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ABSTRACT

Ryberg, P. 2002. Concerted or Stepwise? β-Elimination, Nucleophilic Substitution, Copper Catalysed
Aziridination and Ruthenium Catalysed Transfer Hydrogenation Studied by Kinetic Isotope Effects and
Linear Free-Energy Relationships. Acta Universitatis Upsaliensis. Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology 710. 50 pp. Uppsala.
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This thesis describes the use of kinetic isotope effects, linear free energy relationships and stereochamical
studies to distinguish between different mechanistic alternatives and to obtain information about transition
state structure.

In the first part fluorine and deuterium kinetic isotope effects were determined for the base promoted HF
elimination from 4-fluoro-4-(4’-nitrophenyl)butane-2-on. During this work a new method for the
determination of fluorine kinetic isotope effects was developed. The results from the study demonstrates that
the reaction proceeds via an E1cBip mechanism.

In the second part the transition state structure for the SN2 reaction between ethyl chloride and cyanide ion in
DMSO was studied. Kinetic isotope effects for six different positions in the reacting system, both in cyanide
and ethyl chloride, were determined. The experimental isotope effects were then compared with the
theoretically predicted isotope effects.

The third part describes the use of Hammett type free-energy relationships and stereochemical evidence to
study the mechanism of the copper catalysed alkene aziridination. The results from the study support a model
that involves the simultaneous presence of two different copper nitrene intermediates. One which reacts non-
stereospecifically via a radical intermediate and one which reacts stereospecifically via a concerted
mechanism.

In the fourth part a mechanistic study of the Ru(aminoalcohol) catalysed transfer hydrogenation of
acetophenone in isopropanol is described. Kinetic isotope effects were determined for both proton and hydride
transfer. The observation of significant primary deuterium kinetic isotope effects for both proton and hydride
transfer support a mechanism where the proton and hydride are transferred simultaneously in a concerted
mechanism.
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Introduction
General introduction

The investigation of reaction mechanisms is an important branch in chemistry since it

provides information on how and why different chemical and biochemical processes

occur. Knowledge about mechanisms is of great value from both a practical and

academic point of view. It enables us so select proper conditions for chemical reactions

and in some cases predict the outcome of a reaction. It also serve as a guide in the

design of transition state analogues and suicide inhibitors in biochemical sciences and

drug industry.

A reaction mechanism is a detailed description of the pathway leading from reactants to

products. This description should include as complete a characterisation as possible of

the composition, structure, energetics and other properties of reaction intermediates and

activated complexes along the reaction coordinate. A proposed reaction mechanism

must be consistent with all experimental data available. Experimental evidence can

often disprove a reaction mechanism but only rarely can it prove one. If more than one

mechanism is consistent with all data available the simplest of these mechanisms should

be preferred.

It is usually necessary to use a large set of methods and strategies to elucidate the

mechanism of a reaction.

This thesis describes the use of kinetic isotope effects, linear free-energy relationships

and stereochemical studies to distinguish between concerted and stepwise mechanistic

alternatives and to obtain information about transition-state structure.

Kinetic Isotope Effects

The determination and interpretation of kinetic isotope effects provides one of the most

powerful tools in physical organic and bioorganic chemistry.1 The method consists of

investigating how the replacement of an atom by one of its isotopes affects the reaction

rate or equilibrium constant under otherwise unchanged experimental conditions. The

observation of a KIE demonstrates the change of bonding to the isotopic atom when

going from reactants to TS in the rate limiting step. 

                                                
1 (a) Melander, L. Saunders, Jr. W. H. Reaction Rates of Isotopic Molecules; Wiley-
Interscience: New York, 1980. (b) Enzyme Mechanism from Isotope Effects; Cook, P.
F., Ed.; CRC-Press: Boca Raton, 1991.
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According to the Born-Oppenheimer approximation electronic and nuclear motions can

be treated separately. This means that the substitution of one isotope for another does

not alter the potential energy surface. The electronic structure and thus all force

constants remains the same.2

A chemical bond can be compared to two masses connected via a spring. From classical

mechanics we know that the vibrational frequency for such a harmonic oscillator is

given by Hookes´ law, Equation (1), where k is the force constant of the spring and m is

the reduced mass of the system.

m
k

π
υ

2
1= (1)

From quantum mechanics we know that the energy levels for this system are given by,

Equation (2).

εn = (n + ½)hν n = 0, 1, 2, (2)

The separation between the energy levels ∆ε equals hν, where ν  is the classical

frequency given by Equation (1). The quantum behaviour of vibrations is such that a

vibrational mode can never loose all of its energy but must always retain a minimum

amount called the zero-point energy. Because of this zero-point energy, the molecule

can never have an energy as low as indicated by the minimum on the potential energy

surface, but instead the sum of the zero-point energies of all the vibrational modes.

According to Equation (2). the zero-point energy for a vibration lies ½ hν  above the

minimum of the potential curve. According to Equation (1) this zero-point energy is

inversely proportional to the square root of the mass. For this reason a molecule

containing a heavier isotope has a lower energy in its ground state than the lighter

isotopic analogue. Figure 1 below illustrates the zero-point energy for a chlorine

hydrogen (Cl-H) stretching vibration and compares it with the zero-point energy of the

same stretch for a chlorine deuterium (Cl-D) bond.

                                                
2 Melander, L. Saunders, Jr. W. H. Reaction Rates of Isotopic Molecules; Wiley-
Interscience: New York, 1980. Chapter 2.
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Figure 1.

According to the TS theory the rate of an elementary reaction is dependent on the

activation energy, i.e the difference in energy between the TS and the ground state.

Since the Cl-D bond has a lower zero-point energy compared to the Cl-H bond, the

energy required for Cl-D bond dissociation is larger than for the Cl-H bond dissociation.

Consequently the rate of Cl-D bond dissociation will be slower compared to the rate of

Cl-H bond dissociation.

For more complex systems this simple model is too crude. In most cases the hydrogen is

transferred from one molecule to another and remains partially bonded throughout the

process. A more correct picture is given by Equation (3). For hydrogen isotope effects

the isotopic rate ratio may approximately be regarded as a zero-point energy effect,

Equation (3) where k and k* are the rate constants for the isotopically light and heavy

species respectively, h = Planck’s constant, k = Boltzmann’s constant, T = absolute 

Cl-H

Cl-D

Potential
energy

Inter atomic
distance
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temperature, vi,IS and vi,TS are the normal vibration frequencies for initial and transition

states respectively.3

( ) ( ) 














 −−−= ∑ ∑
7-N3 6-N3

*
IS ,IS ,

*
TS ,T,* T2

h-exp
i i

iiiSi vvvv
k
k

k
(3)

Depending on their origin KIEs can be divided into two main categories, primary KIEs

and secondary KIEs.

A primary KIE occurs when a bond to the isotopic atom is broken or formed. There are

different types of primary KIEs. Two examples that are relevant to the discussion this

thesis are leaving group KIEs and deuterium KIEs for proton transfer reactions.

Leaving group KIEs are fairly easy to interpret, particularly for one-atom groups, and

have been utilized for a long time in mechanistic investigations. A leaving group KIE is

expected to proportionally increase with the increasing degree of bond breakage 

between the isotopic leaving group atom and the α-carbon in the transition state of the

rate limiting step.4 Leaving group KIEs have mainly been utilised in the study of

elimination4,5 and substitution reactions.6

The size of primary deuterium KIEs for proton transfer processes, such as elimination

reactions, are generally considered as a measure of the symmetry of the transition state

for the transfer. On the basis of the transition state theory the Melander – Westheimer

postulate predicts that the maximal primary KIE occurs for the most symmetrical

activated complex, i.e. where the proton is bound with equal strength to both the donor 

                                                
3 Any tunnelling as well as the small contribution from the mass and moment of inertia
factor and excited vibrational levels are neglected in this treatment. For a detailed
discussion, see: Melander, L. Saunders, Jr. W. H. Reaction Rates of Isotopic Molecules;
Wiley-Interscience: New York, 1980. Chapter 2.
4 Melander, L.; Saunders, Jr., W. H. Reaction Rates of Isotopic Molecules; Wiley-
Interscience: New York, 1980; Chapter 9.2.
5 Saunders, W. H. Chem. Scr.1975, 8, 27-36. (b) Koch, H. F. et al. J. Am. Chem. Soc.
1983, 105, 1930-1937.
6 Shiner, Jr., V. J.; Wilgis, F. P. In Isotopes in Organic Chemistry, Buncel, E. and
Saunders, Jr. W. H. Eds. Vol 8, Elsevier; Amsterdam 1992, Chapter 6.



and acceptor.7 This usually occurs when the donor and acceptor are of equal pKa

strength8 (Figure 2). 

