d, 3 C, 3JC,F = 

8.2 Hz, CH), 146.7 (d, 3 C, 3JC,F = 7.0 Hz, Cquat.), 162.3 (d, 3 C, 1JC,F = 247 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –113. 

MS (EI, pos.): m/z (%) = 297 (91, [M–Cl]+), 218 (42), 201 (100), 123 (95). 

Elemental analysis: calculated (%): C 68.58, H 3.63; found (%): C 68.65, H 3.54. 

Mp: 78-80 °C (Lit.:[3] 92-93 °C). 

 

Chloro(3,5-difluorophenyl)diphenylmethane 

According to GP4 from 2.00 g (6.75 mmol) (3,5-difluorophenyl)diphenylmethanol and 2.0 

mL (28 mmol) acetyl chloride. After recrystallization from hexane 1.05 g (3.34 mmol, 50 %) 

of a colorless solid were obtained. 
 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 6.72-6.90 (m, 3 H, Harom.), 7.22-7.40 (m, 10 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 79.8 (t, 1 C, 4

JC,F = 2.2 Hz, CCl), 103.4 (t, 1 C, 2
JC,F = 

25.4 Hz, CH), 113.1 (m, 2 C, CH), 128.0 (s, 4 C, CH), 128.2 (s, 2 C, CH), 129.4 (s, 4 C, 

CH), 144.1 (s, 2 C, Cquat.), 149.3 (t, 1 C, 3
JC,F = 8.7 Hz, Cquat.), 162.3 (dd, 2 C, 1

JC,F = 249 

Hz, 3JC,F = 12.8 Hz, CF).  
19

F-NMR (282 MHz, CDCl3): δ/ppm = –110 (t, J = 8.4 Hz). 

HR-MS (EI, pos.): m/z calculated for [C19H13F2]
+: 279.0980, found: 279.0980. 

Mp: 68.5-69.5 °C. 

 

Bromobis(3-fluorophenyl)phenylmethane 

According to GP4 from 2.87 g (9.68 mmol) bis(3-fluorophenyl)phenylmethanol and 5.0 mL 

(68 mmol) acetyl bromide. 1.88 g (5.23 mmol, 54 %) of a slightly brownish solid were 

obtained without recrystallization. 

 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.00-7.10 (m, 6 H, Harom.), 7.25-7.38 (m, 7 H, Harom.). 
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13
C-NMR (75 MHz, CDCl3): δ/ppm = 75.8 (t, 1 C, 4JC,F = 2.0 Hz, CBr), 115.0 (d, 2 C, 2JC,F = 

21.2 Hz, CH), 117.8 (d, 2 C, 2JC,F = 23.8 Hz, CH), 126.2 (d, 2 C, 4JC,F = 2.9 Hz, CH), 127.9 

(s, 2 C, CH), 128.3 (s, 1 C, CH), 129.2 (d, 2 C, 3
JC,F = 8.2 Hz, CH), 130.3 (s, 2 C, CH), 

144.5 (s, 1 C, Cquat.), 147.7 (d, 2 C, 3JC,F = 7.0 Hz, Cquat.), 162.1 (d, 2 C, 1JC,F = 246 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –113. 

Elemental analysis: calculated (%): C 63.53, H 3.65; found (%): C 62.99, H 3.51. 

Mp: 88.7-91.0 °C. 

 

Chlorobis(3-fluorophenyl)phenylmethane 

According to GP4 from 5.40 g (18.2 mmol) bis(3-fluorophenyl)phenylmethanol and 5.0 mL 

(69 mmol) thionyl chloride. After recrystallization from hexane, 3.17 g (10.1 mmol, 55 %) of 

a colorless solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.00-7.10 (m, 6 H, Harom.), 7.24-7.40 (m, 7 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 79.5 (s, 1 C, CCl), 115.0 (d, 2 C, 2JC,F = 21.2 Hz, CH), 

116.9 (d, 2 C, 2
JC,F = 23.7 Hz, CH), 125.3 (d, 2 C, 4

JC,F = 3.0 Hz, CH), 128.0 (s, 2 C, CH), 

128.2 (s, 1 C, CH), 129.2 (d, 2 C, 3
JC,F = 8.2 Hz, CH), 129.4 (s, 2 C, CH), 144.1 (s, 1 C, 

Cquat.), 147.3 (d, 2 C, 3JC,F = 7.0 Hz, Cquat.), 162.3 (d, 2 C, 1JC,F = 246 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –113. 

HR-MS (EI, pos.): m/z calculated for [C19H13
35ClF2]

+: 314.0668, found: 314.0686. 

Mp: 75-76 °C (Lit.:[3] 72.5-73 °C). 

 

Bromo(3-fluorophenyl)diphenylmethane 

According to GP4 from 1.79 g (6.43 mmol) (3-fluorophenyl)diphenylmethanol and 5.0 mL 

(68 mmol) acetyl bromide. 1.90 g (5.57 mmol, 87 %) of a colorless solid were obtained 

without recrystallization. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.00-7.35 (m, 14 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 77.3 (d, 1 C, 4JC,F = 2.0 Hz, CBr), 114.8 (d, 1 C, 2JC,F = 

21.2 Hz, CH), 117.9 (d, 1 C, 2
JC,F = 23.7 Hz, CH), 126.4 (d, 1 C, 4

JC,F = 2.9 Hz, CH), 127.8 

(s, 4 C, CH), 128.0 (s, 2 C, CH), 129.0 (d, 1 C, 3
JC,F = 8.2 Hz, CH), 130.5 (s, 4 C, CH), 

145.1 (s, 2 C, Cquat.), 148.2 (d, 1 C, 3JC,F = 7.1 Hz, Cquat.), 162.1 (d, 1 C, 1JC,F = 246 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –114. 

MS (EI, pos.): m/z (%) = 278 (20), 243 (44), 201 (90), 183 (75), 105 (100). 
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Mp: 98-100 °C (Lit.:[19] 110-111 °C). 

 

Chloro(3-fluorophenyl)diphenylmethane 

5.0 mL (69 mmol) thionyl chloride were slowly added to an ice cooled flask containing 7.20 g 

(25.9 mmol) (3-fluorophenyl)diphenylmethanol. Gas evolved in a highly exothermic reaction. 

After 4 hours of refluxing, the liquid parts of the mixture were removed in vacuum. Two 

times a small volume of acetonitrile was added, and the liquid removed again. The yellow 

residue was recrystallized from hexane to give 4.54 g (15.3 mmol, 59 %) of a colorless solid. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.00-7.10 (m, 3 H, Harom.), 7.26-7.38 (m, 11 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 80.4 (d, 1 C, 4

JC,F = 1.95 Hz, CCl), 114.7 (d, 1 C, 2JC,F 

= 21.2 Hz, CH), 117.0 (d, 1 C, 2
JC,F = 23.7 Hz, CH), 125.4 (d, 1 C, 4

JC,F = 2.9 Hz, CH), 

127.8 (s, 4 C, CH), 128.0 (s, 2 C, CH), 129.2 (d, 1 C, 3
JC,F = 8.2 Hz, CH), 129.5 (s, 4 C, 

CH), 144.7 (s, 2 C, Cquat.), 147.9 (d, 1 C, 3JC,F = 7.0 Hz, Cquat.), 162.2 (d, 1 C, 1JC,F = 247 Hz, 

CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –113. 

MS (EI, pos.): m/z (%) = 261 (100, [M–Cl]+), 183 (69), 165 (33). 

Mp: 82.5-83.5 °C (Lit.:[9] 84-84.5 °C). 

 

Chloro(4-chlorophenyl)diphenylmethane 

According to GP4 from 2.49 g (8.45 mmol) (4-chlorophenyl)diphenylmethanol and 6.0 mL 

(83 mmol) thionyl chloride. After recrystallization from acetonitrile, 1.32 g (4.21 mmol, 50 

%) of a colorless solid were obtained. 

 
1
H-NMR (400 MHz, acetone-d6): δ/ppm = 7.20-7.25 (m, 6 H, Harom.), 7.35-7.45 (m, 8 H, 

Harom.). 
13

C-NMR (100 MHz, acetone-d6): δ/ppm = 82.0 (s, 1 C, CCl), 129.0 (s, 2 C, CH), 129.1 (s, 4 

C, CH), 129.2 (s, 2 C, CH), 130.5 (s, 4 C, CH), 132.3 (s, 2 C, CH), 134.6 (s, 1 C, CCl), 

145.3 (s, 1 C, Cquat.), 144.7 (s, 2 C, Cquat.). 

HR-MS (ESI, pos.): m/z calculated for [C19H14Cl]+: 277.0779, found: 277.0775. 

Mp: 88-89 °C (Lit.:[20] 88.8-89.7 °C). 
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Bromotriphenylmethane 

According to GP4 from 3.22 g (12.4 mmol) triphenylmethanol and 5.0 mL (61 mmol) acetyl 

bromide. After washing with hexane 3.76 g (11.6 mmol, 94 %) of a colorless solid were ob-

tained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.33-7.35 (m, 15 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 78.9 (s, 1 C, CBr), 127.7 (s, 6 C, CH), 127.9 (s, 3 C, 

Cquat.), 130.7 (s, 6 C, CH), 145.7 (s, 3 C, Cquat.). 

MS (EI, pos.): m/z (%) = 243 (17), 197 (11), 183 (100), 154 (19). 

Elemental analysis: calculated (%): C 70.60, H 4.68; found (%): C 70.67, H 4.69. 

Mp: 150-151 °C (Lit.:[21] 152 °C). 

 

Fluorotriphenylmethane 

1.53 g (4.73 mmol) bromotriphenylmethane were added to a suspension of 6.31 g of fluor-

inating agent[22] in 20 mL of acetonitrile. After the mixture was stirred for 60 min at 0 °C in a 

dark vessel, the solids were filtered off and the solvent evaporated. The residue was treated 

with diethyl ether and filtrated again. After evaporation of solvent, 1.07 g (4.08 mmol, 86 %) 

of a colorless solid were obtained. The NMR spectra showed the corresponding alcohol as 

impurity. The other peaks are in agreement with literature data.[23]
 

 

1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.25-7.40 (m, 15 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 101.2 (d, 1 C, 1JC,F = 174 Hz, CF), 127.8-127.9 (m, 12 

C, CH), 128.1 (d, 3 C, 5JC,F = 2.2 Hz, CH), 143.3 (d, 3 C, 2JC,F = 24.4 Hz, Cquat.). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –126. 

Mp: 104 °C (Lit.:[24] 103.2-103.7 °C). 

 

Chloro(4-fluorophenyl)diphenylmethane 

According to GP4 from 3.64 g (13.1 mmol) (4-fluorophenyl)diphenylmethanol and 6.0 mL 

(83 mmol) thionyl chloride. After recrystallization from acetonitrile, 2.11 g (7.11 mmol, 54 

%) of a slightly brown solid were obtained. 

 
1
H-NMR (400 MHz, CD3CN): δ/ppm = 7.04-7.10 (m, 2 H, Harom.), 7.20-7.26 (m, 6 H, Harom.), 

7.34-7.38 (m, 6 H, Harom.). 
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13
C-NMR (100 MHz, CD3CN): δ/ppm = 82.1 (s, 1 C, CCl), 115.5 (d, 2 C, 2

JC,F = 21.8 Hz, 

CH), 129.0 (s, 4 C, CH), 129.1 (s, 2 C, CH), 130.3 (s, 4 C, CH), 132.5 (d, 2 C, 3
JC,F = 8.3 

Hz, CH), 142.3 (d, 1 C, 4JC,F = 3.3 Hz, Cquat.), 145.9 (s, 2 C, Cquat.), 163.1 (d, 1 C, 1JC,F = 247 

Hz, CF). 

HR-MS (EI, pos.): m/z calculated for [C19H14F]+: 261.1074, found: 261.1078. 

Mp: 89-90 °C (Lit.:[5] 90-91 °C). 

 

Chlorobis(4-fluorophenyl)phenylmethane 

According to GP4 from 3.86 g (13.0 mmol) bis(4-fluorophenyl)phenylmethanol and 5.0 mL 

(69 mmol) thionyl chloride. After recrystallization from pentane, 780 mg (2.48 mmol, 19 %) 

of a slightly brown solid were obtained. 

 
1
H-NMR (400 MHz, CDCl3): δ/ppm = 6.95-7.02 (m, 4 H, Harom.), 7.18-7.35 (m, 9 H, Harom.). 

13
C-NMR (100 MHz, CDCl3): δ/ppm = 80.2 (s, 1 C, CCl), 114.6 (d, 4 C, 2

JC,F = 21.6 Hz, 

CH), 127.9 (s, 2 C, CH), 128.1 (s, 1 C, CH), 129.5 (s, 2 C, CH), 131.4 (d, 4 C, 3
JC,F = 8.2 

Hz, CH), 141.1 (d, 2 C, 4JC,F = 3.4 Hz, Cquat.), 144.9 (s, 1 C, Cquat.), 162.1 (d, 2 C, 1JC,F = 249 

Hz, CF). 
19

F-NMR (376 MHz, CDCl3): δ/ppm = –114. 

HR-MS (EI, pos.): m/z calculated for [C19H13F2]
+: 279.0980, found: 279.0985. 

Mp: 43-45 °C (Lit.:[25] 56-57 °C). 

 

Chlorotris(4-fluorophenyl)phenylmethane 

The carbinol was prepared by a Grignard reaction from 8.4 g (48 mmol) 4-fluorobromo-

benzene, 1.2 g (49 mmol) magnesium and 1.9 g (16 mmol) diethyl carbonate. The resulting 

crude product (yellow oil) was treated with 7.0 g (59 mmol) thionyl chloride. After refluxing 

for 3 hours, the thionyl chloride was removed in high vacuum, and the solid residue was 

distilled. 3.5 g (11 mmol, 69 %) of an orange solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 6.98-7.04 (m, 6 H, Harom.), 7.18-7.26 (m, 6 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 79.6 (s, 1 C, CCl), 114.8 (d, 6 C, 2JC,F = 21.6 Hz, CH), 

131.3 (d, 6 C, 3JC,F = 8.3 Hz, CH), 140.9 (d, 3 C, 4JC,F = 3.4 Hz, Cquat.), 162.2 (d, 3 C, 1JC,F = 

249 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –114. 

MS (EI, pos.): m/z (%) = 297 (34, [M–Cl]+), 219 (50), 123 (100). 
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Elemental analysis: calculated (%): C 68.58, H 3.63; found (%): C 69.04, H 3.61. 

Mp: 60-62 °C (Lit.:[25] 81-82 °C). 

 

Chloro(4-methylphenyl)diphenylmethane 

The carbinol was prepared by a Grignard reaction from 6.23 g (36.4 mmol) 4-bromotoluene, 

894 mg (36.8 mmol) magnesium and 6.63 g (36.4 mmol) benzophenone. The resulting crude 

product (yellow oil) was treated with 8.0 g (67 mmol) thionyl chloride. After stirring for 3 

hours, the thionyl chloride was removed in high vacuum, and the solid residue was washed 

with hexane. 7.35 g (25.1 mmol, 69 %) of a colorless solid were obtained. 

 
1
H-NMR (600 MHz, CDCl3): δ/ppm = 2.40 (s, 3 H, Me), 7.12-7.20 (m, 4 H, Harom.), 7.26-7.36 

(m, 10 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 21.1 (s, 1 C, Me), 81.5 (s, 1 C, CCl), 127.7 (s, 4 C, 

CH), 127.8 (s, 2 C, CH), 128.5 (s, 2 C, CH), 129.66 (s, 2 C, CH), 129.73 (s, 4 C, CH), 137.7 

(s, 1 C, Cquat.), 142.5 (s, 1 C, Cquat.), 145.5 (s, 2 C, Cquat.). 

Elemental analysis: calculated (%): C 82.04, H 5.85, Cl 12.11; found (%): C 81.85, H 5.87, 

Cl 12.27. 

Mp: 99-100 °C (Lit.:[7] 97 °C). 

 

Bromo(4-methylphenyl)diphenylmethane 

According to GP4 from 10.6 g (38.6 mmol) (4-methylphenyl)diphenylmethanol and 10.0 mL 

(135 mmol) acetyl bromide. After recrystallization from hexane, 9.03 g (26.8 mmol, 69 %) of 

a colorless solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.39 (s, 3 H, Me), 7.10-7.36 (m, 14 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 21.1 (s, 1 C, Me), 79.2 (s, 1 C, CBr), 127.6 (s, 4 C, 

CH), 127.7 (s, 2 C, CH), 128.3 (s, 2 C, CH), 130.5 (s, 2 C, CH), 130.6 (s, 4 C, CH), 137.7 

(s, 1 C, Cquat.), 142.8 (s, 1 C, Cquat.), 145.8 (s, 2 C, Cquat.). 

Mp: 94-95 °C (Lit.:[26] 105-106 °C). 

 

Chlorobis(4-methylphenyl)phenylmethane 

The carbinol was prepared by a Grignard reaction from 11.9 g (69.6 mmol) 4-bromotoluene, 

1.70 g (69.6 mmol) magnesium and 4.92 g (32.8 mmol) ethyl benzoate. The resulting crude 

product (yellow oil) was treated with 8.0 mL (0.11 mmol) acetyl chloride. After stirring 
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overnight, the acetyl chloride was removed in high vacuum, and the solid residue was washed 

with hexane. 4.27 g (13.9 mmol, 42 %) of a colorless solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.40 (s, 6 H, Me), 7.12-7.20 (m, 8 H, Harom.), 7.30-7.34 

(m, 5 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 21.1 (s, 2 C, Me), 81.6 (s, 1 C, CCl), 127.7 (s, 3 C, 

CH), 128.4 (s, 4 C, CH), 129.65 (s, 4 C, CH), 129.72 (s, 2 C, CH), 137.6 (s, 2 C, Cquat.), 

142.6 (s, 2 C, Cquat.), 145.6 (s, 1 C, Cquat.). 

MS (EI, pos.): m/z (%) = 288 (21), 271 (50, [M–Cl]+), 211 (100), 197 (77), 119 (98). 

Mp: 106-107 °C (Lit.:[7] 105-106 °C). 

 

Chlorotris(4-methylphenyl)methane 

According to GP4 from 1.98 g (6.55 mmol) tris(4-methylphenyl)methanol and 5.0 mL (70 

mmol) acetyl chloride. After recrystallization from pentane/diethyl ether 1.90 g (5.92 mmol, 

90 %) of a colorless solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.37 (s, 9 H, Me), 7.10-7.18 (m, 12 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 21.2 (s, 3 C, Me), 81.8 (s, 1 C, CCl), 128.5 (s, 6 C, 

CH), 128.7 (s, 6 C, CH), 137.6 (s, 3 C, Cquat.), 142.9 (s, 3 C, Cquat.). 

MS (EI, pos.): m/z (%) = 285 (19, [M–Cl]+), 211 (100), 119 (55). 

Mp: 167-168 °C (Lit.:[27] 173 °C).  

 

Bromotris(4-methylphenyl)methane 

According to GP4 from 15 g (50 mmol) tris(4-methylphenyl)methanol and 15 mL (203 

mmol) acetyl bromide. After recrystallization from pentane/diethyl ether 6.9 g (19 mmol, 38 

%) of a colorless solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.22 (s, 9 H, Me), 6.93-6.97 (m, 6 H, Harom.), 7.05-7.10 

(m, 6 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 21.1 (s, 3 C, Me), 80.1 (s, 1 C, CBr), 128.3 (s, 6 C, 

CH), 130.6 (s, 6 C, CH), 137.6 (s, 3 C, Cquat.), 143.2 (s, 3 C, Cquat.). 

Mp: 159-160 °C (Lit.:[28] 161-163 °C). 
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Chlorotris(3,5-di-tert-butylphenyl)methane 

According to GP4 from 3.00 g (5.03 mmol) tris(3,5-di-tert-butylphenyl)methanol, 20 mL 

toluene and 430 µL (6.03 mmol) acetyl chloride. After recrystallization from hexane 1.12 g 

(1.82 mmol, 36 %) of a colorless solid were obtained. 

 

1
H-NMR (600 MHz, CDCl3): δ/ppm = 1.23 (s, 54 H, Me), 7.01 (d, 6 H, 4

JH-H = 1.8 Hz, 

Harom.), 7.32 (t, 3 H, 4JH-H = 1.8 Hz, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 31.4 (s, 18 C, Me), 34.8 (s, 6 C, Cquat.), 83.4 (s, 1 C, 

CCl), 120.8 (s, 3 C, CH), 124.5 (s, 6 C, CH), 145.1 (s, 3 C, Cquat.), 149.5 (s, 6 C, Cquat.). 

MS (EI, pos.): m/z (%) = 581 (52), 580 (100), 566 (21), 565 (32), 564 (18), 407 (41). 

HR-MS (EI, pos.): m/z calculated for [C43H63]
+: 579.4924, found: 579.4932. 

Mp: 193-194 °C (Lit.:[29] 186-187 °C). 

 

2.5. Preparation of nucleophiles 

 

Tetra-n-butyltin
[30] 

A solution of 6.51 g (20.0 mmol) of tributyltin chloride in 20 mL THF was cooled to –78 °C. 

n-BuLi (1.55 M in hexane) was added dropwise, and the mixture stirred for 30 min, before it 

was warmed to room temperature. After the reaction was quenched with water, the phases 

were separated, and the organic phase dried over MgSO4. Filtration, evaporation of the sol-

vent and subsequent distillation (0.1 mbar, 190 °C) yielded 5.70 g (16.4 mmol, 82 %) of a 

colorless liquid. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 0.78-0.82 (m, 8 H, CH2), 0.90 (t, 12 H, JH-H = 7.2 Hz, 

Me), 1.24-1.38 (m, 8 H, CH2), 1.42-1.52 (m, 8 H, CH2). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 8.9 (s, 4 C), 13.8 (s, 4 C), 27.5 (s, 4 C), 29.4 (s, 4 C). 

 

Tetrakis(trimethylsilyl)silane
[31] 

2.52 g (363 mmol) of lithium turnings and 15.7 g (145 mmol) of chlorotrimethylsilane were 

suspended in 50 mL of THF. 3.40 mL (29.6 mmol) of tetrachlorosilane, dissolved in 20 mL of 

THF, were added over 1 h at –60 °C. After addition was complete, stirring was continued for 

30 min while cooling, and 12 h at room temperature. The reaction was quenched by the 

addition of water and 2 M hydrochloric acid. Solids were filtered off, the THF evaporated. 
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The solution was extracted 2 times with diethylether, the ethereal phase dried over MgSO4, 

and the ether evaporated. 5.10 g (15.9 mmol, 54 %) of a colorless solid were obtained. 

 
1
H NMR (200 MHz, CDCl3): δ/ppm = 0.20 (s, 36 H, CH3). 

MP: 255 °C. 

 

Tris(trimethylsilyl)silane
[32]

 

10.2 g (31.8 mmol) of tetrakis(trimethylsilyl)silane and 3.40 g (30.3 mmol) of potassium tert-

butoxide were dissolved in 30 mL of THF and stirred for 12 h. The reaction was quenched by 

addition of water and 2 M hydrochloric acid. Phase separation and evaporation of the ether 

was followed by distillation (2 mbar, 180 °C). 6.38 g (25.7 mmol, 81 %) of a colorless liquid 

were obtained. 
 

1
H NMR (400 MHz, acetone-d6): δ/ppm = 0.23 (s, 27 H, CH3), 2.24 (s, 1 H, SiH). 

13
C NMR (100 MHz, acetone-d6): δ/ppm = 2.12 (s, 9 C, CH3). 

29
Si NMR (79 MHz, acetone-d6): δ/ppm = –11.82. 

 

3-Propylcyclopentene
[33]

 

13.9 g (210 mmol) Cyclopentadiene were cooled to –30 °C, and gaseous HCl was bubbled 

through until the weight of the liquid had increased by 6.5 g (178 mmol HCl). Distillation (rt, 

3 mbar) yielded 12.2 g (119 mmol) 3-chlorocyclopentene, which was stored at –25 °C.[34] 

A Grignard reagent was prepared from 19.7 g (160 mmol) of 1-bromopropane and 3.89 g 

(160 mmol) magnesium in 50 mL THF. 12 g (117 mmol) of 3-chlorocyclopentene was added 

over 1 h via a dropping funnel at 0 °C. After the mixture was stirred for further 2 h at room 

tempe-rature, the reaction was quenched with 2 M HCl. Extraction by diethyl ether, 

evaporation of solvent, and subsequent distillation (60 °C, 50 mbar) yielded 5.21 g (47.3 

mmol, 40 %) of a colorless liquid. 

 
1
H NMR (300 MHz, CDCl3): δ/ppm = 0.88-0.94 (m, 3 H, Me), 1.22-1.46 (m, 5 H), 1.99-2.10 

(m, 1 H), 2.20-2.41 (m, 2 H), 2.51-2.52 (m, 1 H), 5.66-5.74 (m, 2 H). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 14.5 (s, 1 C), 21.3 (s, 1 C), 30.1 (s, 1 C), 32.1 (s, 1 C), 

38.7 (s, 1 C), 45.6 (s, 1 C), 130.1 (s, 1 C), 135.6 (s, 1 C). 
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Tributyldeuteriosilane
[35]

 

217 mg (5.17 mmol) of LiAlD4 were added to a solution of 1.95 g (8.30 mmol) of tributyl-

chlorosilane in 10 mL of diethyl ether. After 3 hours of refluxing, the solution was further 

stirred for 12 hours at room temperature. Addition of water and 2 M hydrochloric acid was 

followed by phase separation and drying of the ethereal layer with Na2SO4. Filtration and 

evaporation of the solvent yielded 1.50 g (7.45 mmol, 90 %) of a colorless liquid. 