Figure 2
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to determine mechanistically significant heavy-atom KIEs with high precision. The

elements utilized have been carbon, nitrogen, oxygen, sulfur, chlorine and bromine.

Recently Matsson and co-workers have added fluorine to the list of elements for which

KIEs can be determined.13

There are many examples where the determination of KIEs have lead to a breakthrough

in the mechanistic understanding of a reaction. A recent example is the Sharpless

osmodihydroxylation, where the determination of KIEs for several positions in the

alkene substrate,14 lead to the conclusion that the reaction goes via a 3+2 addition of the

osmium tetroxide to the alkene, and not via a 2+2 addition as had been previously

suggested.

Chapters 2 and 3 in this thesis describe the determination of several different KIEs

among which the 18F/19F KIEs and 11C/14C KIEs will be discussed more in detail.

Since nature provides fluorine as 100% of 19F and since no long-lived radioisotopes are

available, the only way to accomplish determination of F KIEs is to use a short-lived

radionuclide. Among these the accelerator-produced 18F isotope has a convenient half-

life of 110 min and is routinely produced in many laboratories. It is frequently used in

the labelling of radiopharmaceuticals and other compounds used for biochemical

research and clinical diagnosis utilizing the PET-imaging technique.15

Experimental F KIEs had not been available until a few years ago when Matsson et al.

reported the first fluorine KIEs13 which were determined for studies of nucleophilic

                                                                                                                       
12 (a) Parkin, D. W. In Enzyme Mechanism from Isotope Effects; Cook. P. F., Ed.; CRC-
Press: Boca Raton, 1991; Chapter 10. (b) Bergson, G.; Matsson, O.; Sjöberg, S. Chem.
Scr. 1977, 11, 25-31.
13 Matsson, O.; Persson, J.; Axelsson, S.; Långström, B. J. Am. Chem. Soc. 1993, 115,
5288-5289.
14 DelMonte, A. J.; Haller, J.; Houk, K. N.; Sharpless, K. B.; Singleton, D. A.; Strassner,
T. and Thomas, A. A., J. Am. Chem. Soc. 1997, 119, 9907-9908.
15 (a) Greitz, T., Ingvar, D. H. and Widén, L., Eds., The Metabolism of the Human Brain
Studied with Positron Emission Tomography, Raven Press, New York 1985; (b) Phelps,
M., Mazziotta, I. And Schelbert, H., Eds., Positron Emission Tomography and
Autoradiography: Principles and Applications for the Brain and Heart, Raven Press,
New York 1986.
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aromatic substitution reactions, where steric effects16 or change in solvent17 were

demonstrated to cause a switch in the rate limiting step. The kinetic method for F KIE

determination is a one pot technique based on HPLC separation of reactants and

products in a series of samples representing different extents of reaction followed by

liquid scintillation counting of the collected radioactive fractions.

For carbon KIEs the use of 11C in combination with 14C have the advantage of

maximising the mass difference between the isotopes. A larger mass difference gives a

larger KIE i.e. for 11C/14C the maximum effect is estimated to 1.23 whereas for 12C/13C

the maximum is estimated to 1.08. The first 11C/14C KIEs were reported by Matsson and

co-workers in 1987.18

Linear free energy relationships

A series of changes accomplished by substitution in a molecule will generally cause a

change in the rate of its reactions or the position of a chemical equilibrium. The effect

on reactivity that a change in a molecule have can usually be explained by the different

sterical and electronic properties of the new molecule. In the 1930’s Hammett begun to

systematically investigate how a p- or m-substituent on the aromatic ring affected the

dissociation constant of benzoic acids (Scheme 1).

Scheme 1

The dissociation constants of the substituted benzoic acids (KX) were then related to that

for benzoic acid itself (K0) and each substituent was assigned a parameter, σ, according

to Equation 4.19

                                                
16 Persson, J.; Matsson, O. J. Org. Chem. 1998, 63, 9348-9350
17 Persson, J.; Axelsson, S.; Matsson, O. J. Am. Chem. Soc. 1996, 118, 20-23.
18 Axelsson, B. S.; Långström, B.; Matsson, O., J. Am. Chem. Soc. 1987, 109, 7233.
19 See e.g: Lowry, T. H. and Richardsson, K. S. Mechanism and Theory in Organic
Chemistry, 3rd ed. Harper & Row, 1987. Chapter 2. 
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0

X

K
K

log=σ (4)

In this way a set of σ-parameters for different substituents was obtained, where the

magnitude and sign of the σ-value is a measure of the effect of the substituent on the

equilibrium constant. Since the substituents are well separated from the reacting

position of the molecule, it is assumed that the σ reflects only the polar electronic

influence of the substituent. There are also a number of scales besides the Hammett σ –

scale, that have been suggested in order to account for properties of substituents other

than electron-withdrawing electron-releasing ability. In the present work the

substituents ability of spin delocalisation is of particular interest.

In a Hammett structure-reactivity study it is investigated how the rate of a reaction or

the position of an equilibrium changes when a substituent in the reactant is varied. A

linear correlation with the Hammett σ-parameters demonstrates that the change in rate

or equilibrium constant is determined by the polar effect of the substituent and that the

reaction takes place without any change of its mechanism. A scattered Hammett-plot

may imply that the polar effect of the substituent can not alone account for the change

in rate or equilibrium constant. One then has to consider additional effects of the

substituent. This is done by adding a second term to the Hammett equation. As further

effects have to be considered new terms are added to the equation where each term

takes into account a certain effect of the substituent according to equation 5.20

∑=
i

iik
k σρ

0

Xlog (5)

The observation of a linear correlation between the experimental data and some

appropriate set of σ-parameters demonstrates that there is a linear free energy

relationship. This result is usually taken as a support of the proposed mechanism. 

The size of the ρi-value gives information on how sensitive the reaction is towards a

certain change modelled by σi. Both the sign and size of the ρ-value is informative when

distinguishing between different mechanisms.

                                                
20(a)  Shorter, J. In Correlation Analysis in Chemistry; Chapman, N. B. and Shorter, J.
Eds., Plenum Press: New York, 1978; Chapter 4. (b) Shorter J. Correlation Analysis of
Organic Reactivity, Research Studies Press, Wiley & Sons, 1982.
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Synthesis with short-lived radionuclides

Most traditional organic chemistry methods can be adapted to the synthesis of

radiolabelled compounds. However, modifications of the original synthetic methods are

often needed for application to labelling chemistry and sometimes new synthetic

strategies must be designed. Normally the synthetic route is chosen so that only a few

rapid steps remain when the radionuclide has been incorporated. Synthesis of tracers

labelled with short-lived radionuclides involves production of the radionuclide and the

labelling precursor, synthesis of the tracer molecule, purification and analysis.21

When synthesising compounds labelled with shortlived radionuclides, the most

important parameter is time. While the build-up of the product is governed by kinetics

of the chemical transformation, there is always a competing decay of the radionuclide.

Consequently the optimal reaction time with regard to radiochemical yield is

determined by the product of these two parameters.22

Labelling with 18F

Introduction of 18F into a molecule can be performed by electrophilic or nucleophilic

addition of the radionuclide.23

Common methods for 18F preparation are the 20Ne(d,α)18F and 18O(p,n)18F nuclear

reactions. Both methods can be used to obtain either [18F]F2 or [18F]F-.

Electrophilic fluorination with [18F]F2 provides a facile means of introducing 18F into

electron-rich compounds such as alkenes or aromatic rings. Due to its rather unspecific

reactivity the use of electrophilic fluorine is limited. Improvements have been achieved

by deactivating the fluorine by dilution with an inert gas or formation of new

fluorinating agents, [18F]CH3COOF (acetylhypofluorite), being the most useful.19,24

Nucleophilic fluorination with [18F]F- is usually accomplished via two main approaches.

•  Nucleophilic displacement of a halide or a sulphonate in unhindered aliphatic

systems.

                                                
21 Långström et al. Acta Chem. Scand. 1999, 53, 651-669.
22 Långström, B. and Bergson, G. Radiochem. Radioanal. Lett. 43 (1980) 47.
23 Kilbourn, M. R. Fluorine-18 Labeling of Radiopharmaceuticals, Nuclear Science
Series NAS-NS-3203, National Academy Press, Washington DC 1990
24 Lerman, O., Tor, Y. and Rozen, J. J. Org. Chem. 46 (1981) 4629.



16

•  Nucleophilic aromatic substitution of a nitro or trialkylammonium group in activated

aromatic systems.

Since the nucleophilicity of the fluoride ion is low in aqueous and protic solvents due to

strong solvation, reactions are normally performed in aprotic solvents. Phase transfer

reagents such as quaternary ammonium salts or a potassium counterion complexed by

macrocyclic ethers or the kryptand Kryptofix[2.2.2] are used to activate and increase the

solubility of the fluoride ion.19,25

Labelling with 11C

The most commonly used starting material in 11C synthesis is [11C]O2. It is produced by

bombardment of nitrogen gas with high energy protons the 14N(p,α)11C nuclear

reaction. Trace amounts of oxygen gas in the target gas combine with the high energy
11C atoms to produce [11C]O2 as a primary precursor. Since the the number of chemical

transformations that can be achieved by [11C]O2 is limited the primary precursor is

generally converted to a more reactive secondary precursor which can be further used to

label a molecule of interest.21 

                                                
25 Fowler, J. S. and Wolf, A. P. In: Phelps, M. E., Mazziotta, I. And Schelbert, H., Eds.,
Positron Emission Tomography and Autoradiography: Principles and Applications for
the Brain and Heart, Raven Press, New York 1986, pp. 391-450.
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2. Mechanistic investigation of an elimination reaction (I, II)

Background

The β-elimination reaction is an important reaction in both chemical and biochemical

processes. The reaction may in principle proceed via three different mechanisms; the

E1, E2 or E1cB mechanisms (Scheme 2). The E1 mechanism involves a carbocation

intermediate that is formed by rate limiting detachment of the leaving group. This

intermediate then undergoes rapid elimination of the proton. In the E2 mechanism both

the leaving group and the proton are transferred in the same step without the

involvement of any intermediate. In the E1cB mechanism initial proton transfer

generates a carbanion intermediate from which the leaving group is eliminated in a

second step.26

Scheme 2.

The mechanism that is followed is governed by factors such as leaving group ability and

acidity of the β-hydrogens. The E1 mechanism follows first order kinetics and can

easily be distinguished from the E2 and E1cB mechanisms which both follow second

order kinetics. It may be difficult to distinguish between the E2 and E1cB mechanisms

due to their similar kinetic behaviour.

                                                
26See e.g. Lowry, T. H. and Richardsson, K. S. Mechanism and Theory in Organic
Chemistry, 3rd ed. Harper & Row, 1987.
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Solvent H/D exchange and inverse solvent KIEs are indicative of an E1cB mechanism

where the carbanion is reprotonated by the solvent.22 

The determination of KIEs  for the β-hydrogens and the leaving group for a series of

bases with different basicity could provide enough information to distinguish between

the E2 and E1cB alternatives.

According to the variable TS structure model the effect of changing to a stronger base

on a symmetric E2 TS would be an unchanged degree of C-H bond breakage and a

decrease in C-X bond breaking. This would be observed as an unchanged primary

deuterium KIE and a smaller LG KIE.

For the E1cB case, prediction of the KIEs are more complicated due to the kinetic

complexity. The relationship between the intrinsic KIEs and the size of the observed

primary deuterium and leaving group KIEs for an E1cB reaction are dependent on the

ratio between the rate of reprotonation of the carbanion and the rate of elimination of

the leaving group.

Two extreme situations may be identified.

a) When reprotonation of the carbanion is fast compared to elimination of the LG. 

b) When reprotonation of the carbanion is slow compared to elimination.

In case (a) where reprotonation is fast compared to elimination, and reprotonation

occurs from the solvent, the deuterated reactant will rapidly be converted to the 1H –

analogue. Consequently a very small primary deuterium KIE will be observed. The

magnitude of the observed leaving group KIE would on the other hand be close to the

intrinsic KIE on the elimination step. This type of mechanism is usually classified as a

reversible E1cB (E1cBrev).

In case (b) exchange of 2H for 1H with solvent is slow compared to elimination, and

consequently no significant conversion of 2H substrate to 1H substrate will take place

during the course of the reaction. The observed primary deuterium KIE is expected to

be close to the intrinsic value whereas the leaving group KIE is predicted to be

negligible. This mechanism is denoted irreversible E1cB (E1cBirr). 
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A third situation occurs when the carbanion remains intimately associated with the

newly protonated base, either as an ion pair if the protonated base is positively charged

or as a hydrogen bonded pair if the protonated base is neutral. This mechanism is

denoted as the ion pair E1cB (E1cBip). If internal return is allowed (reprotonation

occurs with the previously removed proton) and assuming that there is a KIE on the

reprotonation step this would lead to a situation where the size of both the primary

deuterium KIE and the leaving group KIE is dependent on the ratio between the rates of

reprotonation and the rate of elimination.

Kinetic isotope effect study

Fluorine has commonly been employed as a leaving group in mechanistic studies of

elimination and substitution reactions.27  Therefore it was of interest to use the recently

developed method for the determination of leaving group 18F/19F KIEs for an

elimination reaction. The antibody and base promoted HF elimination from 4-fluoro-4-

(4´-nitrophenyl)butan-2-one (Scheme 3), appeared to be a suitable candidate for such a

study.28

Scheme 3

The method used for the F KIE determination in this study was modified as compared to

the method for determination of F KIEs which was developed earlier by Matsson and

co-workers. The previous method was based on the fact that the concentration of the
18F-substrate was much less than the concentration of the 19F-substrate. Therefore the

                                                
27 See e.g. (a) de la Mare, P. B. D.; Swedlund, B. E. In  The Chemistry of Functional
Groups. The Chemistry of the Carbon-Halogen Bond; Patai, S., Ed.; John Wiley and
Sons: London, 1973; Part 1, Chapter 7. (b) Parker, R. E. In  Advances in Fluorine
Chemistry; Stacey, M.; Tatlow, J. C.; Sharpe, A. G., Eds.; Butterworths: London, 1963;
Vol. 3. (c) Koch, H. F.; Koch, J. G. In Fluorine Containing Molecules; Liebman, J. F.;
Greenberg, A.; Dolbier, Jr., W. R., Eds.; VCH: New York, 1988; Chapter 6.
28 (a) Uno, T.; Schultz, P. G. J. Am. Chem. Soc.1992, 114, 6573-6574. (b) Shokat,
K.M.;Uno, T.; Schultz, P. G. J. Am. Chem. Soc. 1994, 116, 2261-2270. (c) Romesberg,
F. E.; Flanagan, M. E.; Uno, T.; Schultz, P. G. J. Am. Chem. Soc. 1998, 120, 5160-5167.
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19F-substrate could be quantitatively detected by the HPLC UV detector, whilst the 18F-

substrate was detected by radioactivity measurement of the collected radioactive

fractions. The success of this method was highly dependent on the precision of the

integration of the UV detector signals. In the present study the UV-integrations did not

give high enough precision. Due to these difficulties it was decided to modify the

method by introducing a 14C-label in the 19F substrate. This remote labelling technique29

might be expected to possess several advantages i. e. (i) both substrates can be

measured quantitatively using the same instrument and (ii) in the HPLC fractionation, it

is of little importance that the reactant and product fractions are free from impurities, as

long as they are radioactively pure.