 
1
H NMR (300 MHz, CDCl3): δ/ppm = 0.55-0.62 (m, 6 H, CH2), 0.88-0.95 (m, 12 H, CH3), 

1.29-1.40 (m, 12 H, CH2). 
13

C NMR (75 MHz, CDCl3): δ/ppm = 11.1 (s, 3 C, CH2), 13.9 (s, 3 C, CH3), 26.5 (s, 3 C, 

CH2), 27.0 (s, 3 C, CH2). 
29

Si NMR (53 MHz, CDCl3): δ/ppm = –5.90 (t, 1JSi,D = 27 Hz). 

 

2-Propyl-1,3-dioxolane
[36]

 

6.0 g (97 mmol) of glycol were mixed with 3.6 g (50 mmol) of butanal and 40 mg (0.21 

mmol) of p-toluenesulfonic acid monohydrate. In the presence of 4 Å MS, the mixture was 

heated to 60 °C for 2 hours. After cooling to room temperature, diethyl ether and a sat. 

aqueous solution of NaHCO3 were added, the phases separated, and the diethyl ether of the 

organic phase evaporated. Distillation delivered 1.5 g (13 mmol, 26 %) of a colorless liquid. 

 
1
H NMR (300 MHz, CDCl3): δ/ppm = 0.90-1.00 (m, 3 H, CH3), 1.36-1.50 (m, 2 H, CH2), 

1.57-1.66 (m, 2 H, CH2), 3.80-3.97 (m, 4 H, 2 × CH2), 4.81-4.86 (m, 1 H, CH). 
13

C NMR (75 MHz, CDCl3): δ/ppm = 14.0 (s, 1 C, CH3), 17.4 (s, 1 C, CH2), 35.9 (s, 1 C, 

CH2), 64.7 (s, 2 C, CH2), 104.4 (s, 1 C, CH). 

 

2-Phenyl-1,3-dioxolane
[37] 

10.6 g (100 mmol) of benzaldehyde, 6.2 g (100 mmol) of glycol and 30 mg (0.16 mmol) of p-

toluenesulfonic acid monohydrate were refluxed in 50 mL benze with a Dean-Stark trap. 

After 2 hours, 1.8 mL (100 mmol) of water have been separated, and the reaction was 

stopped. The solvent was evaporated, and the remaining oil purified by column chroma-

tography (alumina, Et2O: pentane = 1:5). 12.3 (82 mmol, 82 %) of 2-phenyl-1,3-dioxolane as 

a colorless liquid were obtained. 
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1
H NMR (300 MHz, CDCl3): δ/ppm = 4.01-4.16 (m, 4 H, CH2), 5.83 (s, 1 H), 7.36-7.43 (m, 3 

H, Harom.), 7.45-7.52 (m, 2 H, Harom.).  
13

C NMR (75 MHz, CDCl3): δ/ppm = 65.4 (s, 2 C), 103.8 (s, 1 C), 126.5 (s, 2 C), 128.4 (s, 2 

C), 129.2 (s, 1 C), 138.0 (s, 1 C). 

 

Diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate
[38] 

16.3 g (125 mmol) of ethyl acetoacetate, 7.25 g (94.1 mmol) of ammonium acetate and 1.88 g 

(62.4 mmol) of paraformaldehyde were mixed and stirred for 30 min at 70 °C. After coolong 

to room temperature, the reaction was quenched by addition of water. The yellow precipitate 

was filtered off and thoroughly washed with water. After drying, 6.01 g (23.7 mmol, 40 %) of 

a yellow solid remained. 

 
1
H-NMR (200 MHz, CDCl3): δ/ppm = 1.27 (t, 6 H, 3

JH,H = 7.1 Hz, CH2CH3), 2.17 (s, 6 H, 

Me), 3.25 (s, 2 H), 4.14 (q, 4 H, 3JH,H = 7.1 Hz, CH2CH3), 5.38 (br s, 1 H, NH). 

HR-MS (ESI, pos.): m/z calculated for [C13H19O4N]+: 254.1387, found: 254.1343. 

Elemental analysis: calculated (%): C 61.64, H 7.56, N 5.53; found (%): C 61.59, H 6.77, N 

5.55. 

Mp: 176-177 °C (Lit.:[39] 183-185 °C). 

 

Diethyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-dicarboxylate 

18.2 g (140 mmol) of ethyl acetoacetate, 6.17 g (80.0 mmol) of ammonium acetate and 3.53 g 

(80.0 mmol) of acetaldehyde were mixed and stirred for 24 h overnight. After the reaction 

was quenched with water, the yellow precipitate was filtered off and thoroughly washed with 

water. After drying, 9.62 g (36.0 mmol, 45 %) of a yellow solid remained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 0.95 (d, 3 H, 3

JH,H = 6.5 Hz, Me), 1.28 (t, 6 H, 3
JH,H = 

7.1 Hz, CH2CH3), 2.25 (s, 6 H, Me), 3.84 (q, 1 H, 3
JH,H = 6.5 Hz), 4.10-4.25 (m, 4 H, 

CH2CH3), 5.76 (br s, 1 H, NH). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 14.5 (s, 2 C), 19.5 (s, 2 C), 22.4 (s, 1 C), 28.6 (s, 1 C), 

59.7 (s, 2 C), 104.7 (s, 2 C), 144.5 (s, 2 C), 168.0 (s, 2 C). 

Mp: 129-130 °C (Lit.:[40] 130-131 °C). 
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3. Product Studies 

 

Reaction of Me2Tr
+
BF4

-
 with HSi(SiMe3)3 

205 mg (0.824 mmol) of HSi(SiMe3)3 were added to a solution of 293 mg (0.818 mmol) of 

Me2Tr+BF4
- in 10 mL of dichloromethane. During 30 s the green color turned into brown, 

while a gas developed. Evaporation of solvent and column chromatography (silica gel, 

pentane) yielded bis(4-methylphenyl)phenylmethane as a colorless oil (150 mg, 0.551 mmol, 

67 %). Other products, stemming from the silane, were not identifiable. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 2.48 (s, 6 H, CH3), 5.65 (s, 1 H, Ar3CH), 7.16-7.46 

(m, 13 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 21.1 (s, 2 C, CH3), 56.2 (s, 1 C, Ar3C), 126.3 (s, 1 C, 

CH), 128.4 (s, 2 C, CH), 129.1 (s, 4 C, CH), 129.4 (s, 4 C, CH), 129.5 (s, 2 C, CH), 135.8 

(s, 2 C, Cquat.), 141.3 (s, 2 C, Cquat.), 144.5 (s, 1 C, Cquat.). 

 

Reaction of (MeO)Tr
+
BF4

– 
with HSiEt3 

376 mg (3.23 mmol) of HSiEt3 were added to a solution of 1.00 g (2.78 mmol) of 

(MeO)Tr+BF4
– in 10 mL dichloromethane. After fading of the red color with concomitant gas 

evolution, the solvent was evaporated. Column chromatography (silica gel, diethyl ether/pen-

tane = 1/13) yielded 710 mg (2.59 mmol, 93 %) of (4-methoxyphenyl)diphenylmethane as a 

colorless solid. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 3.83 (s, 3 H, Me), 5.57 (s, 1 H, Harom.), 6.86-6.90 (m, 2 

H, Harom.), 7.08-7.38 (m, 12 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 55.3 (s, 1 C), 56.1 (s, 1 C), 113.8 (s, 2 C, CH), 126.3 

(s, 2 C, CH), 128.4 (s, 4 C, CH), 129.5 (s, 4 C, CH), 130.5 (s, 2 C, CH), 136.2 (s, 1 C, 

Cquat.), 144.4 (s, 2 C, Cquat.), 158.1 (s, 1 C, COMe). 

Mp: 57-58 °C (Lit.:[41] 55-57 °C). 

 

Reaction of MeTr
+
BF4

– 
with HSiPh3 

290 mg (1.11 mmol) of HSiPh3 were added to a solution of 393 mg (1.14 mmol) of 

MeTr+BF4
– in 10 mL dichloromethane. Vigorous bubbling and a color-change from green to 

brown occurred within a few seconds. The black precipitate, which was formed during the 

reaction, was filtered off, and the solvent of the filtrate evaporated. 560 mg of a slightly 
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brown oil were obtained. GC/MS analysis revealed the presence of FSiPh3, HSiPh3, and (4-

methylphenyl)diphenylmethane, which could not be further separated. 

 

MeTrH

HSiPh3

FSiPh3

 

Chromatogram of the product mixture (GC/MS). 

 

Reaction of Tr
+
BF4

–
 with DSiBu3 

480 mg (2.38 mmol) of DSiBu3 were added to a solution of 774 mg (2.34 mmol) of Tr+BF4
- in 

10 mL of dichloromethane. The yellow color of the solution disappeared immediately and a 

gas eluded. After stirring for 10 hours, the colorless precipitate was filtered off. 380 mg (1.55 

mmol, 66 %) of triphenyldeuteriomethane as a colorless solid were obtained. 

 
1
H-NMR (300 MHz, CDCl3): δ/ppm = 7.19-7.40 (m, 15 H, Harom.). 

13
C-NMR (75 MHz, CDCl3): δ/ppm = 56.5 (t, 1 C, 1

JC,D = 18.8 Hz, CD), 126.4 (s, 3 C, CH), 

128.5 (s, 6 C, CH), 129.6 (s, 6 C, CH), 144.0 (s, 3 C, Cquat.). 

HR-MS (EI, pos.): m/z calculated for [C19H15D]+: 245.1309; found: 245.1310. 

Mp: 92 °C. 

 

Reaction of (MeO)Tr
+
BF4

– 
with DSiBu3 

580 mg (2.88 mmol) of DSiBu3 were added to a solution of 600 mg (1.67 mmol) of 

(MeO)Tr+BF4
- in 10 mL of dichloromethane. After fading of the red color with concomitant 

gas evolution, the solvent was evaporated. Distillation (1 bar, 225 °C) yielded 0.59 g of a 

colorless liquid (mixture of tributyldeuteriosilane and tributylfluorosilane). The solid and 
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colorless residue consisted of 370 mg (1.34 mmol, 80 %) of (4-methoxyphenyl)diphenyl-

deuteriomethane. 

 
1
H-NMR (300 MHz, CDCl3,): δ/ppm = 3.82 (s, 3 H, CH3), 6.85-6.90 (m, 2 H, Harom.), 7.05-

7.10 (m, 2 H, Harom.), 7.15-7.20 (m, 4 H, Harom.), 7.22-7.36 (m, 6 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 55.4 (s, 1 C, CH3), 55.7 (t, 1 C, 1
JC,D = 19.6 Hz, CD), 

113.8 (s, 2 C, CH), 126.4 (s, 2 C, CH), 128.4 (s, 4 C, CH), 129.5 (s, 4 C, CH), 130.5 (s, 2 C, 

CH), 136.2 (s, 1 C, Cquat.), 144.3 (s, 2 C, Cquat.), 158.2 (s, 1 C, COMe). 

HR-MS (EI, pos.): calculated for [C20H17DO]+: 275.1415, found: 275.1416. 

Mp: 63-64 °C. 

 

Reaction of Tr
+
BF4

– 
with HSiEt3 

200 mg (1.72 mmol) of HSiEt3 were added to a solution of 500 mg (1.51 mmol) of Tr+BF4
- in 

10 mL of acetonitrile. The solution turned black immediately, and was stirred for 5 min. The 

acetonitrile was evaporated, and the black residue subjected to column chromatography (silica 

gel, pentane). 290 mg (1.19 mmol, 79 %) of triphenylmethane as a colorless solid were 

obtained. 

 

1
H-NMR (300 MHz, CDCl3,): δ/ppm = 5.60 (s, 1 H, CH), 7.14-7.36 (m, 15 H, Harom.). 

13
C-NMR (75 MHz, CDCl3,): δ/ppm = 56.8 (s, 1 C, Ar3C), 126.3 (s, 3 C, CH), 128.3 (s, 6 C, 

CH), 129.4 (s, 6 C, CH), 143.9 (s, 3 C, Cquat.). 

Mp: 93 °C (Lit.:[42] 94 °C). 

 

Reaction of (mF)(mF)'Tr
+
 with 2-propyl-1,3-dioxolane (isolation) 

330 mg (1.05 mmol) of chlorobis(3-fluorophenyl)phenylmethane were mixed with 120 mg 

(0.682 mmol) GaCl3 in 20 mL CH2Cl2, before 220 mg (1.89 mmol) of 2-propyl-1,3-dioxolane 

were added. The mixture was stirred for 48 hours at room temperature, before the reaction 

was quenched with water. Separation of phases and evaporation of solvent yielded a brown 

oil, which was subjected to column chromatography (silica gel, ethyl acetate/pentane = 1/10). 

200 mg (0.765 mmol, 73 %), of bis(3-fluorophenyl)phenylmethane as a slightly yellow oil 

were obtained.  
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1
H-NMR (600 MHz, CDCl3): δ/ppm = 5.53 (s, 1 H, Ar3CH), 6.79-6.82 (m, 2 H, Harom.), 6.90-

6.92 (m, 2 H, Harom.), 6.92-6.95 (m, 2 H, Harom.), 7.09-7.12 (m, 2 H, Harom.), 7.24-7.27 (m, 3 

H, Harom.), 7.30-7.34 (m, 2 H, Harom.). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 56.3 (t, 1 C, 4
JC,F = 1.7 Hz, Ar3CH), 113.6 (d, 2 C, 

2
JC,F = 21.2 Hz, CH), 116.4 (d, 2 C, 2JC,F = 21.8 Hz, CH), 125.1 (d, 2 C, 4JC,F = 2.8 Hz, CH), 

126.9 (s, 1 C, CH), 128.7 (s, 2 C, CH), 129.4 (s, 2 C, CH), 129.9 (d, 2 C, 3
JC,F = 8.3 Hz, 

CH), 142.6 (s, 1 C, Cquat.), 145.9 (d, 2 C, 3JC,F = 6.9 Hz, Cquat.), 163.0 (d, 2 C, 1JC,F = 246 Hz, 

CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –114. 

 

Reaction of (mF)(mF)'Tr
+
 with 2-propyl-1,3-dioxolane (NMR) 

30 mg (95 µmol) of chlorobis(3-fluorophenyl)phenylmethane were mixed with 34 mg (191 

µmol) of GaCl3 in 0.5 mL CD2Cl2, before 12 mg (103 µmol) of 2-propyl-1,3-dioxolane were 

added. The spectra showed the formation of bis(3-fluorophenyl)phenylmethane (a) and 2-

propyl-1,3-dioxolenium ion (b). 

 
1
H-NMR (600 MHz, CD2Cl2): δ/ppm = 1.14 (t, 3 H, 3

JH,H = 7.5 Hz, Me (b)), 1.98 (sex, 2 H, 
3
JH,H = 7.5 Hz, CH2 (b)), 3.17 (t, 2 H, 3

JH,H = 7.5 Hz, CH2 (b)), 5.55 (s, 4 H, CH2 (b)), 5.57 

(s, 1 H, Ar3CH (a)), 6.82-6.85 (m, 2 H, Harom. (a)), 6.94-6.96 (m, 3 H, Harom. (a)), 7.12-7.15 

(m, 2 H, Harom. (a)), 7.26-7.34 (m, 5 H, Harom. (a)). 
13

C-NMR (150 MHz, CDCl3): δ/ppm = 13.2 (s, 1 C (b)), 17.6 (s, 1 C (b)), 30.9 (s, 1 C (b)), 

56.1 (s, 1 C, Ar3CH (a)), 75.8 (s, 2 C (b)), 113.3 (d, 2 C, 2
JC,F = 21.1 Hz, CH (a)), 116.1 (d, 

2 C, 2
JC,F = 21.9 Hz, CH (a)), 125.1 (d, 2 C, 4

JC,F = 2.8 Hz, CH (a)), 126.8 (s, 1 C, CH (a)), 

128.5 (s, 2 C, CH (a)), 129.2 (s, 2 C, CH (a)), 129.9 (d, 2 C, 3
JC,F = 8.3 Hz, CH (a)), 142.6 

(s, 1 C, Cquat. (a)), 146.0 (d, 2 C, 3JC,F = 6.9 Hz, Cquat. (a)), 162.9 (d, 2 C, 1JC,F = 245 Hz, CF 

(a)), 194.2 (s, 1 C, C+ (b)). 

 

Reaction of (mF)(mF)'Tr
+
 with cycloheptatriene 

212 mg (0.674 mmol) of (mF)(mF)'TrCl were mixed with 810 mg (3.11 mmol) of SnCl4 in 6 

mL dichloromethane, resulting in a deeply red solution. 113 mg (1.23 mmol) of cyclohepta-

triene were added and the mixture stirred for 5 min at room temperature. After the reaction 

was quenched with water, the organic phase was treated consecutively with sat. aq. NaHCO3, 

H2O and brine. Filtration through MgSO4 and evaporation of the solvent delivered 160 mg 

(0.571 mmol, 85 %) of bis(3-fluorophenyl)phenylmethane as a colorless oil. 
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1
H-NMR (300 MHz, CDCl3): δ/ppm = 5.63 (s, 1 H, Ar3CH), 6.90-7.08 (m, 6 H, Harom.), 7.18-

7.44 (m, 7 H, Harom.). 
13

C-NMR (75 MHz, CDCl3): δ/ppm = 56.2 (s, 1 C, Ar3CH), 113.5 (d, 2 C, 2
JC,F = 21.1 Hz, 

CH), 116.3 (d, 2 C, 2
JC,F = 21.8 Hz, CH), 125.0 (d, 2 C, 4

JC,F = 2.8 Hz, CH), 126.8 (s, 1 C, 

CH), 128.5 (s, 2 C, CH), 129.2 (s, 2 C, CH), 129.8 (d, 2 C, 3
JC,F = 8.3 Hz, CH), 142.5 (s, 1 

C, Cquat.), 145.8 (d, 2 C, 3JC,F = 6.9 Hz, Cquat.), 162.9 (d, 2 C, 1JC,F = 246 Hz, CF). 
19

F-NMR (282 MHz, CDCl3): δ/ppm = –113. 

 

Reaction of Tr
+
BF4

–
 with diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (NMR) 

30 mg (91 µmol) of Tr+BF4
– were mixed with 23 mg (91 µmol) of diethyl 2,6-dimethyl-1,4-

dihydropyridine-3,5-dicarboxylate in 0.5 mL CDCl3. 

 
1
H-NMR (200 MHz, CDCl3): δ/ppm = 1.42 (t, 6 H, 3

JH,H = 7.1 Hz, CH2CH3), 3.11 (s, 6 H, 

Me), 4.46 (q, 4 H, 3
JH,H = 7.1 Hz, CH2CH3), 5.52 (s, 1 H, Ph3CH), 7.08-7.30 (m, 15 H, 

Harom.), 9.22 (s, 1 H, Harom.), 11.52 (br s, 1 H, NH).  

 

Reaction of Me3Tr
+
BF4

–
 with diethyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-dicarboxylate 

(NMR) 

33 mg (87 µmol) of Me3Tr+BF4
– were mixed with 24 mg (90 µmol) of diethyl 2,4,6-trimethyl-

1,4-dihydropyridine-3,5-dicarboxylate in 0.5 mL CDCl3. 

 
1
H-NMR (200 MHz, CDCl3): δ/ppm = 1.44 (t, 6 H, 3

JH,H = 7.1 Hz, CH2CH3), 2.32 (s, 9 H, 

Me), 4.52 (q, 4 H, 3
JH,H = 7.1 Hz, CH2CH3), 5.45 (s, 1 H, Ar3CH), 6.96-7.15 (m, 12 H, 

Harom.), 13.50 (br s, 1 H, NH). 

 

Reaction of (MeO)Tr
+
BF4

–
 with diethyl 2,4,6-trimethyl-1,4-dihydropyridine-3,5-dicarboxylate 

(NMR) 

28 mg (78 µmol) of (MeO)Tr+BF4
– were mixed with 19 mg (72 µmol) of diethyl 2,4,6-

trimethyl-1,4-dihydropyridine-3,5-dicarboxylate in 0.5 mL CDCl3. 

 
1
H-NMR (200 MHz, CDCl3): δ/ppm = 1.43 (t, 6 H, 3

JH,H = 7.1 Hz, CH2CH3), 2.55 (s, 3 H, 

Me), 2.84 (s, 6 H, Me), 3.78 (s, 3 H, OMe), 4.51 (q, 4 H, 3
JH,H = 7.1 Hz, CH2CH3), 5.50 (s, 

1 H, Ar3CH), 6.57-7.30 (m, 14 H, Harom.), 13.50 (br s, 1 H, NH). 
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4. Kinetic Data 

 

4.1. Solvolyses of triarylmethyl esters in aqueous acetonitrile 

 

All measurements have been performed at 25 °C. 
 
Tr-OAc. NEt3 as additive, conventional conductimetry. 
 

solvent kion (s
–1)  

90AN10W 1.48 × 10–5 [a]
 1.47 × 10

–5
 

 1.46 × 10–5 [a]
  

80AN20W 5.87 × 10–5 [b]
 5.88 × 10

–5
 

 5.88 × 10–5 [c]
  

60AN40W 2.64 × 10–4 [d]
 2.70 × 10

–4
 

 2.75 × 10–4 [c,e]
  

50AN50W 5.63 × 10–4 [f]
 5.57 × 10

–4
 

 5.51 × 10–4 [g,e]
  

[a] Initial concentration: 8.80 × 10–4 
M; [b] initial concentration: 8.70 × 10–4 

M; [c] initial 
concentration: 7.90 × 10–4 

M; [d] initial concentration: 8.00 × 10–4 
M; [e] 1,8-bis(dimethyl-

amino)naphthalene was used as additive; [f] initial concentration: 7.00 × 10–4 
M; [g] initial 

concentration: 8.33 × 10–4 
M. 

 
 
MeTr-OAc (initial concentration: 1.06 × 10-3 

M). The substrate has been synthesized in solu-
tion by mixing equimolar amounts of (n-Bu)4N

+AcO– and MeTr+BF4
–. NEt3 as additive, con-

ventional conductimetry. 
 

solvent kion (s
–1)  

90AN10W 1.07 × 10–4
 1.03 × 10

–4
 

 9.98 × 10–5
  

80AN20W 3.58 × 10–4 [a]
 3.59 × 10

–4
 

 3.60 × 10–4
  

60AN40W 1.36 × 10–3 [a]
 1.46 × 10

–3
 

 1.56 × 10–3 [a]
  

50AN50W 3.04 × 10–3
 3.01 × 10

–3
 

 2.98 × 10–3
  

[a] Initial concentration: 2.00 × 10–4 
M. 
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Me2Tr-OAc (initial concentration: 1.00 × 10–3 
M). The substrate has been synthesized in solu-

tion by mixing equimolar amounts of (n-Bu)4N
+AcO– and Me2Tr+BF4

–. NEt3 as additive, con-
ventional conductimetry. 
 

solvent kion (s
–1)  

90AN10W 3.33 × 10–4 [a] 3.23 × 10
–4

 

 3.13 × 10–4 [a]
  

80AN20W 1.20 × 10–3
 1.21 × 10

–3
 

 1.22 × 10–3
  

60AN40W 5.58 × 10–3
 5.62 × 10

–3
 

 5.65 × 10–3
  

50AN50W 9.55 × 10–3
 9.59 × 10

–3
 

 9.62 × 10–3
  

[a] Initial concentration: 2.00 × 10–4 
M. 

 
Me3Tr-OAc (initial concentration: 1.99 × 10–4 

M. The substrate has been synthesized in solu-
tion by mixing equimolar amounts of (n-Bu)4N

+AcO– and Me3Tr+BF4
–. NEt3 as additive, con-

ventional conductimetry. 
 

solvent kion (s
–1)  

90AN10W 1.30 × 10–3 1.30 × 10
–3

 

 1.29 × 10–3
  

80AN20W 4.96 × 10–3
 4.98 × 10

–3
 

 4.99 × 10–3
  

60AN40W 1.74 × 10–2
 1.77 × 10

–2
 

 1.80 × 10–2
  

50AN50W 3.37 × 10–2 [a]
 3.33 × 10

–2
 

 3.29 × 10–2 [a]
  

[a] Initial concentration: 3.58 × 10–4 
M. 

 
(MeO)Tr-OAc (initial concentration: 6.60 × 10–4 

M). The substrate has been synthesized in 
solution by mixing equimolar amounts of (n-Bu)4N

+AcO– and (MeO)Tr+BF4
–. NEt3 as addi-

tive, conventional conductimetry. 
 

solvent kobs (s
–1)  

90AN10W 1.19 × 10–3 [a]
 1.20 × 10

–3
 

 1.21 × 10–3 [a]
  

80AN20W 4.54 × 10–3 [b]
 4.53 × 10

–3
 

 4.51 × 10–3 [b]
  

60AN40W 1.57 × 10–2
 1.50 × 10

–2
 

 1.42 × 10–2
  

50AN50W 2.42 × 10–2
 2.40 × 10

–2
 

 2.37 × 10–2
  

[a] Initial concentration: 3.20 × 10–4 
M; [b] initial concentration: 7.50 × 10–4 

M. 
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(MeO)2Tr-OAc. The substrate has been synthesized in solution by mixing equimolar amounts 
of (n-Bu)4N

+AcO– and (MeO)2Tr+BF4
–. NEt3 as additive. 

 
solvent kion (s

–1)  
90AN10W 3.98 × 10–2 [a]

 4.04 × 10
–2 

 4.09 × 10–2 [a]
  

80AN20W 1.14 × 10–1 [a] 
1.15 × 10

–1 

 1.16 × 10–1 [a]  

60AN40W [b] - 
3.06 × 10

–1
 

50AN50W [b] - 4.41 × 10
–1

 

[a] Initial concentration: 2.00 × 10–4 
M, conventional conductimetry; [b] initial concentration: 

1.00 × 10–3 
M, stopped-flow conductimetry. 