The F KIEs were determined from the initial reactant 18F/19F(14C) ratios R0 and the

reactant 18F/19F(14C) ratios R at conversion f according to Equation 6.30 The R0, R and f

values were determined by liquid scintillation counting.

( )
( )( )0RRf-1ln

f-1lnKIE = (6)

The observation by Schultz and co-workers of a significant deuterium KIE for the

reaction excludes the E1 mechanism.26b

As a first step the present reaction system was analysed for solvent H/D exchange with

acetate as catalysing base. No exchange was observed. This observation excludes the

E1cBrev alternative, but is consistent with either the E2, E1cBirr or the E1cBip

alternatives.

In an attempt to distinguish between these alternatives the leaving group fluorine as well

as the primary and secondary deuterium kinetic isotope effects were determined for the

base promoted elimination of hydrogen fluoride from 4-fluoro-4-(4´-nitrophenyl)butan-

2-one in aqueous solution. The reason for determining the secondary deuterium KIEs

                                                
29 Kiick, D. M. In Enzyme Mechanism from Isotope Effects; Cook, P. F. Ed. CRC-Press,
Boca Raton, 1991, Chapter 12 and references therein.
30 Melander, L. Saunders, Jr. W. H. Reaction Rates of Isotopic Molecules; Wiley-
Interscience: New York, 1980. Chapter 4.
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for the same reactions was that they are expected to exhibit a similar trend as the leavin

group F KIEs.

The elimination was studied for formate, acetate, and imidazole as the catalysing base.

The reason for using these bases was that they span over a broad range of pKa units

(Table 1).

The F KIEs were determined using substrate 1 and 2, the secondary C4-deuterium KIEs

were determined using substrate 3 and 5, and the primary deuterium KIEs were

determined using substrate 3 and 4 (see Figure 3). The results from the study are

displayed in Table 1.

Figure 3

Table 1. Rate constants, primary deuterium KIEs, secondary C4-deuterium KIEs, and

leaving group fluorine KIEs for formate, acetate and imidazole promoted

dehydrofluorination of the fluorobutanone.

pKa Base k min-1M-1 Primary kH/kD Secondary kH/kD Leaving group k18/k19

3.7 Formate 0.0073 3.2±0.1 1.038±0.013 1.0037±0.0020

4.7 Acetate 0.028 3.7±0.1 1.050±0.014 1.0047±0.0012

6.95 Imidazol 0.55 7.5±0.1 1.014±0.017 1.0013±0.0012
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The relatively large primary deuterium KIEs together with the small leaving group and

secondary deuterium KIEs  implies that there is considerable bond breaking to the

hydrogen in the rate limiting step, but only very little bond breaking to the fluorine and

also only a minor degree of rehybridisation at the α-carbon. These observations together

with the variation in size of the KIEs with base strength conform with either an E1cB-

like E2 or an E1cBip mechanism.

Double isotopic fractionation experiment

Since the results from the kinetic isotope effect study were insufficient for a complete

assignment of the mechanism a double isotopic fractionation study of the elimination

reaction was performed. The results from this experiment should provide clear evidence

for either the E2 or E1cBip alternatives.31

Scheme 4

The double isotopic fractionation method32 entails using deuterium substitution to

selectively slow down the rate of one step in a reaction and observing the changes in a

second kinetic isotope effect. When the two isotope effects are on the same step the

second isotope effect is either enhanced because this step has become slower and thus

more rate limiting or shows no change if the step was originally rate limiting. When

deuteration and the second isotope effect affect different steps in the mechanism,

deuteration slows down a step other than that which is isotope sensitive and thus

decreases the observed size of the second isotope effect.

                                                
31 Koch, H. F.; Koch, J. G.; Tumas, W.; McLennan; D. J.; Dobson, B.; Lodder, G. J.
Am. Chem. Soc. 1980, 102, 7955-7956.
32 (a) See e. g. Cleland, W. W. In Enzyme Mechanism from Isotope Effects; Cook, P. F.
Ed., CRC-Press: Boca Raton, 1991; Chapter 9. (b) Williams, A. Concerted Organic and
Bio-organic Mechanisms, CRC_Press, Boca Raton, 1999, pp. 33-35.
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The applicability of the double isotopic fractionation experiment in the present system

is illustrated by Equation 7 and Equation 8 where the relationship between the intrinsic

KIEs and the size of the observed secondary deuterium and leaving group KIEs for an

E2, Equation (7),  and an E1cB, Equation (8) (Scheme 4),  reaction are given.

*
obs kk=ΚΙΕ  (7)

12

1
*
2

*
2

2
obs

−

−

+
+

×=ΚΙΕ
kk
kk

k
k

(8)

* denotes the heavier isotopic species

For the E2 case the observed rate constant for the elimination equals the mechanistic

rate constant, and consequently as demonstrated by eq 7, the size of the observed KIE

equals the size of the mechanistic KIE. This means that for an E2 mechanism,

deuteration does not affect the size of the observed C4-secondary deuterium or leaving

group KIE.

However, for the E1cB case where the observed rate constant for the elimination

contains contributions from the rate constants from all the mechanistic steps, the size of

the observed KIE on the k2 step is governed by the ratio between k-1 and k2, i.e. the rate

of elimination versus the rate of reprotonation.

When the rate of reprotonation is fast compared to the rate of elimination i.e. k-1>> k2

the size of the observed KIE will be identical to the mechanistic KIE i.e. KIEobs =
*
22 kk . When, on the other hand, the rate of reprotonation is slow compared to the rate

of elimination i.e.  k-1<< k2 the size of the observed KIE will approach unity i.e. KIEobs

= 1.

By assuming that deuteration introduces a KIE on the k-1 step (which then becomes

slower) it is clear from Equation 8. that the observed KIE for a KIE on the k2 step will

be smaller for the deuterated compared to the protic substrate.

The fluorine KIE was determined for the deuterated substrates 6 and 7 and the

secondary C4-deuterium  KIEs were determined for the deuterated substrates 4 and 9.

The results are summarised in Table 2.
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Figure 4

Table 2. Secondary C4-deuterium and leaving group fluorine KIEs for base promoted

dehydrofluorination of the deuteriated fluorobutanone.
Base Sec kH/kD k18/k19

Formate 1.009±0.017

Acetate 1.000±0.018 1.0009±0.0010

Imidazole 1.010±0.023

When acetate is used as base the leaving group F KIE for the deuterated substrate drops

to 1.0009 (Table 2). This is roughly 20% of the size of the leaving group F KIE of

1.0047 for the protic substrate (see Table 1). Due to practical reasons it was only

possible to do determine the fluorine multiple KIE with acetate as base.

The secondary deuterium KIEs for the deuteriated substrate are 1.009, 1.000 and 1.010

for formate, acetate and imidazole respectively. These values are also significantly

smaller than the corresponding values for the protic substrate for which they were

determined to be 1.038, 1.050 and 1.014, respectively as summarised in Table 3. These

results provides strong evidence for an E1cBip mechanism.
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Kinetic isotope enrichment

Since these KIEs and any possible change in their magnitude are so small, the outcome

of this experiment was highly dependent on the deuterium content in the

substrates. It was important that the deuterium content in the two isotopic substrates was

identical.

In order to carry out the study we developed a method to increase and level out the

deuterium content in the substrates. The method is based on kinetic isotopic

fractionation.

The incompletely deuterated substrates were allowed to react with imidazol that

introduces a large primary deuterium KIE. Under these conditions the deuterium

content in unreacted substrate rapidly approaches 100% as the reaction proceeds, as

illustrated in Figure 5. By quenching the reaction at 50% conversion and using the

recovered reactant in the KIE experiments accurate and reproducible results were

obtained.

Figure 5. Illus
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Scheme 5 i) ethyleneglycol, PPTs, benzene (Dean-Stark) ii) p-TsCl, pyridine iii)

Kryptofix(2.2.2)K+18F-, MeCN iv) p-TsOH, acetone/H2O 

The 19F substrate 2 with a remote 14C label and the deuteriated 19F substrate with a 14C

label 7 was synthesized from [14C]methyliodide according to (Scheme 6).

Scheme 6. i) n-BuLi(hexane) ii) (2-Th)CuCNLi(Et2O) iii) 4-nitrocinnamoylchloride

(THF) iv) H2O2, NaOH, MeOH v) (PhSe)2, NAC, NaOH, MeOH vi) DAST, CH2Cl2 vii)

CD3OD, NaOD
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Substrates 3, 4, 5, 9 were synthesized according to (Scheme 7) from either 4-

nitrobenzaldehyde25a or 4-nitro-(α-2H)benzaldehyde and acetone or (2H6)acetone. The

4-nitro-(α-2H)benzaldehyde was obtained by reduction of 4-nitrobenzoylchloride with

lithium tri-tert-butoxyaluminodeuteride.33

 

Scheme 7 i) acetone, NaOH(aq) ii) 2H6-acetone, NaOD(D2O) iii) DAST, CH2Cl2

                                                
33 Brown, H. C.; Subba Rao, B. C. J. Am. Chem. Soc. 1958, 80, 5377.
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3. The transition state structure of an SN2 reaction (III)

Background

The determination of transition state structures is an important step in the study of

reaction mechanisms and chemists have been trying to obtain information about

transition state structures for several decades. There are only a few methods available

that can provide such information. The determination and interpretation of kinetic

isotope effects has usually been the method of choice, since it gives information about

changes in bonding when going from reactants to the TS. By determining kinetic

isotope effects for several positions around the reacting center in a molecule (isotope

effect mapping) one can get very detailed information about the structural changes that

lead to the TS. 1,11,34,35  The process of unraveling the information that is hidden in the

kinetic isotope effects and then transforming it into a TS structure is not trivial,

especially since some isotope effects can be fairly difficult to interpret.

Another approach to determining the TS structure has been to use theoretical methods to

calculate the TS of a reaction. In the initial methods such as the BEBOVIB

calculations,36experimental KIEs were used to suggest a TS structure. In practice it was

done by guessing a TS structure and then using the program to calculate the

corresponding KIE. This process was repeated until a TS structure that gave a fit

between the experimental and calculated KIEs was obtained.

A third approach has been to use quantum chemical methods to calculate the TS

structure.

The early theoretical methods suffered from a number of inherent weaknesses

originating from approximations made. Another limiting factor was the lack of

computer power. However, the development of more sophisticated methods in

combination with the enormous increase in the power of computers during recent years

has enabled chemists to perform high level calculations on relatively complex systems.

                                                
34 Saunders, Jr., W. H. In Investigation of rates and Mechanisms of Reactions Part 1, C.
F. Bernasconi, Ed., Wiley-Interscience, New York, 1986, p. 565.
35 Williams, A. Concerted Organic and Bio-organic Mechanisms, CRC_Press, Boca
Raton, 2000, pp. 43-46.
36 Sims, L. B.; Lewis, D. E., In Isotopes in Organic Chemistry, E. Buncel and C. C. Lee,
Eds.; Vol. 6. Elsevier, Amsterdam, 1984, pp. 161-259.
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Today it is not uncommon to find articles where detailed conclusions about mechanism

and TS structure are based entirely on the results from theoretical calculations. It

therefore seemed appropriate to test whether experimental and theoretical methods are

comparable in determining a TS structure. Since there is no generally applicable

technique to directly observe a TS, it was decided to calculate the expected KIEs from

the calculated TS structures and then compare them with the experimentally determined

KIEs.

The SN2 reaction between ethyl chloride and cyanide ion in DMSO (Scheme 7), was

used as a model system. 

Scheme 7.

The reason for choosing this reaction is that the mechanism is well established and the

system is small enough to allow for high level calculations, but still large enough to

contain several positions for which relevant KIEs could be determined. Thus both the

chlorine leaving group, the secondary α-deuterium, the secondary β-deuterium, the

incoming nucleophile carbon, the incoming nucleophile nitrogen and the α-carbon

kinetic isotope effects were determined. A large number of theoretical methods of

different type were used to calculate the TS structure and corresponding KIEs. It is a

rather demanding task to determine the experimental KIEs for so many positions in a

reaction system, and to perform the theoretical calculations. Therefore this project could

only be brought to successful completion through a collaboration. The contribution to

this Thesis is the determination of the α-carbon KIE by using the 11C/14C KIE method

developed by Matsson and co-workers.37

Determination of the 11C/14C kinetic isotope effect

The 11C and 14C labelled ethyl chlorides were prepared by reacting the corresponding

ethanols with a mixture of ZnCl2 and HCl according to (Scheme 8). The (1-14C)ethanol

                                                
37 Matsson, O.; Axelsson, S.; Hussénius, A.; Ryberg, P. Acta Chem. Scand. 1999, 35,
670-679.

Cl
+ CN
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was commercially available whereas the [1-11C]ethanol38 was prepared starting from

[11C]carbon monoxide according to (Scheme 9).

Scheme 8. i) ZnCl2, HCl

Scheme 9. i) CH3I, Pd(PPh3)4 ii) LiAlH4

The α-11C/14C KIE was determined by mixing the 11C and 14C reactants with

tetrabutylammonium cyanide in DMSO and then separating the reactant and product by

HPLC in a series of samples representing different extents of reaction. The 11C/14C

ratios in the reactant fractions were determined by liquid scintillation counting and the

KIEs were then calculated according to Equation (6) p. 19.

Experimental and theoretical KIEs

The experimentally determined KIEs are given in Table 3 and Figure 6.

The secondary α-deuterium KIE of 0.990 is very small and slightly inverse  indicating

that the force constants for the Cα-H vibrations change very little when going from

reactants to the TS. This suggest that the TS is somewhat tight. If it is symmetric both

the cyanide-Cα bond and the Cα-Cl bond is short. If it is asymmetric one of the bonds

should be short and the other long.

The secondary β-deuterium KIE is also small but normal. The small value suggests that

only little charge is localized on the α-C in the TS and is consistent with a TS where at

least one of the reacting bonds is rather short.

                                                
38 The [1-11C]ethanol was produced at the Uppsala PET-Centre by a procedure which
will be published elsewhere by J. Eriksson and B. Långström.
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Table 3. Experimentally determined KIEs for the reaction between ethyl chloride and

cyanide in DMSO. Error limits are given as the standard deviation of the mean.

            
           Position

    
     KIE

leaving group Cl 1.00772±0.00007

secondary α-deuterium 0.990±0.004

secondary β-deuterium 1.014±0.003

α-carbon 11C/14C 1.208±0.019

incoming nucleophile carbon 12C/13C 0.9991±0.0007

incoming nucleophile nitrogen 0.9998±0.0006

Figure 6

The leaving group Cl KIE of 1.00772 is large and corresponds to a TS where the Cα-Cl

bond is about half broken.

The α-C  11C/14C KIE of 1.208 is close to the estimated maximum for a 11C/14C KIE.

The size of this KIE is expected to reflect the symmetry of the TS, where, just as for

proton transfer, the maximum occurs for a symmetric TS i. e. when the α-carbon is

bonded with equal strength to incoming and leaving groups. However, BEBOVIB

C

CH3

HH
ClN C
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calculations by Matsson and co-workers39 indicate that this KIE can be large within a

wide range of structures. The large α-C KIE is therefore not necessarily an indication of

a very symmetric TS.

The incoming group N KIE of 0.9998 shows that there is no change in bonding to the N

in the TS, which is expected.