 
 
(Me2N)Tr-OAc (initial concentration: 6.00 × 10–5 M). The substrate has been synthesized in 
solution by mixing (Me2N)Tr+BF4

–
 with different amounts of (n-Bu)4N

+AcO–; stopped-flow 
UV-vis spectroscopy, λ = 461 nm. 
 

kobs (s
–1) [AcO–]  

(mol L–1) 
[a] 90AN10W 80AN20W 60AN40W 50AN50W 

6.65 × 10-5 1.07 1.97 4.35 7.50 
1.32 × 10-4 1.08 2.05 4.63 7.40 
1.94 × 10-4 1.10 2.00 4.62 7.67 

2.58 × 10-4 1.07 2.01 4.59 7.02 

3.21 × 10-4 1.07 1.96 4.34 7.41 
1.87 × 10-3 1.02 - - 7.29 

3.73 × 10-3 1.04 - - 7.34 

6.78 × 10-3 1.03 - - 7.32 
1.01 × 10-2 1.05 - - 7.22 

1.35 × 10-2 1.04 - - 7.22 

 1.08 2.00 4.51 7.40 

[a] free AcO–: [(n-Bu)4N
+AcO–]0 – [(Me2N)Tr+BF4

–]0 

 
 
(Me2N)(MeO)Tr-OAc (initial concentration: 5.03 × 10–5 

M). The substrate has been synthesi-
zed in solution by mixing equimolar amounts of (n-Bu)4N

+AcO– and (Me2N) (MeO)Tr+BF4
–; 

stopped-flow UV-vis spectroscopy, λ = 506 nm. 
 

solvent 90AN10W 80AN20W 60AN40W 50AN50W 

kion (s
–1) 6.23

 
1.22 × 10

1 
2.49 × 10

1
 3.93 × 10

1
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(Me2N)(MeO)Tr-OAc (initial concentration: 5.03 × 10–5 
M) in 90AN10W with different 

amounts of additional (n-Bu)4N
+AcO–. The substrate has been synthesized in solution by 

mixing equimolar amounts of (n-Bu)4N
+AcO– and (Me2N)(MeO)Tr+BF4

–; stopped-flow UV-
vis spectroscopy, λ = 506 nm. 
 

[(n-Bu4)N
+BF4

–] (mol L–1) [a] 6.07 × 10–4 1.75 × 10–3
 3.17 × 10–3

 4.53 × 10–3
 

kion (s
-1) 6.37

 
6.13 6.27 6.19 

[a] additional salt. 
 
(Me2N)2Tr-OAc (initial concentration: 1.92 × 10–5 

M). The substrate has been synthesized in 
solution by mixing (Me2N)2Tr+BF4

– with 140 equiv. of (n-Bu)4N
+AcO– ; stopped-flow UV-vis 

spectroscopy, λ = 620 nm. 
 

 

 

 
 
Tr-OBz. NEt3 as additive, conventional conductimetry. 
 

solvent kion (s
–1)  

90AN10W 5.37 × 10–5 [a]
 5.34 × 10

–5
 

 5.30 × 10–5 [a]
  

80AN20W 1.69 × 10–4 [b]
 1.67 × 10

–4
 

 1.64 × 10–4 [b]
  

60AN40W 5.26 × 10–4 [c]
 5.14 × 10

–4
 

 5.02 × 10–4 [c]
  

50AN50W 9.97 × 10–4 [d]
 9.99 × 10

–4
 

 1.00 × 10–3 [d]
  

[a] Initial concentration: 8.20 × 10–4 
M; [b] initial concentration: 3.48 × 10–4 

M; [c] initial 
concentration: 1.46 × 10–4 

M; [d] initial concentration: 8.10 × 10–4 
M. 

 
MeTr-OBz (initial concentration: 1.00 × 10–3 

M). The substrate has been synthesized in solu-
tion by mixing equimolar amounts of (n-Bu)4N

+BzO– and MeTr+BF4
–. NEt3 as additive, con-

ventional conductimetry. 
 

solvent kion (s
–1)  

90AN10W 2.43 × 10–4
 2.56 × 10

–4
 

 2.68 × 10–4
  

80AN20W 8.10 × 10–4
 8.08 × 10

–4
 

 8.04 × 10–4 
 

60AN40W 2.76 × 10–3
 2.78 × 10

–3
 

 2.79 × 10–3
  

50AN50W 5.00 × 10–3
 5.01 × 10

–3
 

 5.02 × 10–3
  

 
 

solvent 90AN10W 80AN20W 

kion (s
–1) 1.28 × 10

2 
2.15 × 10

2 
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Me2Tr-OBz. The substrate has been synthesized in solution by mixing equimolar amounts of 
(n-Bu)4N

+BzO– and Me2Tr+BF4
–. NEt3 as additive, conventional conductimetry. 

 
solvent kion (s

–1)  
90AN10W 1.26 × 10–3 [a]

 1.26 × 10
–3

 

 1.25 × 10–3 [a]
  

80AN20W 3.62 × 10–3 [b]
 3.55 × 10

–3
 

 3.48 × 10–3 [b] 
 

60AN40W 1.02 × 10–2 [c] 1.05 × 10
–2

 

 1.08 × 10–2 [c]  

50AN50W 1.69 × 10–2 [a]
 1.71 × 10

–2
 

 1.72 × 10–2 [c]
  

[a] Initial concentration: 2.00 × 10–4 
M; [b] initial concentration: 2.70 × 10–4 

M; [c] initial 
concentration: 1.72 × 10–4 

M. 
 
 
Me3Tr-OBz (initial concentration: 2.50 × 10–4 M. The substrate has been synthesized in solu-
tion by mixing equimolar amounts of (n-Bu)4N

+BzO– and Me3Tr+BF4
–. NEt3 as additive, con-

ventional conductimetry. 
 

solvent kion (s
–1)  

90AN10W 5.44 × 10–3
 5.43 × 10

–3
 

 5.41 × 10–3
  

80AN20W 1.50 × 10–2
 1.51 × 10

–2
 

 1.51 × 10–2 
 

60AN40W 4.55 × 10–2 4.55 × 10
–2

 

 4.54 × 10–2  

50AN50W 6.86 × 10–2
 6.97 × 10

–2
 

 7.08 × 10–2
  

 
 
(MeO)Tr-OBz. The substrate has been synthesized in solution by mixing equimolar amounts 
of (n-Bu)4N

+BzO– and (MeO)Tr+BF4
–. NEt3 as additive, conventional conductimetry. 

 
solvent kion (s

–1)  

90AN10W 4.51 × 10–3 [a]
 4.45 × 10

–3
 

 4.38 × 10–3 [a]
  

80AN20W 1.26 × 10–2 [a]
 1.30 × 10

–2
 

 1.33 × 10–2 [a] 
 

60AN40W 3.81 × 10–2 [b]
 3.86  × 10

–2
 

 3.90 × 10–2 [b]
  

50AN50W 5.41 × 10–2 [c] 5.56 × 10
–2

 

 5.70 × 10–2 [c]  

[a] Initial concentration: 9.18 × 10–4 
M; [b] initial concentration: 1.67 × 10–3 

M; [c] initial con-
centration: 2.00 × 10–4 

M. 
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(MeO)2Tr-OBz. The substrate has been synthesized in solution by mixing equimolar amounts 
of (n-Bu)4N

+BzO– and (MeO)2Tr+BF4
–. NEt3 as additive. 

 
solvent kion (s

–1)  
90AN10W 1.67 × 10–1 [a]

 1.61 × 10
–1

 

 1.55 × 10–1 [a]
  

80AN20W [b] - 3.34 × 10
–1

 

60AN40W [b] - 6.67 × 10
–1

 

50AN50W [b] - 9.30 × 10
–1

 

[a] Initial concentration: 2.00 × 10–4 
M, conventional conductimetry; [b] initial concentration: 

8.20 × 10-4 
M, stopped-flow conductimetry. 

 
 
(Me2N)Tr-OBz (initial concentration: 5.89 × 10–5 

M). The substrate has been synthesized in 
solution by mixing (Me2N)Tr+BF4

– with different amounts of (n-Bu)4N
+BzO–; stopped-flow 

UV-vis spectroscopy, λ = 461 nm. 
 

kion (s
–1) [BzO–]  

(mol L–1) [a] 90AN10W 80AN20W 60AN40W 50AN50W 
1.26 × 10–5

 5.37
 

8.35 1.40 × 10
1
 2.04 × 10

1
 

1.15 × 10–3 5.38 8.16 1.41 × 101 2.04 × 101 
[a] Free BzO–: [(n-Bu)4N

+BzO–]0 – [(Me2N)Tr-OBz]0 

 
 
(Me2N)(MeO)Tr-OBz (initial concentration: 4.96 × 10–5 

M). The substrate has been synthe-
sized in solution by mixing (Me2N)(MeO)Tr+BF4

– and 2.56 equivalents of (n-Bu)4N
+BzO–; 

stopped-flow UV-vis spectroscopy, λ = 506 nm. 
 

solvent 90AN10W 80AN20W 60AN40W 50AN50W 

kion (s
–1) 3.36 × 10

1
 4.70 × 10

1 
6.95 × 10

1
 1.02 × 10

2
 

 
 
Tr-PNB (initial concentration: 7.30 × 10–4 

M). NEt3 as additive, conventional conductimetry. 
 

solvent kion (s
–1)  

90AN10W 1.54 × 10–3 1.57 × 10
–3

 

 1.59 × 10–3
  

80AN20W 4.14 × 10–3
 4.19 × 10

–3
 

 4.25 × 10–3 
 

60AN40W 9.66 × 10–3
 9.68 × 10

–3
 

 9.70 × 10–3
  

50AN50W 1.82 × 10–2 1.82 × 10
–2

 

 1.82 × 10–2  
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4.2. Solvolyses of triphenylmethyl esters in aqueous acetone 

 

All measurements have been performed at 25 °C. 
 

Tr-OAc (initial concentration: 7.10 × 10–4 
M). NEt3 as additive, conventional conductimetry. 

 
solvent kion (s

–1)  
80A20W 1.38 × 10

–5 [a]
  

60A40W 1.96 × 10–4
 1.99  × 10

–4
 

 2.01 × 10–4
  

50A50W 6.32 × 10–4 6.40 × 10
–2

 

 6.52 × 10–4  

[a] Initial concentration: 8.60 × 10-4 
M, 1,8-bis(dimethylamino)naphthalene was used as addi-

tive. 
 
 
Tr-OBz (initial concentration: 7.10 × 10–4 

M). NEt3 as additive, conventional conductimetry. 
 

solvent kion (s
–1)  

90A10W 9.27 × 10–6 9.31 × 10
–6

 

 9.34 × 10–6
  

80A20W 3.47 × 10–5
 3.50 × 10

–5
 

 3.52 × 10–5 
 

60A40W 2.85 × 10–4
 2.87 × 10

–4
 

 2.89 × 10–4
  

50A50W 6.94 × 10–4 6.95 × 10
–4

 

 6.96 × 10–4  

 
 
Tr-PNB (initial concentration: 7.30 × 10–4 

M). NEt3 as additive, conventional conductimetry. 
 

solvent kion (s
–1)  

90A10W 3.66 × 10–4 3.63 × 10
–4

 

 3.59 × 10–4
  

80A20W 1.49 × 10–3
 1.49 × 10

–3
 

 1.48 × 10–3 
 

60A40W 1.11 × 10–2
 1.08 × 10

–2
 

 1.05 × 10–2
  

50A50W 3.21 × 10–2 3.25 × 10
–2

 

 3.30 × 10–2  
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4.3. Ionizations of trianisylmethyl esters in AN/W in the presence of piperidine 

 

The substrate has been synthesized in solution by mixing equimolar amounts of 
(MeO)3Tr+BF4

– and (n-Bu)4N
+AcO– or (n-Bu)4N

+BzO–, respectivly. Piperidine as additive; 
stopped-flow conductimetry, 25 °C. 
 

nucleofuge 
[substrate]  
(mol L–1) 

solvent 
[piperidine]  
(mol L–1) 

kion (s
–1)  

AcO– 8.33 × 10–4 90AN10W 5.18 × 10–3 6.74 × 10–1 6.80 × 10
–1

 

   1.04 × 10–2 6.79 × 10–1  

   1.55 × 10–2 6.65 × 10–1  

   2.07 × 10–2 6.80 × 10–1 
 

 8.22 × 10–4 80AN20W 1.32 × 10–2 1.58  

  60AN40W  3.86  

  50AN50W  5.56  

BzO– 1.01 × 10–3 90AN10W 1.04 × 10–2 3.71 3.79 

   1.55 × 10–2 3.80  

   2.07 × 10–2 3.76 
 

 7.18 × 10–4 80AN20W 1.32 × 10–2 6.45  

  60AN40W  1.12 × 10
1
  

  50AN50W  1.38 × 10
1
  

 
 

4.4. Reactions of tritylium ions with water in aqueous acetonitrile 

 

All measurements have been performed at 20 °C. 
 
The carbenium ions were generated by laser-flash photolysis of the corresponding acetates, 
which have been synthesized by mixing equimolar amounts of Ar3Tr+BF4

– and (n-
Bu)4N

+AcO–; UV-vis spectroscopy. 
 

system [Ar3C
+AcO–]0  (M) solvent kw (s–1)  

Tr+ 4.10 × 10–4 90AN10W 1.18 × 105 1.19 × 10
5
 

   1.17 × 105  

   1.22 × 105 [a]  

  80AN20W 1.58 × 10
5 [a] 

 

  60AN40W 1.67 × 105 1.69 × 10
5
 

   1.70 × 105  

  50AN50W 1.64 × 105 1.62 × 10
5
 

   1.62 × 105  

   1.62 × 105  

MeTr+ 6.65 × 10–4 90AN10W 2.24 × 104 2.44 × 10
4
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Table continued. 
 

system [Ar3C
+AcO–]0 (M) solvent kw (s–1)  

MeTr+ 6.65 × 10–4 90AN10W 2.51 × 104  

   2.56 × 104  

  80AN20W 3.54 × 104 
3.60 × 10

4
 

   3.77 × 104  

   3.48 × 104  

  60AN40W 4.30 × 104 4.29 × 10
4
 

   4.25 × 104  

   4.32 × 104  

  50AN50W 4.07 × 104 4.08 × 10
4
 

   4.08 × 104  

   4.10 × 104  

Me2Tr+ 1.63 × 10–3 90AN10W 7.73 × 103 7.85 × 10
3
 

   7.88 × 103  

   7.95 × 103  

  80AN20W 9.47 × 103 
9.35 × 10

3 
   9.21 × 103  

   9.38 × 103  

  60AN40W 9.85 × 103 9.84 × 10
3
 

   9.96 × 103  

   9.72 × 103  

Me2Tr+ 1.63 × 10–3 50AN50W 9.94 × 103 9.89 × 10
3
 

   9.81 × 103  

   9.91 × 103  

Me3Tr+ 9.58 × 10–3 90AN10W 2.74 × 103 2.77 × 10
3
 

   2.79 × 103  

  80AN20W 2.98 × 103 
3.01 × 10

3 
   3.03 × 103  

  60AN40W 3.19 × 103 3.17 × 10
3
 

   3.15 × 103  

  50AN50W 2.80 × 103 2.83 × 10
3
 

   2.86 × 103  

(MeO)Tr+ 1.00 × 10–4  90AN10W 1.14 × 103 
1.17 × 10

3
 

   1.19 × 103  

   1.17 × 103  

  80AN20W 1.43 × 103 
1.43 × 10

3
 

   1.43 × 103  

   1.45 × 103  

  60AN40W 1.78 × 103 1.75 × 10
3
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Table continued. 
 

system [Ar3C
+AcO–]0 (M) solvent kw (s–1)  

(MeO)Tr+ 1.00 × 10–4  60AN40W 1.72 × 103  

   1.74 × 103  

  50AN50W 1.72 × 103 1.73 × 10
3
 

   1.73 × 103  

   1.75 × 103  

(MeO)2Tr+ [b] 8.70 × 10–6 90AN10W 4.16 × 10
1
  

  80AN20W 5.61 × 10
1
  

  60AN40W 5.47 × 10
1
  

  50AN50W 5.81 × 10
1
  

(MeO)3Tr+ [b] 1.56 × 10–5 90AN10W 3.73  

  80AN20W 4.78  

  60AN40W 4.93  

  50AN50W 4.88  

[a] This value represents an average of 6 runs; [b] stopped-flow UV-vis spectroscopy. 
 
 
(Me2N)Tr+BF4

– (initial concentration: 3.22 × 10–5 
M). (n-Bu)4N

+AcO– or (n-Bu)4N
+BzO– have 

been added; conventional UV-vis spectroscopy. 
 

kw (s–1) 

solvent 6.7 equiv. 
(n-Bu)4N

+AcO– 
4.6 equiv. 

(n-Bu)4N
+BzO– 

 

90AN10W 2.57 × 10–3
 2.57 × 10–3

 2.57 × 10
–3

 

80AN20W 3.43 × 10–3 3.43 × 10–3
 3.43 × 10

–3
 

60AN40W 3.78 × 10–3 3.76 × 10–3
 3.77 × 10

–3
 

50AN50W 3.76 × 10–3
 3.77 × 10–3

 3.77 × 10
–3 

 

 

(Me2N)(MeO)Tr+BF4
– (initial concentration: 5.67 × 10–5 

M). (n-Bu)4N
+AcO– (4.95 × 10–4 

M) 
has been added; conventional UV-vis spectroscopy. 
 

solvent kw (s–1)  
90AN10W 1.53 × 10–3

 1.53 × 10
–3

 

 1.52 × 10–3
  

80AN20W 1.97 × 10–3 1.97 × 10
–3

 

 1.96 × 10–3  

60AN40W 2.16 × 10–3 2.16 × 10
–3

 

 2.16 × 10–3  

50AN50W 2.14 × 10–3
 2.14 × 10

–3 

 2.13 × 10–3
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4.5. Reactions of tritylium ions in aqueous acetonitrile in the presence of additives 

 

First-order rate constants for the reactions of (MeO)3Tr+BF4
– with variable amounts of (n-

Bu)4N
+AcO– in 90AN10W, stopped-flow UV-vis photospectrometry, λ = 484 nm, 25 °C. 

 

y = 8143.8x + 4.8218
R2 = 0.9984
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First-order rate constants for the reactions of (MeO)3Tr+BF4

– with variable amounts of (n-
Bu)4N

+AcO– in 50AN50W, stopped-flow UV-vis photospectrometry, λ = 484 nm, 25 °C. 
 

y = 131.25x + 6.8473
R2 = 0.976
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First-order rate constants for the reactions of (MeO)3Tr+BF4

– with variable amounts of (n-
Bu)4N

+BzO– in 90AN10W, stopped-flow UV-vis photospectrometry, λ = 484 nm, 25 °C. 
 

y = 23174x + 4.963
R2 = 0.997

0
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[(MeO)3Tr+]  
(mol L–1) 

[AcO–]  
(mol L–1) 

equiv. kobs (s
–1) 

2.62 × 10–5 0 0 4.31 
3.31 × 10–5 5.97 × 10–4 18 1.00 × 101 
3.31 × 10–5 1.39 × 10–3 42 1.64 × 101 

3.31 × 10–5 1.86 × 10–3 56 2.03 × 101 

3.31 × 10–5 2.59 × 10–3 78 2.63 × 101 
3.31 × 10–5 3.18 × 10–3 96 3.02 × 101 

[(MeO)3Tr+] 
(mol L–1) 

[AcO–] 
(mol L–1) 

equiv. kobs (s
–1) 

2.71 × 10–5 2.16 × 10–3 80 7.23 
2.71 × 10–5 4.39 × 10–3 162 7.32 

2.71 × 10–5 7.79 × 10–3 288 7.85 
2.71 × 10–5 9.55 × 10–3 352 8.06 

2.71 × 10–5 1.21 × 10–2 447 8.50 

[(MeO)3Tr+] 
(mol L–1) 

[BzO–] 
(mol L–1) 

equiv. kobs (s
–1) 

2.62 × 10–5 0 0 4.31 
2.62 × 10–5 6.60 × 10–4 25 2.14 × 101 
2.62 × 10–5 1.32 × 10–3 50 3.45 × 101 

2.62 × 10–5 1.82 × 10–3 70 4.85 × 101 

2.62 × 10–5 2.31 × 10–3 88 5.77 × 101 
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First-order rate constants for the reactions of (MeO)3Tr+BF4
– with variable amounts of 

DABCO in 90AN10W, stopped-flow UV-vis photospectrometry, λ = 484 nm, 25 °C. 
 

y = 478.03x + 4.3428
R2 = 0.9928
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First-order rate constants for the reactions of (MeO)3Tr+BF4

– with variable amounts of 
DABCO in 50AN50W, stopped-flow UV-vis photospectrometry, λ = 484 nm, 25 °C. 
 

y = 98.154x + 7.3225
R2 = 0.9968
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First-order rate constants for the reactions of (MeO)3Tr+BF4

– with variable amounts of (n-
Bu)4N

+OH– in 90AN10W, stopped-flow UV-vis photospectrometry, λ = 484 nm, 25 °C. 
 

y = 261577x - 0.7928
R2 = 0.9968
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[(MeO)3Tr+] 
(mol L–1) 

[DABCO] 
(mol L–1) 

equiv. kobs (s
–1) 

2.71 × 10–5 6.15 × 10–3 227 7.22 
2.71 × 10–5 1.03 × 10–2 380 8.61 

2.71 × 10–5 2.02 × 10–2 745 1.50 × 101 

2.71 × 10–5 2.87 × 10–2 1.06 × 103 1.81 × 101 
2.71 × 10–5 4.43 × 10–2 1.64 × 103 2.52 × 101 

[(MeO)3Tr+] 
(mol L–1) 

[DABCO] 
(mol L–1) 

equiv. kobs (s
–1) 

2.71 × 10–5 5.88 × 10–3 217 7.89 
2.71 × 10–5 8.96 × 10–3 331 8.26 

2.71 × 10–5 1.81 × 10–2 668 9.10 

2.71 × 10–5 3.07 × 10–2 1.13 × 103 1.02 × 101 
2.71 × 10–5 4.27 × 10–2 1.59 × 103 1.16 × 101 

[(MeO)3Tr+] 
(mol L–1) 

[OH–] 
(mol L–1) 

equiv. kobs (s
–1) 

1.33 × 10–5 2.01 × 10–4 15 4.81 × 101 
1.33 × 10–5 4.03 × 10–4 30 1.04 × 102 

1.33 × 10–5 6.04 × 10–4 45 1.58 × 102 
1.33 × 10–5 8.05 × 10–4 61 2.19 × 102 

1.33 × 10–5 1.21 × 10–3 91 3.10 × 102 
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First-order rate constants for the reactions of (Me2N)Tr+BF4
– with variable amounts of (n-

Bu)4N
+AcO– in 90AN10W, conventional UV-vis photospectrometry, λ = 461 nm, 25 °C. 