The incoming group 12C/13C KIE is more difficult to interpret since it is a product of

two factors: the imaginary frequency ratio which is normal and the zero point energy

factor which is inverse.40 The small inverse value of 0.9991 demonstrate that there is

significant bonding between the nucleophile C and the α-C in the TS.

The overall conclusion from these data is that the TS is rather tight but unsymmetric,

with a short Cα-CN and a long Cα-Cl bond.

The theoretical methods that were used can be divided into three main categories:

semiempirical, ab initio and density functional theory (DFT) methods. Although the

different methods generate quite different TS structures, they all predict an early and

loose TS. When the calculated KIEs are compared with the experimental KIEs (Figures

7-12) it is obvious that some KIEs (nucleophile nitrogen, leaving group chlorine,

secondary α-deuterium) are well predicted by several theoretical methods whereas the

result for others (secondary β-deuterium, nucleophile carbon, α-carbon) is poor. None of

the theoretical methods is able to predict all six KIEs correctly.   Two of the DFT

methods (B3LYP/aug-cc-pVDZ and B1LYP/aug-cc-pVDZ) perform best in an

assessment of the theoretical methods based on the rank sum deviation from the

experimental median for all KIEs.

                                                
39 Axelsson, B. S.;Matsson, O.; Långström, B. J. Am. Chem. Soc. 1990, 112, 6661-6668.
40 Matsson, O.; Persson, J.; Axelsson, B. S.; Långström, B.; Fang, Y.; Westaway, K. C.
J. Am. Chem. Soc. 1996, 118, 6350-6354.
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Figure 7 Experimantal and theoretical α-11C/14C KIEs.

Figure 8 Experimental and theoretical α-deuterium KIEs.

Figure 9 Experimental and theoretical β-deuterium KIEs.
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Figure 10 Experimental and theoretical incoming nucleophile 12C/13C KIEs

Figure 11 Experimental and theoretical incoming nucleophile 14N/15N KIEs

Figure 12 Experimental and theoretical leaving group 35Cl/37Cl KIEs
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4. Mechanistic study of the copper catalysed alkene aziridination(IV)

Background

The development of methods for the enantioselective functionalisation of simple

alkenes by transition metal mediated oxygen transfer have been an area of intense

research for many years. Reactions such as the Sharpless dihydroxylation and the

Jacobsen epoxidation of unfunctionalised alkenes have had a tremendous impact in the

field of asymmetric synthesis.41 In contrast, transition metal catalysed aziridination has

been less exploited, despite the importance of aziridines in organic synthesis.42 So far

the copper catalysed aziridination developed by Evans43 has been the most successful

system and asymmetric versions have been developed.44 Despite the synthetic potential

of this reaction only a few attempts to study the mechanism  have been

made.43b,45,46,47,48,49 The results from these studies are somewhat contradictory, and no

mechanistic model has been presented that could account for the different experimental

observations. It therefore seemed appropriate to perform a more detailed investigation

of the mechanism. An increased mechanistic understanding could also facilitate further

improvements of the reaction.

The reaction utilizes [N-(p-toluenesulfonyl)imino]phenyliodinane (PhINTs) as the

nitrene source and a copper catalyst which mediates the cycloaddition to the alkene

                                                
41 Kolb, H. C; Sharpless, K. B. Asymetric Dihydroxylation. In Transition Metals for
Organic Synthesis; Beller, M., Bolm, C., Eds.; Wiley-VCH: Weinheim, Germany, 1998;
pp 219-242. Jacobsen, E. N. Asymetric Catalytic Epoxidation of Unfunctionalized
Olefins. In Catalytic Asymetric Synthesis; Ojima, I., Ed.; VCH Publishers: New York,
1993; pp 159-202.
42 Tanner, D. Angew. Chem, Int. Ed. Engl. 1994, 33, 599.
43 a)  Evans, D. A.; Faul, M. M.; Bilodeau, M. T. J. Org. Chem. 1991, 56, 6744-6746. b)
Evans, D. A.; Faul, M. M.; Bilodeau, M. T. J. Am. Chem. Soc. 1994, 116, 2742.
44 (a) Evans, D. A.; Woerpel, K. A.; Hinman, M.M.; Faul, M. M. J. Am.Chem. Soc.
1991, 113, 726. (b) Li, Z.; Conser, K. R.; Jacobsen, E. N. J. Am. Chem. Soc. 1993, 115,
5326-5327.
45 Li, Z.; Quan, R. W. ;Jacobsen, E. N. J. Am. Chem. Soc. 1995, 117, 5889-5890.
46 Díaz-Requejo, M. M.; Pérez, P. J.; Brookhart, M.; Templeton, J. L. Organometallics.
1997, 16, 4399.
47 Paul Müller, Corine Baud and Yvan Jacquier, Can. J. Chem. 1998, 76, 738-750.
48 Kevin M. Gillespie, Edward J. Crust, Robert J. Deeth and Peter Scott, Chem.
Commun. 2001, 785-786.
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(Scheme 10). The involvement of a copper bound nitrene was demonstrated by

Jacobsen.45

Scheme 10.

Two different mechanisms have been proposed for the reaction, one which involves a

radical intermediate and one which involves a concerted addition of the nitrene (Scheme

11). The mechanistic discussion has focussed around this question and  experimental

observations have been presented that support both alternatives.

Scheme 11. 

Some Hammett structure reactivity studies have been reported, one of which supports

the involvement of a radical intermediate46 while the others do not47,48. However all of

                                                                                                                       
49 Brandt, P.; Södergren, M. J.; Andersson, P. G.; Norrby, P. O. J. Am. Chem. Soc. 2000,
122, 6610-6618.
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these studies are questionable for one or another reason. The one that supported the

radical mechanism suffered from low correlation to the data. In the other two studies the

choice of substituents were so unfortunate that they could barely distinguish between

the mechanistic alternatives.

The observation that alkenes with aromatic substituents undergo isomerization in the

reaction to give a mixture of cis and trans products supports the involvement of a

radical intermediate43b (Scheme 12). However, attempts to detect such intermediates by

radical traps have failed.43b 

Scheme 12

Hammett structure-reactivity study

In order to achieve some fundamental mechanistic information about the reaction, a

Hammett structure-reactivity study was performed for the Cu(acac)2 catalysed reaction

between styrene and the iminophenyliodinane in acetonitrile. Both the substituent on the

styrene and the substituent on the iminophenyliodinane was varied (Scheme 13). The

reason for varying the substituent on the iminophenyliodinane is that it has been

reported that the substituent on the iminophenyliodinane affects the yield and

enantiomeric excess in asymmetric versions of the reaction.50 The experimental

log(kY/kH) data from the study are given in Table 4. Only poor correlation was obtained

when these data were plotted against the σ- or σ+- values of the substituents according to

the Hammett Equation. However when a least squares fitting of the data was performed

against the dual parameter Hammett Equation 9, that included both the σp- or σ+- term 

and Jiang and Ji’s radical substituent parameters σ·51 good correlations were obtained. 

                                                
50 (a) Södergren, M. J.; Alonso, D. A.; Bedekar, A. V.; Andersson, P. G. Tetrahedron
Lett. 1997, 38, 6897. (b) Södergren, M. J.; Alonso, D. A.; Andersson, P. G. Tetrahedron
Assym. 1997, 8, 3563.
51 Xi-Kui Jiang and Guo-Zhen Ji, J. Org. Chem. 1992, 57, 6051-6056. For other
σ·scales see: Substituent Effects in Radical Chemistry, Viehe, H. G.; Janousek, Z.;
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Figure 13 and Figure 14 illustrates the difference in correlation when the log(kX/kH) data

for the reaction of PhI=NSO2Ph-OMe and the substituted styrenes are plotted against

the sigma values (Figure 13) and when the data are fitted to the σp and σ· values

according to Equation 9 (Figure 14).

••+= σρσρ PP

H

Y

k
klog (9)

Scheme 13.