 

y = 0.19414x + 0.00355
R2 = 0.99784
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First-order rate constants for the reactions of (Me2N)Tr+BF4

– with variable amounts of (n-
Bu)4N

+AcO– in 50AN50W, conventional UV-vis photospectrometry, λ = 461 nm, 20 °C. 
 

y = 0.0194x + 0.0037
R2 = 0.6302
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First-order rate constants for the reactions of (Me2N)Tr+BF4

– with variable amounts of (n-
Bu)4N

+BzO– in 90AN10W, conventional UV-vis photospectrometry, λ = 461 nm, 25 °C. 
 

y = 0.3520x + 0.0035
R2 = 0.9820
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[(Me2N)Tr+] 
(mol L–1) 

[AcO–] 
(mol L–1) 

equiv. kobs (s
–1) 

5.06 × 10–5 7.38 × 10–4 15 3.69 × 10–3 
5.06 × 10–5 1.48 × 10–3 29 3.85 × 10–3 

5.06 × 10–5 2.21 × 10–3 44 3.99 × 10–3 

5.06 × 10–5 2.95 × 10–3 58 4.12 × 10–3 

[(Me2N)Tr+] 
(mol L–1) 

[AcO–] 
(mol L–1) 

equiv. kobs (s
–1) 

4.64 × 10–5 3.54 × 10–4 8 3.67 × 10–3 
4.64 × 10–5 7.06 × 10–4 15 3.67 × 10–3 
4.64 × 10–5 1.42 × 10–3 31 3.69 × 10–3 

4.64 × 10–5 2.12 × 10–3 46 3.70 × 10–3 

4.64 × 10–5 2.83 × 10–3 61 3.68 × 10–3 
4.64 × 10–5 3.54 × 10–3 76 3.75 × 10–3 

[(Me2N)Tr+] 
(mol L–1) 

[AcO–] 
(mol L–1) 

equiv. kobs (s
–1) 

5.06 × 10–5 4.18 × 10–4 8 3.64 × 10–3 
5.06 × 10–5 8.36 × 10–4 17 3.79 × 10–3 

5.06 × 10–5 1.25 × 10–3 25 3.88 × 10–3 

5.06 × 10–5 1.67 × 10–3 33 4.04 × 10–3 
5.06 × 10–5 2.09 × 10–3 41 4.25 × 10–3 
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First-order rate constants for the reaction of (Me2N)Tr+BF4
– with variable amounts of 

DABCO in 90AN10W, conventional UV-vis photospectrometry, λ = 461 nm, 25 °C. 
 

y = 0.13468x + 0.00355
R2 = 0.99918
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4.6. Reactions of tritylium ions with hydride donors 

 

Reaction of (mF)2(mF)'2Tr+ with 3-propylcyclopentene (conventional UV-vis spectrometry, 
422 nm, CH2Cl2, 20 °C). The carbocation was generated in solution by mixing 
(mF)2(mF)'2TrCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

9.20 × 10-5 49 4.09 × 10-3 45 2.38 × 10-2 
6.59 × 10-5 81 4.54 × 10-3 69 2.65 × 10-2 
6.77 × 10-5 81 5.33 × 10-3 79 3.15 × 10-2 
6.58 × 10-5 81 5.84 × 10-3 89 3.31 × 10-2 
6.59 × 10-5 81 6.31 × 10-3 96 3.54 × 10-2 

y = 5.237x + 0.003
R2 = 0.9890
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[(Me2N)Tr+] 
(mol L–1) 

[DABCO] 
(mol L–1) 

equiv. kobs (s
–1) 

5.54 × 10–5 6.27 × 10–3 96 4.48 × 10–3 
5.54 × 10–5 1.25 × 10–2 191 5.21 × 10–3 

5.54 × 10–5 1.88 × 10–2 288 6.02 × 10–3 
5.54 × 10–5 3.67 × 10–2 561 8.44 × 10–3 

5.54 × 10–5 4.89 × 10–2 748 1.02 × 10–2 
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Reaction of (mF)2(mF)'(mF)''Tr+ with HSiPh3 (stopped-flow UV-vis spectrometry, 418 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (mF)2(mF)' (mF)''TrBr 
with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

6.07 × 10-5 97 2.86 × 10-3 47 1.71 × 101 
6.07 × 10-5 97 3.81 × 10-3 63 2.32 × 101 
6.07 × 10-5 97 4.76 × 10-3 78 2.87 × 101 

y = 6105x - 0.26
R2 = 0.9991

0

10

20

30

0.E+00 1.E-03 2.E-03 3.E-03 4.E-03 5.E-03

[Nu] / mol L–1

k
ob

s 
/ 

s–1

k = 6.11 × 10
3 

L mol
-1

 s
-1

 

 
 
Reaction of (mF)2(mF)'(mF)''Tr+ with HSiEt3 (stopped-flow UV-vis spectrometry, 418 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (mF)2(mF)' (mF)''TrBr 
with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

6.07 × 10-5 97 5.16 × 10-4 9 1.97 
6.07 × 10-5 97 1.03 × 10-3 17 4.18 
6.07 × 10-5 97 1.55 × 10-3 26 6.74 
6.07 × 10-5 97 2.06 × 10-3 34 8.97 
6.07 × 10-5 97 2.58 × 10-3 43 1.15 × 101 

y = 4624x - 0.48
R2 = 0.9996
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Reaction of (mF)2(mF)'(mF)''Tr+ with cycloheptatriene (stopped-flow UV-vis spectrometry, 
418 nm, CH2Cl2, 20 °C). The carbocation was generated in solution by mixing 
(mF)2(mF)'(mF)''TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.67 × 10-5 118 1.30 × 10-2 229 1.88 × 101 
5.67 × 10-5 118 2.60 × 10-2 459 3.87 × 101 
5.67 × 10-5 118 3.91 × 10-2 690 5.48 × 101 
5.67 × 10-5 118 5.21 × 10-2 919 7.74 × 101 
5.67 × 10-5 118 6.51 × 10-2 1148 9.09 × 101 

y = 1404x + 1.29
R2 = 0.9955
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Reaction of (mF)(mF)'(mF)''Tr+ with HSiPh3 (stopped-flow UV-vis spectrometry, 420 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (mF)(mF)'(mF)''TrBr 
with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.57 × 10-5 53 1.63 × 10-3 29 3.80 
5.57 × 10-5 53 5.03 × 10-3 90 1.09 × 101 
5.57 × 10-5 53 9.39 × 10-3 169 2.06 × 101 
5.57 × 10-5 53 1.33 × 10-2 239 2.86 × 101 
5.57 × 10-5 53 1.80 × 10-2 323 3.83 × 101 

y = 2114x + 0.42
R2 = 0.9998
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Reaction of (mF)(mF)'(mF)''Tr+ with HSiEt3 (stopped-flow UV-vis spectrometry, 420 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (mF)(mF)' (mF)''TrBr 
with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.57 × 10-5 53 7.27 × 10-3 130 1.51 × 101 
5.57 × 10-5 53 1.13 × 10-2 202 2.32 × 101 
5.57 × 10-5 53 1.58 × 10-2 284 3.38 × 101 
5.57 × 10-5 53 2.34 × 10-2 421 4.81 × 101 
5.57 × 10-5 53 3.14 × 10-2 564 6.48 × 101 

y = 2054x + 0.37
R2 = 0.9992
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Reaction of (mF)(mF)'(mF)''Tr+ with cycloheptatriene (stopped-flow UV-vis spectrometry, 
420 nm, CH2Cl2, 20 °C). The carbocation was generated in solution by mixing 
(mF)(mF)'(mF)''TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.57 × 10-5 53 1.01 × 10-2 182 3.06 
5.57 × 10-5 53 1.61 × 10-2 289 4.96 
5.57 × 10-5 53 2.47 × 10-2 443 7.49 
5.57 × 10-5 53 3.37 × 10-2 605 1.05 × 101 
5.57 × 10-5 53 5.67 × 10-2 1.02 × 103 1.79 × 101 

y = 318.8x - 0.23
R2 = 0.9997
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Reaction of (mF)(mF)'Tr+ with HSiPh3 (stopped-flow UV-vis spectrometry, 415 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (mF)(mF)'TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

4.76 × 10-5 3 2.56 × 10-3 54 1.71 
4.76 × 10-5 3 2.98 × 10-3 63 2.12 
4.76 × 10-5 3 3.41 × 10-3 72 2.33 
4.76 × 10-5 3 3.84 × 10-3 81 2.56 
4.76 × 10-5 3 4.26 × 10-3 89 2.89 

y = 656.9x + 0.082
R2 = 0.9855
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Reaction of (mF)(mF)'Tr+ with HSiPh3 (stopped-flow UV-vis spectrometry, 415 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (mF)(mF)'TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

7.24 × 10-5 110 1.67 × 10-3 23 1.03 
7.24 × 10-5 110 3.35 × 10-3 46 2.05 
7.24 × 10-5 110 5.02 × 10-3 69 3.14 
7.24 × 10-5 110 6.70 × 10-3 93 4.13 
7.24 × 10-5 110 1.13 × 10-2 156 7.16 

y = 636.8x - 0.069
R2 = 0.9997
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Reaction of (mF)(mF)'Tr+ with HSiEt3 (stopped-flow UV-vis spectrometry, 415 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (mF)(mF)'TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

7.24 × 10-5 110 4.08 × 10-3 56 2.84 
7.24 × 10-5 110 9.20 × 10-3 127 7.41 
7.24 × 10-5 110 1.20 × 10-2 166 9.61 
7.24 × 10-5 110 1.91 × 10-2 264 1.48 × 101 
7.24 × 10-5 110 2.66 × 10-2 367 2.09 × 101 

y = 790.2x - 0.11
R2 = 0.9988
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Reaction of (mF)(mF)'Tr+ with HSiBu3 (stopped-flow UV-vis spectrometry, 415 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (mF)(mF)'TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

8.69 × 10-5 95 1.32 × 10-3 15 1.86 
8.69 × 10-5 95 2.65 × 10-3 30 3.94 
8.69 × 10-5 95 3.97 × 10-3 46 5.73 
8.69 × 10-5 95 5.29 × 10-3 61 7.79 
8.69 × 10-5 95 6.91 × 10-3 80 1.01 × 101 

y = 1471x - 0.04
R2 = 0.9996
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Reaction of (mF)(mF)'Tr+ with cycloheptatriene (conventional UV-vis spectrometry, 415 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (mF)(mF)'TrBr with 
SnCl4. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

6.97 × 10-5 488 5.86 × 10-4 8 2.50 × 10-2 
6.65 × 10-5 488 1.12 × 10-3 17 4.38 × 10-2 
6.90 × 10-5 488 1.74 × 10-3 25 6.81 × 10-2 
6.85 × 10-5 488 2.30 × 10-3 34 9.07 × 10-2 
7.05 × 10-5 488 3.56 × 10-3 50 1.44 × 10-1 

y = 40.21x - 0.0005
R2 = 0.9989
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Reaction of (mF)(mF)'Tr+ with Bu4Sn (conventional UV-vis spectrometry, 415 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (mF)(mF)'TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

7.62 × 10-5 16 2.42 × 10-3 32 6.09 × 10-3 
7.48 × 10-5 16 4.76 × 10-3 64 1.50 × 10-2 
7.47 × 10-5 16 7.12 × 10-3 95 2.55 × 10-2 
7.54 × 10-5 16 9.59 × 10-3 127 3.38 × 10-2 
7.51 × 10-5 16 1.19 × 10-2 159 4.19 × 10-2 

y = 3.800x - 0.0027
R2 = 0.9976
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Reaction of (mF)2Tr+ with Bu4Sn (conventional UV-vis spectrometry, 412 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (mF)2TrCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.72 × 10-5 34 1.49 × 10-3 40 1.83 × 10-3 
3.79 × 10-5 34 3.04 × 10-3 80 6.49 × 10-3 
3.64 × 10-5 34 5.85 × 10-3 161 1.59 × 10-2 
3.65 × 10-5 34 8.80 × 10-3 241 2.40 × 10-2 
3.56 × 10-5 34 1.14 × 10-2 321 3.26 × 10-2 

y = 3.089x - 0.0027
R2 = 0.9991
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Reaction of (mF)Tr+ with HSiPh3 (stopped-flow UV-vis spectrometry, 415 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (mF)TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.52 × 10-5 4 8.53 × 10-4 24 1.95 × 10-1 
3.52 × 10-5 4 1.28 × 10-3 36 2.65 × 10-1 
3.52 × 10-5 4 1.71 × 10-3 49 3.62 × 10-1 
3.52 × 10-5 4 2.13 × 10-3 61 4.35 × 10-1 
3.52 × 10-5 4 2.56 × 10-3 73 5.34 × 10-1 

y = 198.9x + 0.019
R2 = 0.9970
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Reaction of (mF)Tr+ with HSiPh3 (stopped-flow UV-vis spectrometry, 415 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (mF)TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

8.85 × 10-5 99 1.67 × 10-3 19 3.11 × 10-1 
8.85 × 10-5 99 3.35 × 10-3 38 6.24 × 10-1 
8.85 × 10-5 99 5.02 × 10-3 57 9.20 × 10-1 
8.85 × 10-5 99 6.70 × 10-3 76 1.24 
8.85 × 10-5 99 8.37 × 10-3 95 1.59 

y = 189.4x - 0.015
R2 = 0.9991
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Reaction of (mF)Tr+ with HSiEt3 (stopped-flow UV-vis spectrometry, 415 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (mF)TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.52 × 10-5 4 1.51 × 10-3 43 4.85 × 10-1 
3.52 × 10-5 4 2.01 × 10-3 57 6.54 × 10-1 
3.52 × 10-5 4 2.52 × 10-3 72 8.16 × 10-1 
3.52 × 10-5 4 3.02 × 10-3 86 1.00 
3.52 × 10-5 4 3.52 × 10-3 100 1.14 

y = 329.x - 0.009
R2 = 0.9987
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Reaction of (mF)Tr+ with HSiEt3 (stopped-flow UV-vis spectrometry, 415 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (mF)TrCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

7.28 × 10-5 189 2.52 × 10-3 35 8.26 × 10-1 
7.28 × 10-5 189 5.04 × 10-3 69 1.66 
7.28 × 10-5 189 7.55 × 10-3 104 2.48 
7.28 × 10-5 189 1.01 × 10-2 139 3.39 
7.28 × 10-5 189 2.47 × 10-2 339 8.51 

y = 347.8x - 0.098
R2 = 0.9998
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Reaction of (mF)Tr+ with HSiBu3 (stopped-flow UV-vis spectrometry, 415 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (mF)TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

8.97 × 10-5 67 1.32 × 10-3 15 7.88 × 10-1 
8.97 × 10-5 67 2.65 × 10-3 30 1.65 
8.97 × 10-5 67 3.97 × 10-3 44 2.49 
8.97 × 10-5 67 5.29 × 10-3 59 3.39 
8.97 × 10-5 67 6.91 × 10-3 77 4.35 

y = 640.9x - 0.047
R2 = 0.9996

0

1

2

3

4

5

0.E+00 2.E-03 4.E-03 6.E-03 8.E-03

[Nu] / mol L–1

k
ob

s 
/ 

s–1

 k = 6.41 × 10
2 

L mol
-1

 s
-1 

 
 
 
 



230  Experimental Part 

Reaction of (mF)Tr+ with cycloheptatriene (conventional UV-vis spectrometry, 415 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (mF)TrCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.90 × 10-5 72 8.82 × 10-4 15 1.02 × 10-2 
5.95 × 10-5 54 1.78 × 10-3 30 1.89 × 10-2 
5.73 × 10-5 54 2.57 × 10-3 45 2.68 × 10-2 
5.93 × 10-5 54 3.54 × 10-3 60 3.62 × 10-2 
5.91 × 10-5 54 4.42 × 10-3 75 4.36 × 10-2 

y = 9.514x + 0.002
R2 = 0.9991
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Reaction of (mF)Tr+ with cycloheptatriene (conventional UV-vis spectrometry, 415 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (mF)TrCl with SnCl4. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

7.56 × 10-5 63 8.79 × 10-4 12 1.01 × 10-2 
6.38 × 10-5 30 1.24 × 10-3 19 1.12 × 10-2 
6.54 × 10-5 39 1.77 × 10-3 27 1.74 × 10-2 
6.54 × 10-5 63 2.54 × 10-3 39 2.65 × 10-2 
6.82 × 10-5 63 6.31 × 10-3 93 5.88 × 10-2 
6.65 × 10-5 63 7.69 × 10-3 116 7.11 × 10-2 

y = 9.067x + 0.0016
R2 = 0.9981
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Reaction of (mF)Tr+ with Bu4Sn (conventional UV-vis spectrometry, 415 nm, CH2Cl2, 20 °C). 
The carbocation was generated in solution by mixing (mF)TrBr with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

6.60 × 10-5 19 4.18 × 10-3 63 2.10 × 10-3 
6.68 × 10-5 19 8.47 × 10-3 127 4.25 × 10-3 
6.78 × 10-5 19 1.29 × 10-2 190 6.83 × 10-3 
6.60 × 10-5 19 1.67 × 10-2 253 8.92 × 10-3 
6.60 × 10-5 19 2.09 × 10-2 317 1.11 × 10-2 

y = 5.44E-01x - 2.31E-04
R2 = 0.9995
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Reaction of (pF)Tr+BF4

– with HSiPh3 (stopped-flow UV-vis spectrometry, 436 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

4.66 × 10-5 3.98 × 10-4 9 1.94 × 10-2 
4.69 × 10-5 8.00 × 10-4 17 3.56 × 10-2 
4.64 × 10-5 1.19 × 10-3 26 5.31 × 10-2 
4.80 × 10-5 1.64 × 10-3 34 7.43 × 10-2 
4.55 × 10-5 1.94 × 10-3 43 9.01 × 10-2 

y = 45.83x - 0.0002
R2 = 0.9980
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Reaction of (pF)Tr+BF4
– with HSiEt3 (stopped-flow UV-vis spectrometry, 436 nm, CH2Cl2, 

20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.38 × 10-4 3.22 × 10-2 233 2.69 
1.38 × 10-4 4.21 × 10-2 305 3.47 
1.38 × 10-4 5.41 × 10-2 392 4.38 
1.38 × 10-4 6.58 × 10-2 477 5.33 
1.38 × 10-4 8.43 × 10-2 611 6.72 

y = 77.49x + 0.20
R2 = 0.9999
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Reaction of (pF)Tr+BF4

– with cycloheptatriene (conventional UV-vis spectrometry, 436 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

7.51 × 10-5 3.81 × 10-3 51 5.19 × 10-3 
7.67 × 10-5 7.77 × 10-3 101 1.02 × 10-2 
7.43 × 10-5 1.13 × 10-2 152 1.43 × 10-2 
7.35 × 10-5 1.49 × 10-2 203 1.97 × 10-2 
7.38 × 10-5 1.87 × 10-2 253 2.38 × 10-2 

y = 1.265x + 0.0003
R2 = 0.9981
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Reaction of (pF)2Tr+BF4
– with HSiPh3 (stopped-flow UV-vis spectrometry, 437 nm, CH2Cl2, 

20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.09 × 10-4 7.28 × 10-3 67 3.39 × 10-1 
1.09 × 10-4 9.10 × 10-3 83 4.23 × 10-1 
1.09 × 10-4 1.09 × 10-2 100 4.81 × 10-1 
1.09 × 10-4 1.82 × 10-2 167 6.87 × 10-1 

y = 30.83x + 0.13
R2 = 0.9906
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Reaction of (pF)2Tr+BF4

– with HSiEt3 (stopped-flow UV-vis spectrometry, 437 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.09 × 10-4 1.18 × 10-2 108 6.93 × 10-1 
1.09 × 10-4 1.76 × 10-2 161 9.72 × 10-1 
1.09 × 10-4 2.35 × 10-2 216 1.27 
1.09 × 10-4 2.94 × 10-2 270 1.51 

y = 46.83x + 0.15
R2 = 0.9980
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Reaction of (pF)2Tr+BF4
– with HSiBu3 (stopped-flow UV-vis spectrometry, 437 nm, CH2Cl2, 

20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.09 × 10-4 8.86 × 10-3 81 8.40 × 10-1 
1.09 × 10-4 1.33 × 10-2 122 1.18 
1.09 × 10-4 1.77 × 10-2 162 1.61 
1.09 × 10-4 2.22 × 10-2 204 1.89 

y = 80.57x + 0.13
R2 = 0.9935
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Reaction of (pF)2Tr+BF4

– with cycloheptatriene (conventional UV-vis spectrometry, 437 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.05 × 10-4 3.79 × 10-3 36 3.51 × 10-3 
6.31 × 10-5 7.57 × 10-3 120 7.14 × 10-3 
6.29 × 10-5 1.13 × 10-2 180 1.10 × 10-3 
6.34 × 10-5 1.52 × 10-2 240 1.39 × 10-2 
6.07 × 10-5 1.82 × 10-2 300 1.60 × 10-2 

y = 0.8727x + 0.0005
R2 = 0.9935
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Reaction of (pF)3Tr+ with HSiPh3 (stopped-flow UV-vis spectrometry, 437 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (pF)3TrCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.51 × 10-5 3 2.81 × 10-4 8 6.56 × 10-3 
3.55 × 10-5 3 5.68 × 10-4 16 1.36 × 10-2 
3.57 × 10-5 3 8.58 × 10-4 24 2.02 × 10-2 
3.48 × 10-5 3 1.12 × 10-3 32 2.64 × 10-2 

y = 23.56x + 4E-05
R2 = 0.9998
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Reaction of (pF)3Tr+ with HSiEt3 (stopped-flow UV-vis spectrometry, 437 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (pF)3TrCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.60 × 10-5 3 2.54 × 10-4 7 6.29 × 10-3 
3.42 × 10-5 5 4.82 × 10-4 14 1.36 × 10-2 
3.43 × 10-5 3 7.26 × 10-4 21 1.86 × 10-2 
3.44 × 10-5 3 9.71 × 10-4 28 2.58 × 10-2 

y = 26.51x - 5E-05
R2 = 0.9937
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Reaction of Tr+BF4
– with HSiPh3 (stopped-flow UV-vis spectrometry, 430 nm, CH2Cl2, 20 

°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.03 × 10-4 3.69 × 10-3 36 3.02 × 10-1 
1.03 × 10-4 5.53 × 10-3 54 4.49 × 10-1 
1.03 × 10-4 7.37 × 10-3 72 5.77 × 10-1 
1.03 × 10-4 9.22 × 10-3 90 7.23 × 10-1 

y = 75.48x + 0.026
R2 = 0.9993
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Reaction of Tr+SbF6

– with HSiPh3 (conventional UV-vis spectrometry, 432 nm, CH2Cl2, 20 
°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.99 × 10-5 6.74 × 10-4 11 4.56 × 10-2 
6.01 × 10-5 1.35 × 10-3 23 9.29 × 10-2 
5.90 × 10-5 1.99 × 10-3 34 1.53 × 10-1 
5.84 × 10-5 2.63 × 10-3 45 1.82 × 10-1 
5.84 × 10-5 3.29 × 10-3 56 2.34 × 10-1 

y = 71.56x - 0.0007
R2 = 0.9922
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Reaction of Tr+BF4
– with HSiEt3 (stopped-flow UV-vis spectrometry, 430 nm, CH2Cl2, 20 

°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

9.36 × 10-5 6.32 × 10-3 68 1.04 
9.36 × 10-5 1.26 × 10-2 135 1.85 
9.36 × 10-5 1.90 × 10-2 203 2.82 
9.36 × 10-5 2.53 × 10-2 270 3.69 
9.36 × 10-5 3.16 × 10-2 338 4.43 

y = 136.3x + 0.18
R2 = 0.9984
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Reaction of Tr+ with HSiEt3 (conventional UV-vis spectrometry, 432 nm, CH2Cl2, 20 °C). 
The carbocation was generated in solution by mixing TrCl with variable amounts of GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.90 × 10-5 4 9.86 × 10-4 17 1.25 × 10-1 
5.82 × 10-5 6 9.73 × 10-4 17 1.27 × 10-1 
6.21 × 10-5 8 1.04 × 10-3 17 1.30 × 10-1 
5.56 × 10-5 10 9.30 × 10-4 17 1.28 × 10-1 
5.45 × 10-5 13 9.12 × 10-4 17 1.29 × 10-1 

 
 
 
Reaction of Tr+ with HSiEt3 (stopped-flow UV-vis spectrometry, 432 nm, CH2Cl2, 20 °C). 
The carbocation was generated in solution by mixing TrCl with trimethylsilyl triflate 
(TMSOTf). 
 