Table 4. Experimental log(kY/kH) values obtained from the reaction between the p-Y-

substituted styrenes and the X-substituted benzenesulfonyliminophenyliodinanes

(Scheme 3).

log(kY/kH)exp

Y X=4-OMe X=4-Me X=4-NO2

4-OMe – 0.30 0.39

4-Me 0.072 0.12 0.19

4-Ph 0.21 0.27 0.31

4-H 0 0 0

4-Cl 0.07 0.08 -0.01

4-NO2 0.02 -0.06 -0.29

                                                                                                                       
Merenyi, R., Eds., Reidel: Dordrecht, 1986. Dincturk, S.; Jackson, R. A.; Townson, H.;
Agirbas, H.; Bellingham, N. C.; Match, G. J. J. Chem. Soc., Perkin Trans. 2 1981,1121-
1126. Fisher, T. H.; Meierhoefer, A. W. J. Org. Chem. 1978, 43, 220. Bordwell, F. G.;
Bausch, M. J. J. Am. Chem. Soc. 1986, 108, 1979.
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Figure 13. Plot of log(kY/kH) against σ for the reaction between PhI=NSO2Ph-OMe and

4-methoxystyrene, 4-vinylbiphenyl, styrene, 4-chlorostyrene and 4-nitrostyrene.

Figure 14. Plot of calculated log(kY/kH) values against experimental log(kX/kH) data for

the reaction between PhI=NSO2Ph-OMe and 4-vinylbiphenyl, 4-methylstyrene, 4-

chlorostyrene, styrene and 4-nitrostyrene.
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Table 5. The ρp or ρ+ and the corresponding ρ• values obtained after fitting the

experimental log(kY/kH) values between substituted styrenes and PhI=NSO2Ph-X to the

dual parameter Hammett Equation 9.

X ρp ρ· ρ+ ρ·

4-OMe -0.16 0.45 -0.14 0.40

4-Me -0.37 0.60 -0.27 0.48

4-NO2 -0.70 0.68 -0.48 0.44

The size of the ρp or ρ+ and ρ• values gives information on how sensitive the reaction is

towards polar and radical stabilising effects. As demonstrated by the results in Table 5,

the 4-NO2 and 4-Me substituted nitrenes are electrophilic, i.e. the ρp and ρ+ are large,

whereas the 4-OMe substituted nitrene is almost insensitive towards polar effects i.e. ρp

and ρ+ are small. In all cases the reaction is sensitive to the radical stabilizing properties

of the Y-substituent. These results support the involvement of a radical intermediate in

the reaction.

cis-trans Isomerisation

It is a general observation that the reaction of a nitrene with an alkene proceeds with a

varying degree of isomerisation around the double bond.52 In analogy with the reaction

of carbenes with an alkene this variation in stereospecificity can be attributed to whether

the reaction occurs from the singlet or triplet state of the nitrene. The reaction between a

triplet nitrene and an alkene must proceed via a radical intermediate and gives

isomerised product whereas the reaction between a singlet nitrene and an alkene may

proceed via a concerted mechanism and is expected to be stereospecific. The triplet is

usually the ground state but reaction may occur from the singlet state under certain

conditions.52 When a singlet and a triplet nitrene compete for the alkene substrate the

                                                
52 a) John S. Conaghy Jr. and Walter Lwowski, J. Am. Chem. Soc., 1967, 89, 2357-
2364. b) John S. Conaghy Jr. and Walter Lwowski, J. Am. Chem. Soc., 1967, 89, 4450-
4456.
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degree of isomerisation during the reaction depends on the concentration of the

alkene.52

The observation that only certain alkenes give cis-trans isomerised products in the

copper catalysed aziridination of alkenes suggests that both the singlet and triplet states

of the copper nitrene may be involved in the reaction. This interpretation is supported

by the small energy difference between the singlet and triplet copper nitrenes found in

DFT calculations by Norrby and co-workers49 

A consequence of the involvement of both the singlet and triplet copper nitrenes would

be a dependence of the cis-trans product ratio on the alkene concentration. In order to

investigate this possibility the aziridination of (Z)-[β-2H1]styrene was studied (Scheme

14). The results shown in Table 6 clearly demonstrate such a dependence. 

Scheme 14

Table 6. Variation in the cis-trans product ratios with the alkene concentration.

[alkene](M) 0.04 0.2 0.6

cis-trans ratio 2.73 2.10 1.52

In addition, it was investigated if the cis-trans ratio in the product correlates with the X-

substituent on the copper nitrene, (see Scheme 15).
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Scheme 15

As demonstrated by the results in Table 7, the amount of cis-trans isomerisation during

the reaction is indeed dependent on the character of the X-substituent on the copper

nitrene. There is a clear trend where copper nitrenes with electron donating substituents

give little isomerisation whereas copper nitrenes with electron withdrawing substituents

give increased isomerisation. 

Table 7. Dependence of the cis-trans ratio on the X-substituent on the

benzenesulfonyliminophenyliodinane.

      X 4-OMe 4-Me 4-H 4-F 4-Cl 4-Br 4-NO2

cis-trans
ratio

3.97 2.10 2.23 1.70 1.53 1.38 1.30

Kinetic model

In an attempt to find a kinetic-mechanistic model that can account for the experimental

results, reaction (Scheme 16) and the rate Equations (10)-(13) were proposed. It is

assumed that two different rapidly interconverting copper nitrene species, i.e. the singlet

and triplet copper nitrenes, are involved in the reaction, yielding different product

distributions.

N
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Ph
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SO2PhX

Ph D +
PhI=NSO2Ph-X
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Scheme 16

Here, T and S denote the triplet and singlet copper nitrene, respectively, and cis and

trans the diastereomeric aziridines. 

[ ] [ ][ ]alkeneTtrans 1k
dt
d = (10)

[ ] [ ] [ ]( )[ ]alkeneSTcis 42 kk
dt
d += (11)

[ ] [ ] ( )[ ]( )[ ]TalkeneSvT 3213T kkkk
dt
d ++−+= −

(12)

[ ] [ ] [ ]( )[ ]Salkene-TvS 433S kkk
dt
d ++= −

(13)

The vT and vS terms in Equations (12) and (13) denote the rate of formation of the triplet

and singlet copper nitrene, respectively, from the iminophenyliodinane.

In the following only two special cases will be considered. Case I refers to the condition

vT ≠ 0, vS = 0, i.e. the copper nitrene is initially formed in its triplet state. In Case II, vT =

Cu=NTs Cu=NTs
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0, vS ≠ 0, i.e. the copper nitrene is initially formed in its singlet state. It turns out (vide

infra) that only Case I of our model can account for the experimental findings. The first

aim is to derive an expression for the cis-trans aziridine ratio. Assuming that the steady-

state approximation can be applied to the reactive intermediates T and S, i.e. (d/dt)T = 0

and (d/dt)S = 0, Equations (10)-(13) give, after some standard algebra, Equation (14-I)

for Case I and Equation (14-II) for Case II.
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Since the alkene is used in large excess, its concentration, [alkene], can be treated as a

time-independent parameter. Thus, the right hand side of Equations (14-I) and (14-II)

will be independent of time and the Equations can be integrated directly to give the cis-

trans aziridine ratio according to Equations (15-I) and (15-II), respectively.
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The experimental observation that the cis-trans product ratio increases with decreasing

alkene concentration supports case I, where it is assumed that the copper nitrene is

initially formed in its triplet state. At high alkene concentration the consumption of the

copper nitrene by reaction with the alkene will be fast, i.e. it will react from the triplet

state in which it was initially formed. At low alkene concentration the consumption of

the copper nitrene by reaction with the alkene will be slow, i.e. the lifetime of the
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copper nitrene will increase and it may undergo intersystem crossing to its singlet state

before it reacts with the alkene.

Using K as defined in Equation (16), and assuming that K varies with the substituent on

the copper nitrene according to Equation (17), allows  Equation (18) to be derived. 
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Equation 18 predicts that for an appropriate value of k2/k1, a linear correlation between

the left hand side in Equation 18, and the σ or σ+ value of the substituent should be

obtained. 