[E] / mol L-1 [TMSOTf]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

7.17 × 10-5 5.77 1.86 × 10-3 26 2.12 × 10-1 
7.17 × 10-5 5.77 3.72 × 10-3 52 4.78 × 10-1 
7.17 × 10-5 5.77 5.58 × 10-3 78 7.21 × 10-1 
7.17 × 10-5 5.77 7.44 × 10-3 104 9.31 × 10-1 
7.17 × 10-5 5.77 9.31 × 10-3 130 1.19 



238  Experimental Part 

y = 129.4x - 0.016
R2 = 0.9986
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Reaction of Tr+BF4

– with HSiBu3 (stopped-flow UV-vis spectrometry, 430 nm, CH2Cl2, 20 
°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

9.36 × 10-5 5.23 × 10-3 56 1.64 
9.36 × 10-5 1.05 × 10-2 112 3.19 
9.36 × 10-5 1.57 × 10-2 168 4.50 
9.36 × 10-5 2.09 × 10-2 223 5.80 
9.36 × 10-5 2.61 × 10-2 279 7.50 

y = 274.8x + 0.21
R2 = 0.9977
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Reaction of Tr+BF4

– with Bu4Sn (conventional UV-vis spectrometry, 412 nm, CH2Cl2, 20 °C, 
kinetics of low quality). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.36 × 10-5 2.95 × 10-3 55 3.87 × 10-4 
5.46 × 10-5 6.00 × 10-3 110 6.04 × 10-4 
5.33 × 10-5 8.78 × 10-3 165 7.68 × 10-4 
5.49 × 10-5 1.51 × 10-2 275 1.18 × 10-3 
5.37 × 10-5 2.11 × 10-2 393 1.61 × 10-3 
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y = 0.0667x + 0.0002
R2 = 0.9993
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Reaction of Tr+BF4

– with HSiMe2Ph (stopped-flow UV-vis spectrometry, 430 nm, CH2Cl2, 20 
°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.20 × 10-4 1.37 × 10-3 11 4.98 × 10-1 
1.20 × 10-4 5.47 × 10-3 46 1.23 
1.20 × 10-4 8.21 × 10-3 68 1.83 
1.20 × 10-4 1.09 × 10-2 91 2.27 
1.20 × 10-4 1.37 × 10-2 114 2.71 

y = 181.8x + 0.27
R2 = 0.9970
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Reaction of Tr+BF4

– with HSi(SiMe3)3 (stopped-flow UV-vis spectrometry, 430 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.19 × 10-4 2.73 × 10-3 23 3.17 
1.19 × 10-4 5.45 × 10-3 46 6.47 
1.19 × 10-4 8.18 × 10-3 69 9.00 
1.19 × 10-4 1.09 × 10-2 92 1.14 × 101 
1.19 × 10-4 1.36 × 10-2 114 1.40 × 101 
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y = 978.0x + 0.82
R2 = 0.9964
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Reaction of Tr+BF4

– with HSiEt3 (conventional UV-vis spectrometry, 432 nm, CH3CN, 20 
°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

4.28 × 10-5 4.97 × 10-4 12 1.15 × 10-2 
3.82 × 10-5 8.86 × 10-4 23 1.81 × 10-2 
3.95 × 10-5 1.37 × 10-3 35 2.80 × 10-2 
4.22 × 10-5 1.96 × 10-3 46 4.46 × 10-2 
4.06 × 10-5 2.36 × 10-3 58 4.86 × 10-2 

y = 21.13x + 0.0003
R2 = 0.9869
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Reaction of MeTr+BF4

– with HSiPh3 (conventional UV-vis spectrometry, 455 nm, CH2Cl2, 20 
°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.60 × 10-5 1.23 × 10-3 22 1.85 × 10-2 
5.69 × 10-5 2.50 × 10-3 44 3.88 × 10-2 
5.78 × 10-5 3.81 × 10-3 66 5.86 × 10-2 
5.44 × 10-5 4.79 × 10-3 88 7.40 × 10-2 
5.44 × 10-5 5.99 × 10-3 110 9.29 × 10-2 
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y = 15.58x - 0.0005
R2 = 0.9999
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Reaction of MeTr+BF4

– with HSiEt3 (conventional UV-vis spectrometry, 448 nm, CH2Cl2, 20 
°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.35 × 10-5 9.44 × 10-4 18 3.51 × 10-2 
5.18 × 10-5 1.83 × 10-3 35 6.73 × 10-2 
5.21 × 10-5 2.76 × 10-3 53 1.03 × 10-1 
5.22 × 10-5 3.69 × 10-3 71 1.39 × 10-1 
5.11 × 10-5 4.51 × 10-3 88 1.65 × 10-1 

y = 36.89x + 0.0006
R2 = 0.9991
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Reaction of MeTr+BF4

– with HSiBu3 (stopped-flow UV-vis spectrometry, 448 nm, CH2Cl2, 20 
°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.23 × 10-4 5.13 × 10-3 42 4.87 × 10-1 
1.23 × 10-4 1.03 × 10-2 84 8.70 × 10-1 
1.23 × 10-4 1.54 × 10-2 125 1.36 
1.23 × 10-4 2.15 × 10-2 175 1.75 
1.23 × 10-4 3.00 × 10-2 244 2.26 
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y = 71.94x + 0.16
R2 = 0.9916
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Reaction of MeTr+BF4

– with HSiMe2Ph (stopped-flow UV-vis spectrometry, 448 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.28 × 10-4 3.35 × 10-3 26 1.94 × 10-1 
1.28 × 10-4 6.69 × 10-3 52 3.66 × 10-1 
1.28 × 10-4 1.00 × 10-2 78 5.17 × 10-1 
1.28 × 10-4 1.34 × 10-2 105 7.47 × 10-1 
1.28 × 10-4 1.67 × 10-2 131 8.98 × 10-1 

y = 53.56x + 0.0073
R2 = 0.9962
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Reaction of MeTr+BF4

– with HSi(SiMe3)3 (stopped-flow UV-vis spectrometry, 455 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

6.74 × 10-5 5.91 × 10-3 88 1.96 
6.74 × 10-5 9.11 × 10-3 135 2.99 
6.74 × 10-5 1.40 × 10-2 208 4.52 
6.74 × 10-5 1.65 × 10-2 245 5.28 
6.74 × 10-5 2.03 × 10-2 301 6.59 
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y = 319.3x + 0.065
R2 = 0.9996
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Reaction of Me2Tr+BF4

– with HSiPh3 (conventional UV-vis spectrometry, 460 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

7.24 × 10-5 2.96 × 10-3 41 1.17 × 10-2 
7.16 × 10-5 5.86 × 10-3 82 2.28 × 10-2 
7.04 × 10-5 8.63 × 10-3 123 3.46 × 10-2 
7.02 × 10-5 1.15 × 10-2 164 4.52 × 10-2 
1.67 × 10-4 1.37 × 10-2 82 5.51 × 10-2 

y = 4.022x - 0.0004
R2 = 0.9993
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Reaction of Me2Tr+BF4

– with HSiEt3 (conventional UV-vis spectrometry, 460 nm, CH2Cl2, 20 
°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.23 × 10-5 1.13 × 10-3 22 1.24 × 10-2 
4.84 × 10-5 2.10 × 10-3 43 2.27 × 10-2 
4.97 × 10-5 3.23 × 10-3 65 3.44 × 10-2 
4.79 × 10-5 4.15 × 10-3 87 4.51 × 10-2 
4.85 × 10-5 5.25 × 10-3 108 5.70 × 10-2 
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y = 10.84x - 7E-05
R2 = 0.9997
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Reaction of Me2Tr+BF4

– with HSiBu3 (conventional UV-vis spectrometry, 460 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.79 × 10-5 7.58 × 10-4 13 1.78 × 10-2 
5.56 × 10-5 1.46 × 10-3 26 3.33 × 10-2 
5.30 × 10-5 2.08 × 10-3 39 4.89 × 10-2 
5.42 × 10-5 2.84 × 10-3 52 6.56 × 10-2 
5.20 × 10-5 3.40 × 10-3 66 7.89 × 10-2 

y = 23.14x + 6E-05
R2 = 0.9996
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Reaction of Me2Tr+BF4

– with HSiMe2Ph (conventional UV-vis spectrometry, 460 nm, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

6.73 × 10-5 1.49 × 10-3 22 2.12 × 10-2 
5.12 × 10-5 2.84 × 10-3 56 4.13 × 10-2 
5.20 × 10-5 4.33 × 10-3 83 6.40 × 10-2 
5.30 × 10-5 5.87 × 10-3 111 8.59 × 10-2 
5.30 × 10-5 7.34 × 10-3 139 1.11 × 10-1 
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y = 15.22x - 0.0019
R2 = 0.9992
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Reaction of Me2Tr+BF4

– with HSi(SiMe3)3 (stopped-flow UV-vis spectrometry, 460 nm, 
CH2Cl2, 20 °C, kinetics of low quality). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.58 × 10-5 5.91 × 10-3 106 4.10 × 10-1 
5.58 × 10-5 1.65 × 10-2 296 5.97 × 10-1 
5.58 × 10-5 2.03 × 10-2 364 9.32 × 10-1 

y = 64.86x + 0.019
R2 = 0.9982
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Reaction of Me2Tr+BF4

– with HSnBu3 (stopped-flow UV-vis spectrometry, 460 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

4.75 × 10-5 1.24 × 10-3 26 7.46 × 101 
4.75 × 10-5 2.49 × 10-3 52 1.52 × 102 
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y = 61920x - 2.18
R2 = 1
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Reaction of Me2Tr+BF4

– with DSiBu3 (CH2Cl2, conventional UV-vis spectrometry, 460 nm). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.55 × 10-5 6.05 × 10-4 11 7.82 × 10-3 
5.56 × 10-5 1.21 × 10-3 22 1.62 × 10-2 
5.42 × 10-5 1.77 × 10-3 33 2.37 × 10-2 
5.46 × 10-5 2.38 × 10-3 44 3.27 × 10-2 
5.43 × 10-5 2.96 × 10-3 55 4.11 × 10-2 

y = 14.13x - 0.0009
R2 = 0.9997
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Reaction of Me3Tr+BF4

– with HSiPh3 (conventional UV-vis spectrometry, 455 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.62 × 10-5 6.24 × 10-4 17 7.76 × 10-4 
3.81 × 10-5 1.31 × 10-3 35 1.60 × 10-3 
3.58 × 10-5 1.85 × 10-3 52 2.26 × 10-3 
3.57 × 10-5 2.46 × 10-3 69 3.01 × 10-3 
3.52 × 10-5 3.03 × 10-3 86 3.69 × 10-3 
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y = 1.214x + 0.0000
R2 = 1.0000
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Reaction of Me3Tr+BF4

– with HSiEt3 (conventional UV-vis spectrometry, 455 nm, CH2Cl2, 20 
°C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.62 × 10-5 6.73 × 10-4 19 2.34 × 10-3 
3.61 × 10-5 1.34 × 10-3 37 4.56 × 10-3 
3.68 × 10-5 2.06 × 10-3 56 7.08 × 10-3 
3.52 × 10-5 2.62 × 10-3 75 9.00 × 10-3 
3.53 × 10-5 3.29 × 10-3 93 1.13 × 10-2 

y = 3.433x + 3E-06
R2 = 0.9999
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Reaction of Me3Tr+BF4

– with HSiBu3 (conventional UV-vis spectrometry, 455 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.74 × 10-5 8.39 × 10-4 22 5.08 × 10-3 
3.63 × 10-5 1.62 × 10-3 45 1.00 × 10-2 
3.67 × 10-5 2.46 × 10-3 67 1.48 × 10-2 
3.59 × 10-5 3.21 × 10-3 90 1.95 × 10-2 
3.63 × 10-5 4.07 × 10-3 112 2.48 × 10-2 
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y = 6.077x + 8E-06
R2 = 0.9998
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Reaction of Me3Tr+BF4

– with HSiMe2Ph (conventional UV-vis spectrometry, 455 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.74 × 10-5 7.25 × 10-4 19 3.02 × 10-3 
3.61 × 10-5 1.40 × 10-3 39 6.49 × 10-3 
3.72 × 10-5 2.16 × 10-3 58 9.89 × 10-3 
3.50 × 10-5 2.71 × 10-3 78 1.25 × 10-2 
3.57 × 10-5 3.46 × 10-3 97 1.60 × 10-2 

y = 4.714x - 0.0003
R2 = 0.9996
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Reaction of Me3Tr+BF4

– with HSnBu3 (stopped-flow UV-vis spectrometry, 455 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.37 × 10-5 1.41 × 10-3 26 3.80 × 101 
5.37 × 10-5 2.82 × 10-3 53 7.49 × 101 
5.37 × 10-5 4.23 × 10-3 79 1.17 × 102 
5.37 × 10-5 5.63 × 10-3 105 1.59 × 102 
5.37 × 10-5 7.04 × 10-3 131 2.04 × 102 
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y = 29573x - 6.4
R2 = 0.9988
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Reaction of (MeO)Tr+BF4

– with HSiPh3 (conventional UV-vis spectrometry, 478 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.89 × 10-5 9.15 × 10-4 24 5.87 × 10-4 
3.71 × 10-5 1.75 × 10-3 47 1.16 × 10-3 
3.67 × 10-5 2.59 × 10-3 71 1.71 × 10-3 
3.71 × 10-5 3.61 × 10-3 97 2.36 × 10-3 
3.93 × 10-5 4.63 × 10-3 118 2.98 × 10-3 

y = 0.6436x + 2E-05
R2 = 0.9995
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Reaction of (MeO)Tr+BF4

– with HSiEt3 (conventional UV-vis spectrometry, 478 nm, CH2Cl2, 
20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.84 × 10-5 1.36 × 10-3 35 2.21 × 10-3 
3.87 × 10-5 2.74 × 10-3 71 4.41 × 10-3 
3.83 × 10-5 4.07 × 10-3 106 6.47 × 10-3 
3.90 × 10-5 5.38 × 10-3 138 8.53 × 10-3 
3.75 × 10-5 6.65 × 10-3 177 1.05 × 10-2 
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y = 1.566x + 0.0001
R2 = 1.0000
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Reaction of (MeO)Tr+BF4

– with HSiBu3 (conventional UV-vis spectrometry, 478 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.19 × 10-5 8.88 × 10-4 28 3.05 × 10-3 
3.24 × 10-5 1.80 × 10-3 56 6.20 × 10-3 
3.23 × 10-5 2.72 × 10-3 84 9.24 × 10-3 
3.27 × 10-5 3.63 × 10-3 111 1.26 × 10-2 
3.19 × 10-5 4.43 × 10-3 139 1.52 × 10-2 

y = 3.444x - 2E-05
R2 = 0.9997
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Reaction of (MeO)Tr+BF4

– with HSiMe2Ph (conventional UV-vis spectrometry, 478 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.33 × 10-5 9.68 × 10-4 29 2.33 × 10-3 
3.33 × 10-5 1.94 × 10-3 58 4.66 × 10-3 
3.15 × 10-5 2.87 × 10-3 91 6.63 × 10-3 
3.29 × 10-5 3.83 × 10-3 116 9.07 × 10-3 
3.30 × 10-5 4.81 × 10-3 145 1.18 × 10-2 
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y = 2.440x - 0.0001
R2 = 0.9976
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Reaction of (MeO)Tr+BF4

– with HSnBu3 (stopped-flow UV-vis spectrometry, 478 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

4.89 × 10-5 1.41 × 10-3 29 1.85 × 101 
4.89 × 10-5 2.82 × 10-3 58 3.77 × 101 

4.89 × 10-5 4.23 × 10-3 87 5.44 × 101 
4.89 × 10-5 5.63 × 10-3 115 7.33 × 101 
4.89 × 10-5 7.04 × 10-3 144 9.37 × 101 

y = 13220x - 0.35
R2 = 0.9990
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Reaction of (MeO)2Tr+BF4

– with HSiPh3 (conventional UV-vis spectrometry, 504 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.01 × 10-5 9.59 × 10-4 32 2.47 × 10-5 
2.92 × 10-5 1.70 × 10-3 58 4.34 × 10-5 
2.95 × 10-5 2.61 × 10-3 88 6.81 × 10-5 
2.95 × 10-5 3.69 × 10-3 125 9.47 × 10-5 
3.06 × 10-5 5.49 × 10-3 180 1.43 × 10-4 
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y = 0.0261x - 6E-07
R2 = 0.9998
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Reaction of (MeO)2Tr+BF4

– with HSiEt3 (conventional UV-vis spectrometry, 504 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.59 × 10-5 1.76 × 10-3 68 1.04 × 10-4 
2.67 × 10-5 2.73 × 10-3 102 1.60 × 10-4 
2.55 × 10-5 3.48 × 10-3 136 2.04 × 10-4 
2.45 × 10-5 4.18 × 10-3 171 1.04 × 10-4 

y = 0.0559x + 7E-06
R2 = 0.9985
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Reaction of (MeO)2Tr+BF4

– with HSiBu3 (conventional UV-vis spectrometry, 504 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.89 × 10-5 1.84 × 10-3 64 2.47 × 10-4 
2.89 × 10-5 2.75 × 10-3 95 3.68 × 10-4 
2.88 × 10-5 3.67 × 10-3 127 4.97 × 10-4 
2.92 × 10-5 4.64 × 10-3 159 6.05 × 10-4 
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y = 0.129x + 1E-05
R2 = 0.9977
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Reaction of (MeO)2Tr+BF4

– with HSiMe2Ph (conventional UV-vis spectrometry, 504 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

8.21 × 10-5 9.66 × 10-4 12 9.26 × 10-5 
7.75 × 10-5 1.82 × 10-3 23 1.78 × 10-4 
7.97 × 10-5 2.94 × 10-3 37 2.93 × 10-4 
7.62 × 10-5 3.75 × 10-3 49 3.93 × 10-4 
7.56 × 10-5 4.65 × 10-3 62 4.84 × 10-4 

y = 0.1072x - 1E-05
R2 = 0.9989
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Reaction of (MeO)2Tr+BF4

– with HSnBu3 (stopped-flow UV-vis spectrometry, 504 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.59 × 10-5 1.54 × 10-3 43 2.10 
3.59 × 10-5 3.08 × 10-3 86 4.33 
3.59 × 10-5 4.62 × 10-3 129 6.44 
3.59 × 10-5 6.15 × 10-3 171 8.64 
3.59 × 10-5 7.70 × 10-3 214 1.09 × 101 
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y = 1424x - 0.093
R2 = 0.9999
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Reaction of (MeO)3Tr+BF4

– with HSnBu3 (stopped-flow UV-vis spectrometry, 487 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.86 × 10-5 1.24 × 10-3 43 2.18 × 10-1 
2.86 × 10-5 2.49 × 10-3 87 5.25 × 10-1 
2.86 × 10-5 3.73 × 10-3 130 7.64 × 10-1 
2.86 × 10-5 4.98 × 10-3 174 1.07 
2.86 × 10-5 6.22 × 10-3 217 1.36 

y = 227.2x - 0.061
R2 = 0.9988
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Reaction of (Me2N)Tr+BF4

– with HSnBu3 (conventional UV-vis spectrometry, 482 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

4.96 × 10-5 1.64 × 10-3 33 1.86 × 10-2 
4.92 × 10-5 3.26 × 10-3 66 3.70 × 10-2 
4.94 × 10-5 4.90 × 10-3 99 5.84 × 10-2 
4.85 × 10-5 6.42 × 10-3 132 7.58 × 10-2 
4.79 × 10-5 7.93 × 10-3 165 9.16 × 10-2 
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y = 11.74x - 0.0005
R2 = 0.9987
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Reaction of (Me2N)2Tr+BF4

– with HSnBu3 (conventional UV-vis spectrometry, 623 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.66 × 10-5 2.36 × 10-3 142 7.03 × 10-4 
1.63 × 10-5 2.78 × 10-3 171 8.27 × 10-4 
1.60 × 10-5 3.19 × 10-3 199 9.44 × 10-4 
1.62 × 10-5 7.81 × 10-3 483 2.35 × 10-3 
1.72 × 10-5 6.65 × 10-3 386 2.03 × 10-3 

y = 0.3055x - 2E-05
R2 = 0.9997
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Reaction of (Me2N)2Tr+BF4

– with Bu4N
+BH4

– (stopped-flow UV-vis spectrometry, 623 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.64 × 10-5 9.02 × 10-5 6 2.07 
1.64 × 10-5 1.80 × 10-4 11 5.23 
1.64 × 10-5 2.71 × 10-4 17 8.89 
1.64 × 10-5 3.61 × 10-4 22 1.21 × 101 
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y = 37361x - 1.35
R2 = 0.9993
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Reaction of (Me2N)3Tr+Cl– with Bu4N

+BH4
– (stopped-flow UV-vis spectrometry, 620 nm, 

CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.25 × 10-5 8.74 × 10-4 39 1.63 
2.25 × 10-5 1.88 × 10-3 84 3.31 
2.25 × 10-5 3.48 × 10-3 155 5.90 
2.25 × 10-5 5.56 × 10-3 247 9.16 

y = 1605x + 0.27
R2 = 0.9998
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4.7. Reactions of benzhydrylium ions with hydride donors 

 

Reaction of (ani)PhCH+ with Bu4Sn (conventional UV-vis spectrometry, 469 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (ani)PhCHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

4.32 × 10-5 17 1.40 × 10-3 32 8.62 × 10-2 
4.29 × 10-5 17 2.78 × 10-3 65 2.22 × 10-1 
4.06 × 10-5 17 3.95 × 10-3 97 3.22 × 10-1 
4.11 × 10-5 17 5.32 × 10-3 130 4.40 × 10-1 

y = 89.87x - 0.035
R2 = 0.9987
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Reaction of (ani)(tol)CH+ with Bu4Sn (conventional UV-vis spectrometry, 488 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (ani)(tol)CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

5.31 × 10-5 20 1.31 × 10-3 25 1.77 × 10-2 
3.71 × 10-5 20 2.75 × 10-3 74 4.32 × 10-2 
3.29 × 10-5 20 4.89 × 10-3 149 8.03 × 10-2 
3.43 × 10-5 20 6.38 × 10-3 186 1.06 × 10-1 

y = 17.40x - 0.0049
R2 = 1.0000
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Reaction of (ani)2CH+ with Bu4Sn (conventional UV-vis spectrometry, 512 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (ani)2CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.10 × 10-5 32 2.48 × 10-3 118 1.85 × 10-3 
2.10 × 10-5 32 3.72 × 10-3 177 2.41 × 10-3 
2.16 × 10-5 32 5.09 × 10-3 236 2.90 × 10-3 
2.05 × 10-5 32 6.06 × 10-3 295 3.67 × 10-3 

y = 0.486x + 0.0006
R2 = 0.9733
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Plot of log k for the reactions of Bu4Sn with substituted benzhydrylium ions versus the 
corresponding E-parameters (CH2Cl2, 20 °C). 

y = 1.070x - 0.320
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Reaction of (ani)PhCH+ with 2-propyl-1,3-dioxolane (conventional UV-vis spectrometry, 469 
nm, CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (ani)PhCHCl with 
GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.91 × 10-5 14 7.55 × 10-4 26 4.63 × 10-3 
2.89 × 10-5 14 1.50 × 10-3 52 9.75 × 10-3 
2.88 × 10-5 14 2.23 × 10-3 78 1.47 × 10-2 
2.86 × 10-5 14 2.96 × 10-3 104 2.10 × 10-2 
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y = 7.359x - 0.0012
R2 = 0.9965
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Reaction of (ani)(tol)CH+ with 2-propyl-1,3-dioxolane (conventional UV-vis spectrometry, 
488 nm, CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (ani)(tol)CHCl 
with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.60 × 10-5 22 1.48 × 10-3 41 2.61 × 10-3 
3.59 × 10-5 22 2.21 × 10-3 62 3.93 × 10-3 
3.59 × 10-5 22 2.95 × 10-3 82 6.00 × 10-3 
3.55 × 10-5 22 3.64 × 10-3 103 7.11 × 10-3 

 

y = 2.154x - 0.0006
R2 = 0.9895
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Reaction of (ani)2CH+ with 2-propyl-1,3-dioxolane (conventional UV-vis spectrometry, 512 
nm, CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (ani)2CHCl with 
GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.96 × 10-5 27 2.93 × 10-3 99 4.13 × 10-4 
1.46 × 10-5 27 4.35 × 10-3 297 6.88 × 10-4 
1.46 × 10-5 27 5.78 × 10-3 396 8.83 × 10-4 
1.44 × 10-5 27 7.15 × 10-3 496 1.00 × 10-4 
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y = 0.139x + 4E-05
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Plot of log k for the reactions of 2-propyl-1,3-dioxolane with substituted benzhy-drylium ions 
versus the corresponding E-parameters (CH2Cl2, 20 °C). 
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Reaction of (fur)2CH+ with HSiEt3 (stopped-flow UV-vis spectrometry, 512 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (fur)2CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.03 × 10-5 21 7.10 × 10-3 239 2.97 × 10-1 
3.03 × 10-5 21 1.55 × 10-2 521 6.47 × 10-1 
3.03 × 10-5 21 2.53 × 10-2 851 1.01 
3.03 × 10-5 21 3.61 × 10-2 1.22 × 103 1.39 
3.03 × 10-5 21 4.69 × 10-2 1.58 × 103 1.81 
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y = 37.58x + 0.047
R2 = 0.9993
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Reaction of (ani)(tol)CH+ with HSiEt3 (stopped-flow UV-vis spectrometry, 488 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (ani)(tol)CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.65 × 10-5 40 1.09 × 10-2 299 5.11 × 101 
3.65 × 10-5 40 1.59 × 10-2 435 7.72 × 101 
3.65 × 10-5 40 2.61 × 10-2 715 1.27 × 102 
3.65 × 10-5 40 3.37 × 10-2 923 1.61 × 102 
3.65 × 10-5 40 4.90 × 10-2 1.34  × 103 2.38 × 102 

y = 4871x - 1.2
R2 = 0.9997

0

50

100

150

200

250

0.E+00 2.E-02 4.E-02 6.E-02

[Nu] / mol L–1

k
ob

s 
/ 

s–1

 k = 4.87 × 10
3 

L mol
-1

 s
-1 

 
 
Reaction of (ani)2CH+ with HSiEt3 (stopped-flow UV-vis spectrometry, 512 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (ani)2CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.54 × 10-5 22 7.10 × 10-3 200 2.59 
3.54 × 10-5 22 1.55 × 10-2 437 5.70 
3.54 × 10-5 22 2.53 × 10-2 714 9.37 
3.54 × 10-5 22 3.61 × 10-2 1.02  × 103 1.41 × 101 
3.54 × 10-5 22 4.69 × 10-2 1.32 × 103 1.83 × 101 
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y = 397.9x - 0.40
R2 = 0.9991

0

5

10

15

20

0.E+00 2.E-02 4.E-02 6.E-02

[Nu] / mol L–1

k
ob

s 
/ 

s–1

 k = 3.98 × 10
2 

L mol
-1

 s
-1 

 
 
Plot of log k for the reactions of HSiEt3 with substituted benzhydrylium ions versus the 
corresponding E-parameters (CH2Cl2, 20 °C). 
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Reaction of (ani)(tol)CH+ with HSiMe2Ph (stopped-flow UV-vis spectrometry, 488 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (ani)(tol)CHCl with 
GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.65 × 10-5 40 3.93 × 10-3 108 4.49 × 101 
3.65 × 10-5 40 7.87 × 10-3 216 6.80 × 101 
3.65 × 10-5 40 1.18 × 10-2 323 9.09 × 101 
3.65 × 10-5 40 1.57 × 10-2 430 1.16 × 102 
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y = 6019x + 20.8
R2 = 0.9994
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Reaction of (fur)2CH+ with HSiMe2Ph (stopped-flow UV-vis spectrometry, 535 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (fur)2CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.03 × 10-5 21 3.93 × 10-3 130 1.72 × 10-1 
3.03 × 10-5 21 7.87 × 10-3 260 3.47 × 10-1 
3.03 × 10-5 21 1.18 × 10-2 389 5.31 × 10-1 
3.03 × 10-5 21 1.57 × 10-2 518 6.99 × 10-1 
3.03 × 10-5 21 1.97 × 10-2 650 8.80 × 10-1 

y = 44.90x - 0.0041
R2 = 0.9999
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Reaction of (ani)2CH+ with HSiMe2Ph (stopped-flow UV-vis spectrometry, 512 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (ani)2CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.54 × 10-5 22 3.93 × 10-3 111 1.60 
3.54 × 10-5 22 7.87 × 10-3 222 3.34 
3.54 × 10-5 22 1.18 × 10-2 333 5.00 
3.54 × 10-5 22 1.57 × 10-2 444 6.74 
3.54 × 10-5 22 1.97 × 10-2 556 8.44 
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Plot of log k for the reactions of HSiMe2Ph with substituted benzhydrylium ions versus the 
corresponding E-parameters (CH2Cl2, 20 °C). 
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Reaction of (ani)(tol)CH+ with HSiBu3 (stopped-flow UV-vis spectrometry, 488 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (ani)(tol)CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.40 × 10-5 53 3.47 × 10-3 102 3.87 × 101 
3.40 × 10-5 53 4.94 × 10-3 145 5.20 × 101 
3.40 × 10-5 53 8.28 × 10-3 244 8.95 × 101 
3.40 × 10-5 53 9.35 × 10-3 275 1.04 × 102 
3.40 × 10-5 53 1.11 × 10-2 326 1.23 × 102 
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y = 11199x - 1.7
R2 = 0.9983
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Reaction of (ani)2CH+ with HSiBu3 (stopped-flow UV-vis spectrometry, 512 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (ani)2CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.59 × 10-5 57 3.47 × 10-3 134 2.94 
2.59 × 10-5 57 8.28 × 10-3 320 7.10 
2.59 × 10-5 57 9.35 × 10-3 361 8.17 
2.59 × 10-5 57 1.11 × 10-2 428 9.70 

y = 886.1x - 0.16
R2 = 0.9996
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Reaction of (fur)2CH+ with HSiBu3 (stopped-flow UV-vis spectrometry, 535 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (fur)2CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.62 × 10-5 52 3.47 × 10-3 132 2.75 × 10-1 
2.62 × 10-5 52 4.94 × 10-3 189 4.11 × 10-1 
2.62 × 10-5 52 8.28 × 10-3 316 7.14 × 10-1 
2.62 × 10-5 52 9.35 × 10-3 357 8.16 × 10-1 
2.62 × 10-5 52 1.11 × 10-2 423 9.40 × 10-1 
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y = 88.47x - 0.026
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Plot of log k for the reactions of HSiBu3 with substituted benzhydrylium ions versus the 
corresponding E-parameters (CH2Cl2, 20 °C). 
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Reaction of (ani)(tol)CH+ with HSiPh3 (stopped-flow UV-vis spectrometry, 488 nm, CH2Cl2, 
20 °C). The carbocation was generated in solution by mixing (ani)(tol)CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.40 × 10-5 53 4.24 × 10-3 125 3.92 
3.40 × 10-5 53 9.02 × 10-3 265 8.70 
3.40 × 10-5 53 1.42 × 10-2 417 1.38 × 101 
3.40 × 10-5 53 1.65 × 10-2 485 1.64 × 101 
3.40 × 10-5 53 1.89 × 10-2 556 1.89 × 101 
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Reaction of (ani)2CH+ with HSiPh3 (stopped-flow UV-vis spectrometry, 512 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (ani)2CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.59 × 10-5 57 4.24 × 10-3 164 3.11 × 10-1 
2.59 × 10-5 57 9.02 × 10-3 348 6.72 × 10-1 
2.59 × 10-5 57 1.42 × 10-2 547 1.03 
2.59 × 10-5 57 1.65 × 10-2 637 1.24 
2.59 × 10-5 57 1.89 × 10-2 730 1.39 

y = 73.95x - 0.0011
R2 = 0.9989
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Reaction of (fur)2CH+ with HSiPh3 (stopped-flow UV-vis spectrometry, 535 nm, CH2Cl2, 20 
°C). The carbocation was generated in solution by mixing (fur)2CHCl with GaCl3. 
 

[E] / mol L-1 [GaCl3]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.62 × 10-5 52 4.24 × 10-3 162 3.81 × 10-2 
2.62 × 10-5 52 9.02 × 10-3 344 8.19 × 10-2 
2.62 × 10-5 52 1.42 × 10-2 541 1.29 × 10-1 
2.62 × 10-5 52 1.65 × 10-2 630 1.49 × 10-1 
2.62 × 10-5 52 1.89 × 10-2 722 1.70 × 10-1 
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y = 9.009x + 0.0003
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Plot of log k for the reactions of HSiPh3 with substituted benzhydrylium ions versus the 
corresponding E-parameters (CH2Cl2, 20 °C). 
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Reaction of (fur)2CH+ with HSi(SiMe3)3 (stopped-flow UV-vis spectrometry, 535 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (fur)2CHCl with 
trimethylsilyl triflate (TMSOTf). 
 

[E] / mol L-1 [TMSOTf]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

4.39 × 10-5 14 1.99 × 10-3 45 1.55 × 10-1 
4.39 × 10-5 14 3.68 × 10-3 84 3.02 × 10-1 
4.39 × 10-5 14 7.32 × 10-3 167 6.50 × 10-1 
4.39 × 10-5 14 1.15 × 10-2 262 9.94 × 10-1 
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Reaction of (ani)2CH+ with HSi(SiMe3)3 (stopped-flow UV-vis spectrometry, 512 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (ani)2CHCl with 
trimethylsilyl triflate (TMSOTf). 
 

[E] / mol L-1 [TMSOTf]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.71 × 10-5 6 1.89 × 10-3 70 1.27 
2.71 × 10-5 6 4.02 × 10-3 148 2.58 
2.71 × 10-5 6 7.04 × 10-3 260 5.71 
2.71 × 10-5 6 1.07 × 10-2 395 9.20 
2.71 × 10-5 6 1.27 × 10-2 469 1.18 × 101 

y = 978.8x - 1.00
R2 = 0.993
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Reaction of (ani)(tol)CH+ with HSi(SiMe3)3 (stopped-flow UV-vis spectrometry, 482 nm, 
CH2Cl2, 20 °C). The carbocation was generated in solution by mixing (ani)(tol)CHCl with 
trimethylsilyl triflate (TMSOTf). 
 

[E] / mol L-1 [TMSOTf]/[E] [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

7.21 × 10-5 9 1.99 × 10-3 28 2.39 × 101 
7.21 × 10-5 9 3.68 × 10-3 51 3.85 × 101 
7.21 × 10-5 9 7.32 × 10-3 102 7.65 × 101 
7.21 × 10-5 9 8.97 × 10-3 124 8.25 × 101 
7.21 × 10-5 9 1.15 × 10-2 160 1.07 × 102 
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y = 8719x + 7.3
R2 = 0.9914
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Reaction of (mfa)2CH+BF4

– with HSi(SiMe3)3 (conventional UV-vis spectrometry, 593 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

9.56 × 10-6 2.75 × 10-3 288 1.41 × 10-3 
1.01 × 10-5 4.38 × 10-3 432 2.18 × 10-3 
9.91 × 10-6 5.71 × 10-3 576 2.79 × 10-3 
9.68 × 10-6 8.37 × 10-3 864 4.40 × 10-3 

y = 0.5326x - 0.0001
R2 = 0.9946
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Reaction of (pfa)2CH+BF4

– with HSi(SiMe3)3 (conventional UV-vis spectrometry, 601 nm, 
CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

2.33 × 10-5 2.83 × 10-3 121 6.08 × 10-3 
2.31 × 10-5 4.21 × 10-3 182 7.82 × 10-3 
2.32 × 10-5 5.65 × 10-3 243 1.13 × 10-2 
2.39 × 10-5 8.71 × 10-3 365 1.75 × 10-2 
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y = 1.994x + 5E-06
R2 = 0.9929
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Plot of log k for the reactions of HSi(SiMe3)3 with substituted benzhydrylium ions versus the 
corresponding E-parameters (CH2Cl2, 20 °C). 

y = 0.8055x + 2.8879
R2 = 0.9951
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Reaction of (dma)2CH+BF4

– with carbene borane 1 (conventional UV-vis spectrometry, 612 
nm, CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.02 × 10-5 1.06 × 10-4 10 1.35 × 10-2 
1.05 × 10-5 2.18 × 10-4 21 2.75 × 10-2 
1.07 × 10-5 3.33 × 10-4 31 3.98 × 10-2 

y = 115.8x + 0.0016
R2 = 0.998
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Reaction of (thq)2CH+BF4
– with carbene borane 1 (conventional UV-vis spectrometry, 627 

nm, CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.09 × 10-5 1.07 × 10-4 10 1.53 × 10-3 
1.09 × 10-5 2.14 × 10-4 20 2.80 × 10-3 
2.18 × 10-5 3.23 × 10-4 15 3.78 × 10-3 

y = 10.41x + 0.0005
R2 = 0.9937
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Reaction of (jul)2CH+BF4
– with carbene borane 1 (conventional UV-vis spectrometry, 643 

nm, CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.38 × 10-5 2.17 × 10-4 16 2.73 × 10-4 
1.40 × 10-5 3.29 × 10-4 24 4.15 × 10-4 

y = 1.268x - 2E-06
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Reaction of (thq)2CH+BF4

– with carbene borane 2 (conventional UV-vis spectrometry, 627 
nm, CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.10 × 10-5 1.61 × 10-4 15 5.73 × 10-2 
1.12 × 10-5 3.29 × 10-4 29 1.28 × 10-1 
1.62 × 10-5 4.74 × 10-4 29 1.84 × 10-1 
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y = 405.2x - 0.0071
R2 = 0.9994
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Reaction of (jul)2CH+BF4

– with carbene borane 2 (conventional UV-vis spectrometry, 643 
nm, CH2Cl2, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

1.44 × 10-5 1.68 × 10-4 12 6.89 × 10-3 
1.32 × 10-5 3.08 × 10-4 23 1.50 × 10-2 
1.38 × 10-5 4.84 × 10-4 35 2.45 × 10-2 
1.38 × 10-5 6.44 × 10-4 47 3.23 × 10-2 
1.34 × 10-5 7.78 × 10-4 58 3.75 × 10-2 

y = 50.54x - 0.0008
R2 = 0.9956
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4.8. Reactions of tritylium ions with imidazole 

 

Reaction of (MeO)2Tr+BF4
– with imidazole (stopped-flow UV-vis spectrometry, 497 nm, 

CH3CN, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

4.36 × 10-5 6.56 × 10-4 15 6.56 × 10-4 
4.36 × 10-5 1.31 × 10-3 30 1.31 × 10-3 
4.36 × 10-5 1.97 × 10-3 45 1.97 × 10-3 



274  Experimental Part 

y = 163599x + 30
R2 = 0.9971
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Reaction of (MeO)3Tr+BF4

– with imidazole (stopped-flow UV-vis spectrometry, 484 nm, 
CH3CN, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

3.24 × 10-5 6.56 × 10-4 20 1.89 × 101 
3.24 × 10-5 1.31 × 10-3 40 3.69 × 101 
3.24 × 10-5 1.97 × 10-3 61 5.36 × 101 
3.24 × 10-5 2.62 × 10-3 81 6.98 × 101 
3.24 × 10-5 3.28 × 10-3 101 8.70 × 101 

y = 25785x + 2.5
R2 = 0.9997
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Reaction of (Me2N)Tr+BF4

– with imidazole (stopped-flow UV-vis spectrometry, 461 nm, 
CH3CN, 20 °C). 
 

[E] / mol L-1 [Nu] / mol L-1 [Nu]/[E] kobs / s
-1 

6.30 × 10-5 1.20 × 10-3 19 6.20 × 10-2 
6.30 × 10-5 2.57 × 10-3 41 1.31 × 10-1 
6.30 × 10-5 4.99 × 10-3 79 2.49 × 10-1 
6.30 × 10-5 6.67 × 10-3 106 3.49 × 10-1 
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y = 51.93x - 0.0026

R2 = 0.9982
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4.9. Ionizations of trityl halides and esters 

 

Ionization rates of Me3TrCl (c0 = 1.12 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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Ionization rates of Me3TrCl (c0 = 8.73 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 100A, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

2.22 × 10-2 20 2.12 × 102 
3.43 × 10-2 31 2.27 × 102 
6.66 × 10-2 59 2.50 × 102 

8.17 × 10-2 73 2.20 × 102 

1.05 × 10-1 94 2.38 × 102 
1.21 × 10-1 108 2.50 × 102 

kion = 2.50 × 10
2
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.37 × 10-2 16 6.97 × 10-1 
2.11 × 10-2 24 6.70 × 10-1 

5.07 × 10-2 58 7.68 × 10-1 

6.43 × 10-2 74 7.60 × 10-1 
8.77 × 10-2 100 7.15 × 10-1 

1.12 × 10-1 128 6.89 × 10-1 

kion = 7.68 × 10
-1

 s
–1 
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Ionization rates of Me2TrCl (c0 = 1.05 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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Ionization rates of Me2TrCl (c0 = 8.47 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 100A, 25 C°, stopped-flow conductimetry. 
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Ionization rates of MeTrCl (c0 = 1.07 × 10-3 mol L-1) in the presence of various concentrations 
of piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.97 × 10-2 19 4.40 × 101 
6.63 × 10-2 63 4.95 × 101 
9.46 × 10-2 90 5.19 × 101 

1.20 × 10-1 114 4.80 × 101 

2.25 × 10-1 214 4.80 × 101 

kion = 5.19 × 10
1
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.48 × 10-2 17 7.11 × 10-2 
2.64 × 10-2 31 7.86 × 10-2 
4.76 × 10-2 56 8.11 × 10-2 

8.67 × 10-2 102 8.04 × 10-2 

1.15 × 10-1 136 7.99 × 10-2 
1.28 × 10-1 151 7.99 × 10-2 

kion = 8.11 × 10
-2

 s
–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

6.82 × 10-3 6 4.07 
1.36 × 10-2 13 5.02 
6.82 × 10-2 64 5.91 

1.36 × 10-1 127 5.80 

kion = 5.91 s
–1 
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Ionization rates of MeTrCl (c0 = 1.00 × 10-3 mol L-1) in the presence of various concentrations 
of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of MeTrBr (c0 = 9.78 × 10-4 mol L-1) in the presence of various concentrations 
of piperidine; 100A, 25 C°, stopped-flow conductimetry. 
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Ionization rates of TrCl (c0 = 1.65 × 10-3 mol L-1) in the presence of various concentrations of 
piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.50 × 10-3 5 3.99 × 102 
9.01 × 10-3 9 4.35 × 102 
3.64 × 10-2 36 4.77 × 102 

7.21 × 10-2 72 4.66 × 102 

1.11 × 10-1 111 4.50 × 102 
1.44 × 10-1 144 4.48 × 102 

kion = 4.77 × 10
2
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.42 × 10-2 15 2.70 × 101 
2.84 × 10-2 29 3.15 × 101 
5.69 × 10-2 58 3.49 × 101 

8.53 × 10-2 87 3.91 × 101 

1.41 × 10-1 144 3.91 × 101 
2.84 × 10-1 290 3.72 × 101 

kion = 3.91 × 10
1
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.29 × 10-2 8 4.34 × 10-1 
2.59 × 10-2 16 4.72 × 10-1 

5.18 × 10-2 31 4.91 × 10-1 
1.04 × 10-1 63 4.85 × 10-1 

kion = 4.91 × 10
–1

 s
–1 
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Ionization rates of TrCl (c0 = 1.00 × 10-3 mol L-1) in the presence of various concentrations of 
piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of TrCl (c0 = 9.97 × 10-4 mol L-1) in the presence of various concentrations of 
piperidine; 80AN20W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of TrBr (c0 = 9.28 × 10-4 mol L-1) in the presence of various concentrations of 
piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.54 × 10-3 5 6.65 × 101 
9.08 × 10-3 9 7.46 × 101 

3.63 × 10-2 36 7.92 × 101 

7.27 × 10-2 73 8.09 × 101 
1.09 × 10-1 109 7.87 × 101 

1.46 × 10-1 146 7.66 × 101 

kion = 8.09 × 10
1
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

5.00 × 10-3 5 2.39 × 102 
1.00 × 10-2 10 2.46 × 102 

4.00 × 10-2 40 2.52 × 102 

8.00 × 10-2 80 2.45 × 102 
1.18 × 10-1 119 2.47 × 102 

1.65 × 10-1 165 2.35 × 102 

kion = 2.52 × 10
2
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.08 × 10-3 1 5.56 × 101 
5.39 × 10-3 6 2.68 × 102 
1.08 × 10-2 12 3.88 × 102 

2.16 × 10-2 23 4.97 × 102 

4.31 × 10-2 46 5.60 × 102 
1.63 × 10-1 176 6.04 × 102 

kion = 6.04 × 10
2
 s

–1 
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Ionization rates of TrF (c0 = 6.71 × 10-4 mol L-1) in the presence of various concentrations of 
amines; aqueous acetonitrile, 25 C°, conventional conductimetry. 
 

solvent amine [amine] / mol L-1 kion / s
-1 average kion / s

-1 
80AN20W piperidine 6.61 × 10-3 3.98 × 10-5 4.02 × 10–5 

   4.06 × 10-5  

60AN40W piperidine 6.61 × 10-3 4.35 × 10-4 4.37 × 10–4 
 triethylamine 5.64 × 10-3 4.38 × 10-4  

50AN50W piperidine 6.61 × 10-3 1.30 × 10-3 1.30 × 10–3 

 triethylamine 5.64 × 10-3 1.29 × 10-3  
 
 
 
Ionization rates of (pCl)TrCl in the presence of various concentrations of piperidine; 
80AN20W, 25 C°, stopped-flow conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

8.62 × 10-4 0 0 1.00 × 102 
8.97 × 10-4 1.81 × 10-2 20 1.25 × 102 

8.97 × 10-4 2.35 × 10-2 26 1.15 × 102 
8.97 × 10-4 3.74 × 10-2 42 1.30 × 102 

8.97 × 10-4 5.34 × 10-2 60 1.21 × 102 

8.97 × 10-4 7.15 × 10-2 80 1.19 × 102 

kion = 1.30 × 10
2
 s

–1 
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Ionization rates of (pCl)TrCl (c0 = 8.62 × 10-4 mol L-1) in aqueous acetonitrile without amine, 
25 C°, stopped-flow conductimetry. 
 

solvent kion / s
-1 

60AN40W 4.89 × 102 
50AN50W 9.52 × 102 
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Ionization rates of (pCl)TrCl in the presence of various concentrations of piperidine; 
90A10W, 25 C°, stopped-flow conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

8.75 × 10-4 0 0 8.32 × 10-1 
8.30 × 10-4 4.17 × 10-2 50 1.52 

8.30 × 10-4 9.26 × 10-2 112 1.59 
8.30 × 10-4 1.40 × 10-1 169 1.56 

8.30 × 10-4 1.82 × 10-1 219 1.52 

8.30 × 10-4 2.74 × 10-1 330 1.45 
8.30 × 10-4 3.85 × 10-1 464 1.34 

8.30 × 10-4 4.87 × 10-1 587 1.21 

8.30 × 10-4 5.62 × 10-1 677 1.16 

kion = 1.59 s
–1 
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Ionization rates of (pCl)TrCl (c0 = 8.75 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 80A20W, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

0 0 1.12 × 101 
5.34 × 10-3 6 1.22 × 101 

1.39 × 10-2 16 1.22 × 101 

2.14 × 10-2 24 1.24 × 101 
3.10 × 10-2 35 1.28 × 101 

4.38 × 10-2 50 1.27 × 101 

kion = 1.28 × 10
1
 s

–1 
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Ionization rates of (pCl)TrCl (c0 = 8.75 × 10-4 mol L-1) in aqueous acetone without amine, 25 
C°, stopped-flow conductimetry. 
 
 
 
 
 
 
 
Ionization rates of (pCl)TrPNB in aqueous acetonitrile with triethylamine as additive, 25 C°, 
conventional conductimetry. 
 

 
 
 
Ionization rates of (pCl)TrOBz (c0 = 9.86 × 10-4 mol L-1) in the presence of piperidine; 
aqueous acetone, 25 C°, conventional conductimetry. 
 
 
 
 
 
 
 
 
Ionization rates of (pF)TrCl (c0 = 8.42 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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solvent kion / s
-1 

60A40W 1.66 × 102 
50A50W 5.90 × 102 

solvent [substrate] / mol L-1 [TEA] / mol L-1 kion / s
-1 average kion / s

-1 

90AN10W 7.51 × 10-4 3.62 × 10-3 7.41 × 10-4 7.24 × 10-4 
 5.26 × 10-4 4.42 × 10-3 7.07 × 10-4  

80AN20W 6.16 × 10-4 3.70 × 10-3 2.22 × 10-3 2.22 × 10-3 

 6.16 × 10-4 3.51 × 10-3 2.22 × 10-3  

60AN40W 6.16 × 10-4 3.33 × 10-3 6.18 × 10-3 6.10 × 10-3 
 6.16 × 10-4 3.14 × 10-3 6.02 × 10-4  

50AN50W 6.16 × 10-4 4.37 × 10-3 1.05 × 10-2 1.04 × 10-2 

 6.16 × 10-4 3.39 × 10-3 1.02 × 10-2  

solvent [pip] / mol L-1 [pip] / [substrate] kion / s
-1 

60A40W 1.17 × 10-2 12 1.27 × 10-4 
50A50W 1.17 × 10-2 12 3.58 × 10-4 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

5.81 × 10-3 7 5.14 × 10-1 
1.16 × 10-2 14 5.85 × 10-1 
5.81 × 10-2 69 6.35 × 10-1 

1.16 × 10-1 138 6.47 × 10-1 

kion = 6.47 × 10
–1

 s
–1 
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Ionization rates of (pF)TrCl (c0 = 1.00 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (pF)TrCl (c0 = 1.02 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 80AN20W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (pF)TrCl in aqueous solvents without amine, 25 C°, stopped-flow 
conductimetry. 
 
 
 
 
 
 
 
 
 
 
 
 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

0 0 4.29 × 101 
4.56 × 10-3 5 9.46 × 101 

9.13 × 10-3 9 1.03 × 102 

3.65 × 10-2 37 1.09 × 102 
7.30 × 10-2 73 1.12 × 102 

1.08 × 10-1 108 1.09 × 102 

1.48 × 10-1 148 1.04 × 102 

kion = 1.12 × 10
2
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

0 0 2.58 × 102 
1.45 × 10-2 14 2.78 × 102 
2.67 × 10-2 26 2.87 × 102 

3.74 × 10-2 37 2.91 × 102 

5.12 × 10-2 51 3.11 × 102 
7.26 × 10-2 72 2.91 × 102 

kion = 3.11 × 10
2
 s

–1 

solvent [substrate] / mol L-1
 kobs / s

-1 

60AN40W 1.02 × 10-3 1.11 × 103 
60A40W 8.75 × 10-4 4.46 × 102 
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Ionization rates of (pF)TrCl in the presence of various concentrations of piperidine; 90A10W, 
25 C°, stopped-flow conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

8.16 × 10-4 0 0 2.27 
1.05 × 10-3 4.17 × 10-2 40 5.26 

1.05 × 10-3 9.26 × 10-2 88 5.35 
1.05 × 10-3 1.40 × 10-1 133 5.29 

1.05 × 10-3 1.82 × 10-1 173 5.17 

1.05 × 10-3 2.74 × 10-1 261 4.94 
1.05 × 10-3 3.85 × 10-1 367 4.53 

1.05 × 10-3 4.87 × 10-1 464 4.23 

1.05 × 10-3 5.62 × 10-1 535 3.94 

kion = 5.35 s
–1 
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Ionization rates of (pF)TrCl in the presence of various concentrations of piperidine; 80A20W, 
25 C°, stopped-flow conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

8.75 × 10-4 0 0 3.06 × 101 
1.01 × 10-3 4.65 × 10-3 5 2.77 × 101 

1.01 × 10-3 6.98 × 10-3 7 2.83 × 101 
1.01 × 10-3 9.30 × 10-3 9 2.92 × 101 

kion = 3.06 × 10
1
 s

–1 
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Ionization rates of (pF)2TrCl (c0 = 1.02 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (pF)3TrCl (c0 = 4.81 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

5.03 × 10-3 5 1.30 × 102 
1.01 × 10-2 10 1.47 × 102 
4.03 × 10-2 40 1.55 × 102 

8.05 × 10-2 79 1.51 × 102 

1.20 × 10-1 118 1.50 × 102 
1.62 × 10-1 159 1.45 × 102 

kion = 1.55 × 10
2
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.06 × 10-3 2 3.30 × 10-1 
5.07 × 10-3 11 7.08 × 10-1 

1.06 × 10-2 22 8.33 × 10-1 
5.07 × 10-2 105 9.97 × 10-1 

1.06 × 10-1 220 1.02 

kion = 1.02 s
–1 
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Ionization rates of (pF)3TrCl (c0 = 9.62 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)TrCl in the presence of various concentrations of piperidine; 100AN, 
25 C°, conventional conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

1.74 × 10-3 1.86 × 10-2 11 2.88 × 10-2 
1.53 × 10-3 3.27 × 10-2 21 2.87 × 10-2 
1.57 × 10-3 6.73 × 10-2 43 2.95 × 10-2 

kion = 2.95 × 10
–2

 s
–1 
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[pip] / mol L-1 
[pip] / 

[substrate] 
kobs / s

-1 

2.33 × 10-3 2 1.27 × 102 
4.65 × 10-3 5 1.40 × 102 

6.98 × 10-3 7 1.44 × 102 

9.31 × 10-3 10 1.65 × 102 
1.16 × 10-2 12 1.70 × 102 

kion = 1.70 × 10
2
 s

–1 
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Ionization rates of (mF)TrCl (c0 = 1.00 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)TrCl (c0 = 9.77 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 80AN20W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)TrCl in aqueous acetonitrile without amine; 25 C°, stopped-flow 
conductimetry. 
 
 
 
 
 
 
 
 
 
 
 
 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

0 0 5.41 
4.50 × 10-3 5 7.61 

9.01 × 10-3 9 8.42 

3.64 × 10-2 36 9.49 
7.21 × 10-2 72 9.51 

1.11 × 10-1 111 9.28 

1.44 × 10-1 144 9.05 

kion = 9.51 s
–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

0 0 2.82 × 101 
4.98 × 10-3 5 3.09 × 101 

9.97 × 10-3 10 3.27 × 101 
3.99 × 10-2 41 3.26 × 101 

7.97 × 10-2 82 3.23 × 101 

1.24 × 10-1 127 3.11 × 101 
1.62 × 10-1 166 3.00 × 101 

kion = 3.27 × 10
1
 s

–1 

solvent [substrate] / mol L-1 kobs / s
-1 

90AN10W 1.06  × 10-3 5.14 
 1.06  × 10-4 9.22 

80AN20W 1.06  × 10-3 2.86 × 101 

 1.06  × 10-4 3.18 × 101 

60AN40W 1.06  × 10-3 1.32 × 102 
50AN50W 1.06  × 10-3 2.54 × 102 
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Ionization rates of (mF)TrBr (c0 = 9.96 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)TrOAc (c0 = 9.16 × 10-4 mol L-1) in the presence of triethylamine (c = 
6.00 × 10-3 mol L-1); 60AN40W, 25 C°, conventional conductimetry. 
 
 
 
 
 
 
 
Ionization rates of (mF)(mF)'TrCl in the presence of various concentrations of piperidine; 
100AN, 25 C°, conventional conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

1.30 × 10-3 8.33 × 10-3 6 1.24 × 10-3 
1.39 × 10-3 4.43 × 10-2 32 1.46 × 10-3 

1.43 × 10-3 1.17 × 10-1 82 1.46 × 10-3 

kion = 1.46 × 10
–3

 s
–1 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.08 × 10-3 1 6.28 
5.39 × 10-3 5 1.81 × 101 

1.08 × 10-2 11 2.53 × 101 
2.16 × 10-2 22 2.89 × 101 

4.31 × 10-2 43 3.15 × 101 

1.63 × 10-1 164 3.45 × 101 

kion = 3.45 × 10
1
 s

–1 

kion / s
-1 average kion / s

-1 

3.47 × 10-5 3.45 × 10-5 
3.43 × 10-5  
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Ionization rates of (mF)(mF)'TrCl (c0 = 1.00 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)(mF)'TrCl (c0 = 1.02 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 80AN20W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)(mF)'TrCl in aqueous acetonitrile without amine; 25 C°, stopped-flow 
conductimetry. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.54 × 10-3 5 6.52 × 10-1 
9.08 × 10-3 9 7.78 × 10-1 

3.63 × 10-2 36 8.26 × 10-1 
7.27 × 10-2 73 8.15 × 10-1 

1.09 × 10-1 109 8.32 × 10-1 

1.46 × 10-1 146 8.02 × 10-1 

kion = 8.26 × 10
–1

 s
–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.99 × 10-3 5 3.54 
9.97 × 10-3 10 3.60 

3.99 × 10-2 39 3.50 
7.98 × 10-2 78 3.44 

1.26 × 10-1 123 3.32 

1.60 × 10-1 157 3.28 

kion = 3.60 s
–1 

solvent [substrate] / mol L-1 kobs / s
-1 

90AN10W 1.10  × 10-3 7.16 × 10-1 
 1.10  × 10-4 8.74 × 10-1 

80AN20W 1.10  × 10-3 3.41 
60AN40W 1.10  × 10-3 1.60 × 101 

50AN50W 1.10  × 10-3 3.22 × 101 
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Ionization rates of (mF)(mF)'TrBr (c0 = 1.01 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)(mF)'TrBr (c0 = 1.01 × 10-3 mol L-1) in the presence of various 
concentrations of diethylamine; 100AN, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.78 × 10-3 5 8.63 × 10-1 
9.55 × 10-3 9 1.21 

1.43 × 10-2 14 1.42 

1.91 × 10-2 19 1.49 
3.82 × 10-2 38 1.67 

7.64 × 10-2 76 1.80 

1.10 × 10-1 109 1.81 
1.66 × 10-1 164 1.81 

kion = 1.81 s
–1 

[Et2NH] /  
mol L-1 

[Et2NH] /  
[substrate] 

kobs / s
-1 

4.54 × 10-3 5 1.60 × 10-1 
9.09 × 10-3 9 3.10 × 10-1 
1.36 × 10-2 14 4.37 × 10-1 

1.82 × 10-2 18 5.90 × 10-1 

3.63 × 10-2 36 9.12 × 10-1 
7.25 × 10-2 72 1.17 

1.10 × 10-1 109 1.29 

1.52 × 10-1 151 1.36 

kion = 1.36 s
–1 
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Ionization rates of (mF)(mF)'TrBr (c0 = 1.02 × 10-3 mol L-1) in the presence of various 
concentrations of butylamine; 100AN, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)(mF)'TrBr (c0 = 1.01 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)(mF)'TrBr (c0 = 7.85 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 90A10W, 25 C°, stopped-flow conductimetry. 
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[BuNH2] /  
mol L-1 

[BuNH2] /  
[substrate] 

kobs / s
-1 

4.55 × 10-3 4 9.49 × 10-1 
9.09 × 10-3 9 1.29 

1.36 × 10-2 13 1.46 
1.82 × 10-2 18 1.58 

3.64 × 10-2 36 1.73 

7.27 × 10-2 71 1.77 
1.06 × 10-1 104 1.78 

1.57 × 10-1 154 1.78 

kion = 1.78 s
–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.49 × 10-3 4 8.04 × 101 
8.98 × 10-3 9 9.63 × 101 
3.59 × 10-2 36 1.32 × 102 

7.19 × 10-2 71 1.40 × 102 

1.11 × 10-1 109 1.44 × 102 
1.42 × 10-1 140 1.31 × 102 

kion = 1.44 × 10
2
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.68 × 10-2 21 5.41 
9.29 × 10-2 118 5.10 

1.44 × 10-1 183 5.26 

2.05 × 10-1 261 5.32 

kion = 5.41 s
–1 
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Ionization rates of (mF)2TrCl in the presence of various concentrations of piperidine; 100AN, 
25 C°, conventional conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

7.85 × 10-4 9.00 × 10-3 12 1.92 × 10-3 
7.39 × 10-4 1.69 × 10-2 23 2.02 × 10-3 

7.84 × 10-4 3.59 × 10-2 46 2.12 × 10-3 
6.66 × 10-4 6.89 × 10-2 104 2.06 × 10-3 

kion = 2.12 × 10
–3

 s
–1 
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Ionization rates of (mF)2TrCl (c0 = 9.91 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

5.03 × 10-3 5 1.10 
1.01 × 10-2 10 1.15 

4.03 × 10-2 41 1.25 

8.05 × 10-2 81 1.22 
1.20 × 10-1 121 1.19 

1.62 × 10-1 163 1.14 

kion = 1.25 s
–1 
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Ionization rates of (mF)2TrCl (c0 = 1.01 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 80AN20W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)(mF)'(mF)''TrCl in the presence of various concentrations of 
piperidine; 100AN, 25 C°, conventional conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

1.22 × 10-3 6.63 × 10-3 5 7.10 × 10-5 
9.43 × 10-4 1.84 × 10-2 20 6.98 × 10-5 

9.32 × 10-4 2.42 × 10-2 26 7.10 × 10-5 

9.36 × 10-4 1.39 × 10-1 149 6.61 × 10-5 
9.36 × 10-4 2.78 × 10-1 297 5.89 × 10-5 

kion = 7.10 × 10
–5

 s
–1 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.98 × 10-3 5 4.80 
9.97 × 10-3 10 4.78 

3.99 × 10-2 40 4.70 
7.97 × 10-2 79 4.57 

1.24 × 10-1 123 4.43 

1.62 × 10-1 160 4.31 

kion = 4.80 s
–1 
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Ionization rates of (mF)(mF)'(mF)''TrCl (c0 = 8.41 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, conventional conductimetry. 
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Ionization rates of (mF)(mF)'(mF)''TrCl (c0 = 9.68 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 80AN20W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)(mF)'(mF)''TrCl (c0 = 8.62 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 90A10W, 25 C°, conventional conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

0 0 5.99 × 10-2 
1.48 × 10-2 18 6.34 × 10-2 

2.96 × 10-2 35 6.38 × 10-2 

kion = 6.38 × 10
–2

 s
–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.99 × 10-3 5 2.74 × 10-1 
9.97 × 10-3 10 2.71 × 10-1 

3.99 × 10-2 41 2.64 × 10-1 
7.98 × 10-2 81 2.64 × 10-1 

1.26 × 10-1 127 2.42 × 10-1 

1.60 × 10-1 163 2.41 × 10-1 

kion = 2.74 × 10
–1

 s
–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

0 0 1.33 × 10-3 
1.43 × 10-2 17 1.53 × 10-3 
2.87 × 10-2 33 1.48 × 10-3 

kion = 1.53 × 10
–3

 s
–1 
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Ionization rates of (mF)(mF)'(mF)''TrCl (c0 = 8.62 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 80A20W, 25 °C, conventional conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

8.62 × 10-4 0 0 1.52 × 10-2 
8.21 × 10-4 1.43 × 10-2 17 1.61 × 10-2 

8.21 × 10-4 2.87 × 10-2 35 1.65 × 10-2 

kion = 1.65 × 10
–2

 s
–1 
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Ionization rates of (mF)(mF)'(mF)''TrBr (c0 = 1.00 × 10-3 mol L-1) in the presence of various 
concentrations of piperidine; 100AN, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.78 × 10-3 5 4.69 × 10-2 
9.55 × 10-3 10 5.76 × 10-2 

1.43 × 10-2 14 6.56 × 10-2 
1.91 × 10-2 19 7.11 × 10-2 

3.82 × 10-2 38 7.66 × 10-2 

7.64 × 10-2 76 8.04 × 10-2 
1.10 × 10-1 110 8.18 × 10-2 

1.66 × 10-1 166 8.27 × 10-2 

kion = 8.27 × 10
–2

 s
–1 
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Ionization rates of (mF)(mF)'(mF)''TrBr (c0 = 9.97 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)(mF)'(mF)''TrBr (c0 = 9.97 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 80AN20W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)(mF)'(mF)''TrBr (c0 = 9.60 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 60AN40W, 25 C°, stopped-flow conductimetry. 
 

0

40

80

120

160

0.00 0.05 0.10 0.15 0.20

[pip] / mol L–1

k
ob

s 
/ 

s–1

  

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.53 × 10-3 5 7.40 
9.05 × 10-3 9 7.57 

3.62 × 10-2 36 9.23 
7.24 × 10-2 73 9.79 

1.07 × 10-1 108 9.91 

1.46 × 10-1 147 9.58 

kion = 9.91 s
–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.00 × 10-2 10 3.70 × 101 
2.00 × 10-2 20 3.90 × 101 
4.00 × 10-2 40 3.89 × 101 

6.00 × 10-2 60 3.90 × 101 

kion = 3.90 × 10
1
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

2.73 × 10-2 28 1.50 × 102 
5.58 × 10-2 58 1.42 × 102 

1.95 × 10-1 203 1.50 × 102 

kion = 1.50 × 10
2
 s

–1 
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Ionization rate of (mF)2(mF)'2TrCl (c0 = 9.18 × 10-4 mol L-1) in the presence of piperidine; 
100AN, 25 C°, conventional conductimetry. 
 
 
 
 
 
 
 
Ionization rates of (mF)2(mF)'2TrCl (c0 = 7.94 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, conventional conductimetry. 
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Ionization rates of (mF)2(mF)'2TrCl (c0 = 8.55 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 80AN20W, 25 C°, conventional conductimetry. 
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[pip] / mol L-1 [pip] / [substrate] kion / s
-1 

7.61 × 10-2 83 6.3 × 10-6 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

5.04 × 10-3 6 9.49 × 10-3 
2.01 × 10-2 25 9.62 × 10-3 

7.05 × 10-2 89 1.01 × 10-2 

1.01 × 10-1 126 9.89 × 10-3 
2.02 × 10-1 253 8.79 × 10-3 

kion = 1.01 × 10
–2

 s
–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.46 × 10-2 17 4.76 × 10-2 
2.93 × 10-2 34 4.54 × 10-2 

kion = 4.76 × 10
–2

 s
–1 
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Ionization rates of (mF)2(mF)'(mF)''TrBr in the presence of various concentrations of 
piperidine; 100AN, 25 C°, conventional conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

1.23 × 10-3 6.21 × 10-3 5 3.06 × 10-3 
1.13 × 10-3 1.14 × 10-2 10 3.73 × 10-3 

1.17 × 10-3 2.96 × 10-2 25 4.52 × 10-3 
1.10 × 10-3 5.54 × 10-2 51 4.98 × 10-3 

1.11 × 10-3 1.12 × 10-1 101 5.19 × 10-3 

1.07 × 10-3 1.62 × 10-1 152 5.20 × 10-3 

kion = 5.20 × 10
–3

 s
–1 
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Ionization rates of (mF)2(mF)'(mF)''TrBr (c0 = 1.02 × 10-3 mol L-1)  in the presence of various 
concentrations of piperidine; 90AN10W, 25 C°, stopped-flow conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

4.53 × 10-3 4 6.79 × 10-1 
9.05 × 10-3 9 7.15 × 10-1 

3.62 × 10-2 35 7.51 × 10-1 
7.24 × 10-2 71 7.85 × 10-1 

1.07 × 10-1 105 7.73 × 10-1 

1.46 × 10-1 143 7.30 × 10-1 

kion = 7.85 × 10
–1

 s
–1 
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Ionization rates of (mF)2(mF)'(mF)''TrBr (c0 = 9.77 × 10-4 mol L-1)  in the presence of various 
concentrations of piperidine; 80AN20W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)2(mF)'(mF)''TrBr (c0 = 1.16 × 10-3 mol L-1)  in the presence of various 
concentrations of piperidine; 60AN40W, 25 C°, stopped-flow conductimetry. 
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Ionization rates of (mF)2(mF)'(mF)''TrBr (c0 = 1.05 × 10-3 mol L-1)  in the presence of various 
concentrations of piperidine; 90A10W, 25 C°, conventional conductimetry. 
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[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.00 × 10-2 10 3.48 
2.00 × 10-2 20 3.48 

4.00 × 10-2 41 3.48 
6.00 × 10-2 61 3.42 

kion = 3.48 s
–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

2.73 × 10-2 24 1.62 × 101 
5.58 × 10-2 48 1.63 × 101 
7.88 × 10-2 68 1.57 × 101 

1.95 × 10-1 168 1.56 × 101 

kion = 1.63 × 10
1
 s

–1 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

1.46 × 10-2 14 1.51 × 10-2 
2.93 × 10-2 28 1.49 × 10-2 

kion = 1.51 × 10
–2

 s
–1 
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Ionization rate of (mF)6TrBr (c0 = 5.03 × 10-4 mol L-1) in the presence of piperidine; 100AN, 
25 C°, conventional conductimetry. 
 
 
 
 
 
 
Ionization rates of (mF)6TrBr in the presence of various concentrations of piperidine; 
90AN10W, 25 C°, conventional conductimetry. 
 

[substrate] / mol L-1 [pip] / mol L-1 [pip] / [substrate] kobs / s
-1 

8.02 × 10-4 5.00 × 10-3 6 3.39 × 10-3 
7.99 × 10-4 1.99 × 10-2 25 3.35 × 10-3 

8.02 × 10-4 7.00 × 10-2 87 3.19 × 10-3 
8.02 × 10-4 1.00 × 10-1 125 3.23 × 10-3 

8.02 × 10-4 2.00 × 10-1 249 3.09 × 10-3 

kion = 3.39 × 10
–3

 s
–1 
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Ionization rates of (mF)6TrBr (c0 = 7.94 × 10-4 mol L-1) in the presence of various 
concentrations of piperidine; 80AN20W, 25 C°, conventional conductimetry. 
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[pip] / mol L-1 [pip] / [substrate] kion / s
-1 

1.06 × 10-1 211 2.1 × 10-5 

[pip] / mol L-1 
[pip] /  

[substrate] 
kobs / s

-1 

8.03 × 10-3 10 1.68 × 10-2 
1.61 × 10-3 20 1.68 × 10-2 
3.21 × 10-2 40 1.64 × 10-2 

4.82 × 10-2 61 1.60 × 10-2 

kion = 1.68 × 10
–2

 s
–1 
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5. Computational Data 

 

5.1. Methyl anion and hydroxide affinities of tritylium ions 

 

Geometries of the tritylium ions, triarylmethanols and triarylethanes were optimized at the 

B3LYP/6-31G(d,p) level of theory. Thermochemical corrections (B3LYP/6-31G(d,p)) were 

combined with single point energies on the MP2(FC)/6-31+G(2d,p) level to give H298 and 

G298. 

For some of the tritylium ions, triarylmethanols and triarylethanes different conformational 

isomers had to be considered. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conformations of (MeO)2Tr+ (left) 
and its methyl anion adduct (right). 
Relative energies (G298 in kJ mol–1) 
are given for the MP2(FC)/6-
31+G(2d,p)//B3LYP/6-31G(d,p) 
level. 
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Energy data of tritylium ions, in Hartree. 
 

system (conformer) 
Etot 

B3LYP/ 
6-31G(d,p) 

Etot 
MP2(FC)/ 

6-31+G(2d,p) 

H298 

MP2(FC)/ 
6-31+G(2d,p)// 

B3LYP/ 
6-31G(d,p) 

G298 

MP2(FC)/ 
6-31+G(2d,p)// 

B3LYP/ 
6-31G(d,p) 

(mF)6Tr+ -1328.20367 -1325.008790 -1324.75783 -1324.82793 

(mF)5Tr+ -1228.97854 -1225.962091 -1225.70358 -1225.77166 

(mF)2(mF)'(mF)''Tr+ (1) -1129.753268 -1126.915187 -1126.649127 -1126.649127 

(mF)2(mF)'(mF)''Tr+ (2) -1129.753257 -1126.915125 -1126.649012 -1126.649012 

(mF)2(mF)'(mF)''Tr+ (3) -1129.753247 -1126.915196 -1126.649155 -1126.649155 

(mF)(mF)'(mF)''Tr+ (1) -1030.527806 -1027.868094 -1027.594450 -1027.594450 

(mF)(mF)'(mF)''Tr+ (2) -1030.527748 -1027.868016 -1027.594411 -1027.594411 

(mF)(mF)'Tr+ (1) -931.3015536 -928.819869 -928.538700 -928.600474 

(mF)(mF)'Tr+ (2) -931.3015988 -928.819879 -928.538652 -928.600342 

(mF)(mF)'Tr+ (3) -931.3014981 -928.819806 -928.538645 -928.600454 

(mF)Tr+ -832.07517 -829.771452 -829.48270 -829.54233 

(pF)Tr+ -832.07922 -829.774346 -829.48546 -829.54511 

(pF)2Tr+ -931.30974 -928.825746 -928.54427 -928.60601 

(pF)3Tr+ -1030.54017 -1027.877041 -1027.60295 -1027.66666 

Tr+ -732.8485837 -730.72281 -730.42649 -730.48400 

MeTr+ -772.1738629 -769.92410 -769.59867 -769.66267 

Me2Tr+ -811.4988717 -809.12486 -808.77021 -808.83767 

Me3Tr+ -850.8235926 -848.32538 -847.94162 -848.01281 

(MeO)Tr+ -847.3853854 -844.97674 -844.64510 -844.70879 

(MeO)2Tr+ (1) -961.92033 -959.22874 -958.86177 -958.93053 

(MeO)2Tr+ (2) -961.92023 -959.22885 -958.86187 -958.93132 

(MeO)2Tr+ (3) -961.92006 -959.22835 -958.86138 -958.93025 

(MeO)3Tr+ (1) -1076.45365 -1073.47957 -1073.07735 -1073.15237 

(MeO)3Tr+ (2) -1076.45359 -1073.47934 -1073.07707 -1073.15242 

(Me2N)(MeO)Tr+ (1) -981.38158 -978.58552 -978.17590 -978.24990 

(Me2N)(MeO)Tr+ (2) -981.38134 -978.58529 -978.17573 -978.24987 

(Me2N)Tr+ -866.8485838 -864.33559 -863.96128 -864.02886 

(Me2N)2Tr+ -1000.8406328 -997.93892 -997.48673 -997.56495 

(Me2N)3Tr+ -1134.8282639 -1131.53802 -1131.00815 -1131.09664 

 
Energy data of methyl anion and hydroxide, in Hartree. 
 

 
Etot 

B3LYP/ 
6-31G(d,p) 

Etot 
MP2(FC)/ 

6-31+G(2d,p) 

H298 MP2(FC)/ 

6-31+G(2d,p)// 
B3LYP/6-31G(d,p) 

G298 MP2(FC)/ 

6-31+G(2d,p)// 
B3LYP/6-31G(d,p) 

OH– -75.7262924 -75.63187 -75.62059 -75.64019 

Me– -39.7960283 -39.69078 -39.65913 -39.68109 
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Energy data of 1,1,1-triarylethanes, in Hartree. 
 

system (conformer) 
Etot 

B3LYP/ 
6-31G(d,p) 

Etot 
MP2(FC)/ 

6-31+G(2d,p) 

H298 

MP2(FC)/ 
6-31+G(2d,p)// 

B3LYP/ 
6-31G(d,p) 

G298 

MP2(FC)/ 
6-31+G(2d,p)// 

B3LYP/ 
6-31G(d,p) 

(mF)6Tr–Me -1368.38140 -1365.079557 -1364.78775 -1364.86238 

(mF)5Tr–Me (1) -1269.150567 -1266.027038 -1265.727810 -1265.801424 

(mF)5Tr–Me (2) -1269.150707 -1266.027069 -1265.727910 -1265.800519 

(mF)2(mF)'(mF)''Tr–Me (1) -1169.919833 -1166.974423 -1166.667842 -1166.738864 

(mF)2(mF)'(mF)''Tr–Me (2) -1169.919896 -1166.974392 -1166.667644 -1166.737938 

(mF)2(mF)'(mF)''Tr–Me (3) -1169.919789 -1166.974383 -1166.667710 -1166.738165 

(mF)(mF)'(mF)''Tr–Me (1) -1070.688702 -1067.921505 -1067.607508 -1067.676403 

(mF)(mF)'(mF)''Tr–Me (2) -1070.688820 -1067.921541 -1067.607457 -1067.676015 

(mF)(mF)'(mF)''Tr–Me (3) -1070.688874 -1067.921529 -1067.607553 -1067.676147 

(mF)(mF)'(mF)''Tr–Me (4) -1070.688776 -1067.921542 -1067.607442 -1067.676053 

(mF)(mF)'Tr–Me (1) -971.456748 -968.8674448 -968.545973 -968.613344 

(mF)(mF)'Tr–Me (2) -971.456816 -968.8673164 -968.545812 -968.612253 

(mF)(mF)'Tr–Me (3) -971.456791 -968.8674134 -968.545891 -968.612474 

(mF)Tr–Me (1) -872.224634 -869.8129312 -869.484002 -869.548745 

(mF)Tr–Me (2) -872.224831 -869.8130343 -869.484064 -869.548493 

(pF)Tr–Me -872.22437 -869.812581 -869.48369 -869.54831 

(pF)2Tr–Me -971.45603 -968.866482 -968.54503 -968.61241 

(pF)3Tr–Me -1070.68772 -1067.920257 -1067.60617 -1067.67491 

Tr-Me -772.9925127 -770.75850 -770.42221 -770.75850 

MeTr-Me -812.3131836 -809.95531 -809.58978 -809.95531 

Me2Tr-Me -851.6338799 -849.15245 -848.75765 -849.15245 

Me3Tr-Me -890.9545138 -888.34939 -887.92537 -888.34939 

(MeO)Tr-Me (1) -887.51760 -885.00222 -884.63076 -884.69911 

(MeO)Tr-Me (2) -887.51763 -885.00220 -884.63073 -884.70086 

(MeO)2Tr-Me (1) -1002.04275 -999.24569 -998.83909 -998.91343 

(MeO)2Tr-Me (2) -1002.04234 -999.24524 -998.83870 -998.91321 

(MeO)2Tr-Me (3) -1002.04278 -999.24580 -998.83917 -998.91362 

(MeO)3Tr-Me (1) -1116.56750 -1113.48880 -1113.04701 -1113.12757 

(MeO)3Tr-Me (2) -1116.56722 -1113.48847 -1113.04662 -1113.12708 

(MeO)3Tr-Me (3) -1116.56756 -1113.48900 -1113.04719 -1113.12796 

(MeO)3Tr-Me (4) -1116.56785 -1113.48946 -1113.04762 -1113.12908 

(Me2N)(MeO)Tr-Me (1) -1021.49070 -1018.58849 -1018.13960 -1018.21862 

(Me2N)(MeO)Tr-Me (2) -1021.49072 -1018.58860 -1018.13970 -1018.21866 

(Me2N)Tr-Me -1174.9112698 -904.34514 -903.93148 -904.34514 

(Me2N)2Tr-Me -1040.9387255 -1037.93185 -1037.44073 -1037.93185 

(Me2N)3Tr-Me -1174.9112698 -1171.51796 -1170.94938 -1171.51796 
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Energy data of triarylmethanols, in Hartree. 
 

system (conformer) 
Etot 

B3LYP/ 
6-31G(d,p) 

Etot 
MP2(FC)/ 

6-31+G(2d,p) 

H298 

MP2(FC)/ 
6-31+G(2d,p)// 

B3LYP/ 
6-31G(d,p) 

G298 

MP2(FC)/ 
6-31+G(2d,p)// 

B3LYP/ 
6-31G(d,p) 

(mF)6Tr–OH -1404.28453 -1400.950830 -1400.68354 -1400.75831 

(mF)5Tr–OH (1) -1305.053713 -1301.898156 -1301.623401 -1301.695942 

(mF)5Tr–OH (2) -1305.053946 -1301.898352 -1301.623539 -1301.695765 

(mF)2(mF)'(mF)''Tr–OH (1) -1205.823322 -1202.845877 -1202.563623 -1202.633482 

(mF)2(mF)'(mF)''Tr–OH (2) -1205.823524 -1202.846299 -1202.564107 -1202.634243 

(mF)2(mF)'(mF)''Tr–OH (3) -1205.823318 -1205.561569 -1202.846023 -1202.563842 

(mF)(mF)'(mF)''Tr–OH (1) -1106.592218 -1106.322152 -1103.793160 -1103.503547 

(mF)(mF)'(mF)''Tr–OH (2) -1106.592447 -1106.322368 -1103.793389 -1103.503769 

(mF)(mF)'(mF)''Tr–OH (3) -1106.592770 -1106.322543 -1103.793539 -1103.503837 

(mF)(mF)'(mF)''Tr–OH (4) -1106.592581 -1106.322499 -1103.793624 -1103.504021 

(mF)(mF)'Tr–OH (1) -1007.360459 -1007.08209 -1004.739220 -1004.442164 

(mF)(mF)'Tr–OH (2) -1007.360501 -1007.08209 -1004.739206 -1004.442127 

(mF)(mF)'Tr–OH (3) -1007.360653 -1007.082292 -1004.739418 -1004.442377 

(mF)Tr–OH (1) -908.128562 -907.84193 -905.685060 -905.380579 

(mF)Tr–OH (2) -908.128684 -907.84205 -905.685112 -905.380648 

(pF)Tr–OH -908.12880 -905.685168 -905.38063 -905.44488 

(pF)2Tr–OH -1007.36043 -1007.08202 -1004.739007 -1004.44191 

(pF)3Tr–OH -1106.59220 -1106.32203 -1103.792876 -1103.50319 

Tr-OH -808.897003 -808.602090 -806.63153 -806.31962 

MeTr-OH -848.2177824 -847.895537 -845.82873 -845.48757 

Me2Tr-OH -887.5384286 -887.188812 -885.02565 -884.65522 

Me3Tr-OH -926.859006 -926.481928 -924.22274 -923.82308 

(MeO)Tr-OH (1) -923.42217 -923.09469 -920.87525 -920.52815 

(MeO)Tr-OH (2) -923.42214 -923.09464 -920.87522 -920.52812 

(MeO)2Tr-OH (1) -1037.94734 -1037.58739 -1035.11877 -1034.73655 

(MeO)2Tr-OH (2) -1037.94730 -1037.58733 -1035.11876 -1034.73653 

(MeO)2Tr-OH (3) -1037.94716 -1035.11879 -1034.73657 -1034.81097 

(MeO)3Tr-OH (1) -1152.47249 -1149.36238 -1148.94493 -1149.02483 

(MeO)3Tr-OH (2) -1152.47245 -1149.36219 -1148.94479 -1149.02476 

(MeO)3Tr-OH (3) -1152.47230 -1149.36215 -1148.94471 -1149.02479 

(MeO)3Tr-OH (4) -1152.47261 -1149.36254 -1148.94511 -1149.02485 

(Me2N)(MeO)Tr-OH (1) -1057.39544 -1054.46175 -1054.03723 -1054.11526 

(Me2N)(MeO)Tr-OH (2) -1057.39578 -1054.46212 -1054.03755 -1054.11540 

(Me2N)Tr-OH -942.8703779 -940.21829 -939.82897 -939.90110 

(Me2N)2Tr-OH -1076.8434858 -1073.80482 -1073.33791 -1073.41964 

(Me2N)3Tr-OH -1210.8167096 -1207.39162 -1206.84741 -1206.94010 
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5.2. Organocatalytic Activity of Cinchona Alkaloids:  

Which Nitrogen is more Nucleophilic? 

 

The conformational space of quinine (1a), hydroxymethylquinuclidine (1k) and naphthyl-

methylquinuclidine (1f) as well as their cationic adducts has first been searched using the 

MM3 force field and the systematic search routine in the TINKER program. 

In the case of 1k, 1f and their cationic adducts, the best three conformers were optimized at 

the B3LYP/6-31G(d) level of theory. Thermochemical corrections (B3LYP/6-31G(d)) to 

298.15 K were combined with single-point energies on the MP2(FC)/6-31+G(2d,p) level. 

For 1a and its adducts the twenty energetically most favorable conformers according to the 

force field energies were submitted to single point calculations (B3LYP/6-31G(d)). The seven 

best conformers according to quantum mechanical energies were then taken as starting struc-

tures for geometry optimizations on the B3LYP/6-31G(d) level. Thermochemical corrections 

to 298.15 K have been calculated for all minima from unscaled vibrational frequencies, and 

have been combined with single-point energies calculated at the MP2(FC)/6-

31+G(2d,p)//B3LYP/6-31G(d) level to yield enthalpies H298 at 298.15 K.  

When two force-field conformations turned into a single conformer during quantum 

mechanical geometry optimization, one was discarded, so that in each case seven different 

conformations were taken into account. 

The other five smaller and therefore less flexible systems (lepidine, hydroxymethylquinoline, 

methoxyquinoline, methoxylepidine and quinuclidine) have not been submitted to confor-

mational analyses but the structures were simply drawn in that manner, which was assumed to 

be the best. Care was only taken of the direction into which the methoxy group in 

methoxylepidine and -quinoline showed. Both possibilities have been calculated. 

Solvation effects in dichloromethane have been calculated on the HF/6-31G(d) level of theory 

using the united atom for Hartree-Fock/polarizable continuum model PCM/UAHF. Gibbs free 

energies of solvation were combined with the MP2(FC)/6-31+G(2d,p)//B3LYP/6-31G(d) 

data. 
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Energy data for quinine (1a), in Hartree if not noted otherwise.

-3.644.6341.09-1033.224789-1033.6582290.43344-1036.47683-1036.41693460

-3.583.0256.41-1033.222766-1033.6560510.433285-1036.476618-1036.41819254

-3.132.8634.80-1033.223378-1033.6566420.433264-1036.477154-1036.41835753

-3.893.8165.32-1033.223181-1033.6559870.432806-1036.474552-1036.41661141

-3.532.7520.00-1033.225203-1033.6585300.433327-1036.479073-1036.42025843

-4.661.3178.85-1033.221838-1033.6550410.433203-1036.476642-1036.4183639

-3.683.7073.77-1033.223768-1033.6566620.432894-1036.476349-1036.41692051

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

-3.644.6341.09-1033.224789-1033.6582290.43344-1036.47683-1036.41693460

-3.583.0256.41-1033.222766-1033.6560510.433285-1036.476618-1036.41819254

-3.132.8634.80-1033.223378-1033.6566420.433264-1036.477154-1036.41835753

-3.893.8165.32-1033.223181-1033.6559870.432806-1036.474552-1036.41661141

-3.532.7520.00-1033.225203-1033.6585300.433327-1036.479073-1036.42025843

-4.661.3178.85-1033.221838-1033.6550410.433203-1036.476642-1036.4183639

-3.683.7073.77-1033.223768-1033.6566620.432894-1036.476349-1036.41692051

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

Energy data for quinine-benzyl-adduct (Nsp2), in Hartree if not noted otherwise.

-30.295.2101.15-1303.073322-1303.6356270.562305-1307.23629-1307.17154849

-29.676.1440.40-1303.073606-1303.6359530.562347-1307.236261-1307.17124972

-31.38.25913.79-1303.068515-1303.6312490.562734-1307.235995-1307.1709211

-30.316.4442.43-1303.072833-1303.6356780.562845-1307.238785-1307.172552123

-30.185.5521.25-1303.073282-1303.6357770.562495-1307.237861-1307.170840117

-29.787.1622.01-1303.072995-1303.6357140.562719-1307.238740-1307.172260189

-29.466.5130.00-1303.073759-1303.6363770.562618-1307.238020-1307.17078471

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

-30.295.2101.15-1303.073322-1303.6356270.562305-1307.23629-1307.17154849

-29.676.1440.40-1303.073606-1303.6359530.562347-1307.236261-1307.17124972

-31.38.25913.79-1303.068515-1303.6312490.562734-1307.235995-1307.1709211

-30.316.4442.43-1303.072833-1303.6356780.562845-1307.238785-1307.172552123

-30.185.5521.25-1303.073282-1303.6357770.562495-1307.237861-1307.170840117

-29.787.1622.01-1303.072995-1303.6357140.562719-1307.238740-1307.172260189

-29.466.5130.00-1303.073759-1303.6363770.562618-1307.238020-1307.17078471

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number



306 
 

E
xperim

ental Part 

  

 

  

Energy data for quinine-benzyl-adduct (Nsp3), in Hartree if not noted otherwise.

-29.918.3576.97-1303.078544-1303.6419890.563445-1307.233174-1307.153131409

-29.388.3583.45-1303.079884-1303.6432980.563414-1307.234194-1307.15392148

-29.298.2502.68-1303.080175-1303.6436230.563448-1307.235100-1307.1547531

-29.146.7576.57-1303.078698-1303.6424120.563714-1307.232463-1307.15197162

-29.486.1834.31-1303.079557-1303.6430350.563478-1307.235065-1307.155712410

-28.756.1540.64-1303.080954-1303.6445000.563546-1307.236186-1307.15663583

-28.916.0490.00-1303.081195-1303.6446800.563485-1307.237017-1307.15734030

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

-29.918.3576.97-1303.078544-1303.6419890.563445-1307.233174-1307.153131409

-29.388.3583.45-1303.079884-1303.6432980.563414-1307.234194-1307.15392148

-29.298.2502.68-1303.080175-1303.6436230.563448-1307.235100-1307.1547531

-29.146.7576.57-1303.078698-1303.6424120.563714-1307.232463-1307.15197162

-29.486.1834.31-1303.079557-1303.6430350.563478-1307.235065-1307.155712410

-28.756.1540.64-1303.080954-1303.6445000.563546-1307.236186-1307.15663583

-28.916.0490.00-1303.081195-1303.6446800.563485-1307.237017-1307.15734030

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

Energy data for quinine-benzhydryl-adduct (Nsp2), in Hartree if not noted otherwise.

-23.943.5721.40-1533.39638-1534.044240.64786-1538.286243-1538.20200167

-23.654.2291.82-1533.396221-1534.044010.647789-1538.286146-1538.20144688

-24.986.44014.04-1533.391572-1534.0397590.648187-1538.286083-1538.2016051

-24.064.4292.76-1533.395863-1534.0442570.648394-1538.288888-1538.20333264

-23.793.8721.73-1533.396252-1534.0442590.648007-1538.287847-1538.20150874

-23.794.9882.70-1533.395884-1534.0443130.648429-1538.288829-1538.20261665

-23.344.5120.00-1533.396911-1534.0449810.64807-1538.288014-1538.20137855

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

-23.943.5721.40-1533.39638-1534.044240.64786-1538.286243-1538.20200167

-23.654.2291.82-1533.396221-1534.044010.647789-1538.286146-1538.20144688

-24.986.44014.04-1533.391572-1534.0397590.648187-1538.286083-1538.2016051

-24.064.4292.76-1533.395863-1534.0442570.648394-1538.288888-1538.20333264

-23.793.8721.73-1533.396252-1534.0442590.648007-1538.287847-1538.20150874

-23.794.9882.70-1533.395884-1534.0443130.648429-1538.288829-1538.20261665

-23.344.5120.00-1533.396911-1534.0449810.64807-1538.288014-1538.20137855

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number
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Energy data for quinine-benzhydryl-adduct (Nsp3), in Hartree if not noted otherwise.

-24.095.38218.49-1533.390518-1534.0401010.649583-1538.271647-1538.16836113

-22.045.59113.62-1533.392372-1534.0414420.64907-1538.269343-1538.16816612

-22.645.0796.69-1533.395008-1534.0446140.649606-1538.272200-1538.16949581

-23.675.1128.71-1533.394239-1534.0438840.649645-1538.271413-1538.169966547

-23.215.3306.02-1533.395260-1534.0444870.649227-1538.271008-1538.169455668

-22.725.2960.00-1533.397551-1534.0467620.649211-1538.272110-1538.16997541

-22.735.2141.48-1533.396989-1534.0464660.649477-1538.273364-1538.1710842

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

-24.095.38218.49-1533.390518-1534.0401010.649583-1538.271647-1538.16836113

-22.045.59113.62-1533.392372-1534.0414420.64907-1538.269343-1538.16816612

-22.645.0796.69-1533.395008-1534.0446140.649606-1538.272200-1538.16949581

-23.675.1128.71-1533.394239-1534.0438840.649645-1538.271413-1538.169966547

-23.215.3306.02-1533.395260-1534.0444870.649227-1538.271008-1538.169455668

-22.725.2960.00-1533.397551-1534.0467620.649211-1538.272110-1538.16997541

-22.735.2141.48-1533.396989-1534.0464660.649477-1538.273364-1538.1710842

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

Energy data for quinine-methyl-adduct (Nsp2), in Hartree if not noted otherwise.

-32.5110.4977.13-1072.753852-1073.2309160.477064-1076.184800-1076.13729060

-31.8810.1804.95-1072.754684-1073.2318360.477152-1076.185542-1076.13817663

-32.829.4430.64-1072.756323-1073.2328250.476502-1076.184303-1076.13850618

-33.1511.1907.01-1072.753899-1073.2303140.476415-1076.183157-1076.13768957

-33.7512.53513.46-1072.751447-1073.2283430.476896-1076.183768-1076.13732538

-32.6810.6942.04-1072.755787-1073.2328380.477051-1076.186592-1076.13913915

-32.669.6900.00-1072.756565-1073.2331610.476596-1076.185863-1076.1377415

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

-32.5110.4977.13-1072.753852-1073.2309160.477064-1076.184800-1076.13729060

-31.8810.1804.95-1072.754684-1073.2318360.477152-1076.185542-1076.13817663

-32.829.4430.64-1072.756323-1073.2328250.476502-1076.184303-1076.13850618

-33.1511.1907.01-1072.753899-1073.2303140.476415-1076.183157-1076.13768957

-33.7512.53513.46-1072.751447-1073.2283430.476896-1076.183768-1076.13732538

-32.6810.6942.04-1072.755787-1073.2328380.477051-1076.186592-1076.13913915

-32.669.6900.00-1072.756565-1073.2331610.476596-1076.185863-1076.1377415

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number



308 
 

E
xperim

ental Part 

  

 

  

Energy data for quinine-methyl-adduct (Nsp3), in Hartree if not noted otherwise.

-35.9911.21323.70-1072.755948-1073.2331620.477214-1076.178741-1076.11625412

-35.138.96623.53-1072.756013-1073.233380.477367-1076.179631-1076.11771718

-35.168.89924.41-1072.755679-1073.2329670.477288-1076.174521-1076.1184418

-35.8711.66815.50-1072.759067-1073.23660.477533-1076.180145-1076.1175924

-34.859.36016.36-1072.758742-1073.2364610.477719-1076.181190-1076.11937810

-33.9610.8294.00-1072.763442-1073.2408810.477439-1076.183547-1076.1224306

-33.588.7440.00-1072.764964-1073.2424700.477506-1076.185640-1076.12525316

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

-35.9911.21323.70-1072.755948-1073.2331620.477214-1076.178741-1076.11625412

-35.138.96623.53-1072.756013-1073.233380.477367-1076.179631-1076.11771718

-35.168.89924.41-1072.755679-1073.2329670.477288-1076.174521-1076.1184418

-35.8711.66815.50-1072.759067-1073.23660.477533-1076.180145-1076.1175924

-34.859.36016.36-1072.758742-1073.2364610.477719-1076.181190-1076.11937810

-33.9610.8294.00-1072.763442-1073.2408810.477439-1076.183547-1076.1224306

-33.588.7440.00-1072.764964-1073.2424700.477506-1076.185640-1076.12525316

∆Gsolv

(kcal/mol)

Dipole 
moment 
(Debye)

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

Energy data for Lewis base 1f, and its benzyl- and benzhydryl adducts, in Hartree if not noted otherwise.

0.00-1250.95778511251.54315410.585369-1255.113615-1255.0186329

0.60-1250.95755531251.54265030.585095-1255.109377-1255.0116238

2.83-1250.95670691251.54196990.585263-1255.112466-1255.01764851f-benzhydryl

2.55-1020.64137761021.14075860.499381-1024.075018-1024.0021442

3.14-1020.64115411021.14047710.499323-1024.072892-1023.9968234

0.00-1020.6423467-1021.1416370.49929-1024.072854-1023.99696181f-benzyl

5.39-750.7825869-751.15128790.368701-753.3144444-753.26336523

2.03-750.7838635-751.15270550.368842-753.3154701-753.26429046

0.00-750.7846373-751.15352430.368887-753.3165755-753.265142741f

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

system

0.00-1250.95778511251.54315410.585369-1255.113615-1255.0186329

0.60-1250.95755531251.54265030.585095-1255.109377-1255.0116238

2.83-1250.95670691251.54196990.585263-1255.112466-1255.01764851f-benzhydryl

2.55-1020.64137761021.14075860.499381-1024.075018-1024.0021442

3.14-1020.64115411021.14047710.499323-1024.072892-1023.9968234

0.00-1020.6423467-1021.1416370.49929-1024.072854-1023.99696181f-benzyl

5.39-750.7825869-751.15128790.368701-753.3144444-753.26336523

2.03-750.7838635-751.15270550.368842-753.3154701-753.26429046

0.00-750.7846373-751.15352430.368887-753.3165755-753.265142741f

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

system



E
xperim

ental Part 
309 

  

 

   

Energy data for Lewis bases 1k, 1e, 1h, 1g, and their benzyl- and benzhydryl adducts, in Hartree if not noted otherwise.

--939.9951309-940.38356490.388434-943.0543945--1g-benzhydryl

--709.6716694-709.97456640.302897-712.0053033--1g-benzyl

--439.8307610-440.00402820.173267-441.2493576--1g

--1015.0377519-1015.43186390.394112-1018.2599437--1h-benzhydryl

--784.7138403-785.02254530.308684787.208684--1h-benzyl

--514.8720736-515.05104660.178973-516.4545753--1h

--828.3082063-828.72810230.419896-831.11209--1e-benzhydryl

--597.9948271-598.32808010.333253-600.0697431--1e-benzyl

--328.1399321-328.34354910.203617-329.3107189--1e

4.75-942.5284342-942.98388720.455453-945.6283938-945.57711936

0.00-942.5302390-942.98574500.455506-945.6285398-945.57872175

1.25-942.5297625-942.98538850.455626-945.6290945-945.5759989101k-benzhydryl

5.85-712.2163073-712.58604230.369735-714.5880062-714.55977832

0.00-712.2185305-712.58838350.369853-714.5906121-714.56217486

6.19-712.2161744-712.58550740.369333-714.5876988-714.559729131k-benzyl

21.92-442.3584827-442.59725470.238772-443.8257981-443.82048513

15.88-442.3607807-442.59970070.23892-443.8281132-443.82290251

0.00-442.3668197-442.60630170.239482-443.8355403-443.829630961k

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

system

--939.9951309-940.38356490.388434-943.0543945--1g-benzhydryl

--709.6716694-709.97456640.302897-712.0053033--1g-benzyl

--439.8307610-440.00402820.173267-441.2493576--1g

--1015.0377519-1015.43186390.394112-1018.2599437--1h-benzhydryl

--784.7138403-785.02254530.308684787.208684--1h-benzyl

--514.8720736-515.05104660.178973-516.4545753--1h

--828.3082063-828.72810230.419896-831.11209--1e-benzhydryl

--597.9948271-598.32808010.333253-600.0697431--1e-benzyl

--328.1399321-328.34354910.203617-329.3107189--1e

4.75-942.5284342-942.98388720.455453-945.6283938-945.57711936

0.00-942.5302390-942.98574500.455506-945.6285398-945.57872175

1.25-942.5297625-942.98538850.455626-945.6290945-945.5759989101k-benzhydryl

5.85-712.2163073-712.58604230.369735-714.5880062-714.55977832

0.00-712.2185305-712.58838350.369853-714.5906121-714.56217486

6.19-712.2161744-712.58550740.369333-714.5876988-714.559729131k-benzyl

21.92-442.3584827-442.59725470.238772-443.8257981-443.82048513

15.88-442.3607807-442.59970070.23892-443.8281132-443.82290251

0.00-442.3668197-442.60630170.239482-443.8355403-443.829630961k

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

system
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Energy data for Lewis bases 1j, 1i, and their benzyl- and benzhydryl adducts, in Hartree if not noted otherwise.

--1015.0446651-1015.4389330.649211-1018.2531412--1i-benzhydryl

--784.721110-785.02999460.563485-787.2041789--1i-benzyl

--514.8811877-515.06043770.17925-516.4485684--1i

--1054.2099371-1054.63366810.423731-1057.5819319--1j-benzhydryl

--823.886211-824.22449840.338287-826.5329992--1j-benzyl

--554.0410792-554.24967120.208592-555.7731633--1j

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

system

--1015.0446651-1015.4389330.649211-1018.2531412--1i-benzhydryl

--784.721110-785.02999460.563485-787.2041789--1i-benzyl

--514.8811877-515.06043770.17925-516.4485684--1i

--1054.2099371-1054.63366810.423731-1057.5819319--1j-benzhydryl

--823.886211-824.22449840.338287-826.5329992--1j-benzyl

--554.0410792-554.24967120.208592-555.7731633--1j

∆ to best 
conformation

(kJ/mol)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to

enthalpy
B3LYP/6-31G(d)

Etot (opt)
B3LYP/6-31G(d)

Etot (sp)
B3LYP/6-31G(d)

FF-
number

system

Energy data for carbocations, in Hartree if not noted otherwise.

-33.3-500.129665-500.082426-500.29347160.1638070.211046-501.754125Benzhydryl+

-38.25-269.770788-269.735072-269.85927040.0884820.124198-270.662271Benzyl+

-60.08-39.3381673-39.3169703-39.35238330.0142160.035413-39.4803877Me+

∆Gsolv

(kcal/mol)

G298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to
free energy G

B3LYP/6-31G(d)

Thermochemical
correction to
enthalpy H

B3LYP/6-31G(d)

Etot

B3LYP/6-31G(d)
cation

-33.3-500.129665-500.082426-500.29347160.1638070.211046-501.754125Benzhydryl+

-38.25-269.770788-269.735072-269.85927040.0884820.124198-270.662271Benzyl+

-60.08-39.3381673-39.3169703-39.35238330.0142160.035413-39.4803877Me+

∆Gsolv

(kcal/mol)

G298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

H298

MP2(FC)/
6-31+G(2d,p)//

B3LYP/6-31G(d)

Etot

MP2(FC)/
6-31+G(2d,p)

Thermochemical
correction to
free energy G

B3LYP/6-31G(d)

Thermochemical
correction to
enthalpy H

B3LYP/6-31G(d)

Etot

B3LYP/6-31G(d)
cation
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5.3 Carbocationic n-endo-trig Cyclizations 

 

The conformational space has been searched using the MM3 force field and the systematic 

search routine in the TINKER program. In each case the best four conformers have been 

subjected to geometry optimizations on the B3LYP/6-311G(d,p) level. Additionally, closed 

ring conformers with C(1)–C(2) = 1.54 Å have been used as input for geometry opimizations 

on B3LYP/6-311G(d,p). The preoptimized structures were then submitted to geometry 

optimizations on the MP2/6-31+G(2d,p) level. Bond length scans varied the distance C(1)–

C(2) from 1.40 Å to 1.88 Å with an increment of 0.02 Å. All optimized structures were 

confirmed as being minima by frequency calculations on the respective level of theory. No 

frequency calculations have been done in the case of the bond length scans. 
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