It was found that for k2/k1=1 a good correlation with the σ values of the substituents on

the nitrene is obtained as illustrated in Figure 15.

.
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Figure 15. Dependence of log(cis/trans-1) on the σ value of the substituent in the
reaction of (Z)-[β-2H1]styrene with PhI=NSO2Ph-OMe, PhI=NSO2Ph-Me,
PhI=NSO2Ph, PhI=NSO2Ph-F, PhI=NSO2Ph-Cl, PhI=NSO2Ph-Br or PhI=NSO2Ph-NO2

It is known that perturbation of the p(N)-orbitals in a nitrene affects the singlet-triplet 

splitting.53,54,55 It therefore seem reasonable that the dependence of the cis-trans product

ratio on the X-substituent on the copper nitrene may result from a change in the the

singlet triplet splitting ∆EST of the copper nitrene as the X-substituent is varied. A

varying degree of conjugation between the substituent and the sulfonyl group should

change the perturbation of the p(N)-orbitals resulting in a variation in energy difference

between the p-orbitals. Consequently interaction of a strongly conjugatively electron

donating substituent such as the 4-methoxy with the sulfonyl group should result in

strong perturbation of one of the p(N)-orbitals which should then correspond to the

HOMO. Thereby its electrons would be delocalised over the entire molecule favouring

the singlet state. A strongly electron withdrawing substituent such as the 4-nitro should

                                                
53 a) Hrovat, D. A., Waali, E. E. and Borden, W. T. J. Am. Chem. Soc. 1992, 114, 8698-
8699. b)Borden, W. T., Gritsan, N. P., Hadad, C. M., Karney, W. L., Kemnitz, C. R.
and Platz, M. S.Acc. Chem. Res. 2000, 33, 765-771. c) Kim, S. J., Hamilton. T. P. and
Shaeffer III, H. F. J. Am. Chem. Soc. 1992, 114, 5349-5355.
54 Tsao, M. L., Hadad, C. M. and Platz, M. S. Tetrahedron Lett. 2002, 43, 745-748.
55 Sigman, M. E.; Autrey, T.; Schuster, G. B. J. Am. Chem. Soc. 1988, 110, 4297-4305.
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have the opposite effect. This interpretation is similar to the explanation of the much

smaller ∆EST in phenylnitrene and cyclopropylnitrene compared to nitrene NH.

The model in (Scheme 16) is capable of rationalising the various experimental

observations made in both this study and reported in earlier papers.43b,45-49  The

simultaneous presence of both the singlet and triplet copper nitrene opens up the

possibility for an alkene that is not capable of stabilising a radical intermediate to

selectively react from the singlet copper nitrene via a concerted mechanism whereas an

alkene that is capable of stabilising a radical intermediate may react with both the

singlet and triplet copper nitrene.

To conclude, the experimental results presented in this study support a model that

involves the simultaneous presence of two different copper nitrene intermediates, one

which reacts non-stereospecifically via a radical intermediate and one which reacts

stereospecifically via a concerted mechanism. It is suggested that the two intermediates

correspond to the singlet and triplet states of the copper nitrene.
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Kinetic isotope effect study of the Ru(arene)(aminoalcohol) catalysed

transfer hydrogenation (V)

Background

The metal mediated hydride transfer between secondary alcohols and ketones, (Scheme

17) is a very attractive method for the reduction of ketones.56 It allows the reaction to be

performed under mild conditions without the use of molecular hydrogen under high

pressure. Since the reaction is reversible a large excess of the donor alcohol (usually

isopropanol) is used to drive the equilibrium. The introduction of transition-metal

complexes as catalysts for the reaction have enabled the development of highly efficient

enantioselective versions.57 Several mechanisms have been proposed in the literature for

metal-promoted hydrogen transfer reactions. In Meerwein-Ponndorf-Verley reactions,

transfer hydrogenation of ketones with alcohols is promoted by Lewis acidic metal

alkoxides via the six-membered cyclic transition state58 TS A in (Figure 16).

Scheme 17

The currently accepted mechanism for late-transition-metal-catalysed hydrogen transfer

involves the formation of a metal hydride. It is believed that this metal hydride is

formed via initial formation of an alkoxide which then undergoes β-elimination to give

the metal hydride59 via TS B in Figure 16.

                                                
56 S. Gladiali, and G. Mestroni, In Transition Metals for Organic Synthesis M. Beller,
and C. Blom, Eds, Wiely-vch, Weinheim, 1998, Vol 2, Chapter 1.3.
57 For reviews see: (a) G. Zassinovich. G. Mestroni, and S. Gladiali Chem. Rev. 1992,
92, 1051. (b) R. Noyori, S. Hashiguchi Acc. Chem. Res. 1997, 30, 97. (c) M. J. Palmer,
and M. Wills Tetrahedron: Asymmetry 1999, 10, 2045.
58 de Graauw, C. F.; Peters, J. A.; van Bekkum, H.; Huskens, J. Synthesis, 1994, 1007-
1017.
59 (a) Gladiali, S.; Pinna, L.; Delogu, G.; De Martin, S.; Zassinovich, G.; Mestroni, G.
Tetrahedron: Asymmetry 1990, 1, 635. (b) Bernard, M.; Guiral, V.; Delbecq, F.; Fache,
Sautet, P.; Lemaire, M. J. Am. Chem. Soc. 1998, 120,1441. (c) Bäckvall, J-E.;
Chowdhuri, R. L.; Karlsson, U.; Wang, G. Z. In Perspectives in Coordination
Chemistry; Williams, A. F., Floriani. C., Merbach, G., Eds.; Verlag Helvetica Chimica
Acta: Basel, Switzerland, 1992; p 463.
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Noyori has proposed an alternative mechanism for metal complexes containing a

primary or secondary amine ligand.60 This mechanism also involves a metal hydride but

in contrast to the normal mechanism this mechanism does not involve initial formation

of an alkoxide. Instead it is believed that the metal hydride is formed via a hydrogen-

bonded six-membered cyclic transition state where both the hydride and proton are

transferred simultaneously as indicated in TS C in Figure 16.

A handfull of experimental60a,61 and theoretical62,63 mechanistic studies on both the

Ru(diamine) and the Ru(aminoalcohol) catalysed reactions have been reported and the

evidence for the mechanism proposed by Noyori seems convincing. It should however

be pointed out that the experimental support for the concerted mechanism is only based

on the observation and isolation of certain catalytic intermediates in the reaction. It has

not been directly demonstrated that the proton and hydride really are transferred in the

same step and not in separate steps.

Since this is the fundamental question it seemed appropriate to determine the KIEs for

both proton and hydride transfer respectively since the results from such a study could

potentially provide a definite answer.

                                                
60 (a) Haak, K-J.; Hashiguchi, S.; Fujii, A.; Ikariya, T.; Noyori, R. Angew. Chem. Int.
Ed. Engl. 1997, 36, 285. (b) Noyori, R.; Hashiguchi, S. Acc. Chem. Res. 1997, 30, 97.
61 Kenny, J. A.; Versluis, K.; Heck, A. J. R.,; Walsgrove, T.; Wills, M. Chem. Commun.
2000, 99-100.
62 Alonso, D. A.; Brandt, P.; Nordin, S. J. M.; Andersson, P. J. Am. Chem. Soc. 1999,
121, 9580-9588.
63 Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, 1466-1478.
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Kinetic isotope effect study

The study was performed on the Ru(cymene)(10) catalysed reaction, a system that has

been extensively studied by Andersson and co-workers.66, 64

N
OH

10
The two catalytic cycles corresponding to the stepwise and concerted mechanisms in the

Ru(cymene)(aminoalcohol) catalysed reaction are given in (Scheme 18) and (Scheme

19) respectively.

 Scheme 18

                                                
64 (a) Alonso, D. A.; Guijarro, D.; Pinho, P.; Temme, O.; Andersson, P. G.  J. Org.
Chem.  1998,  63,  2749-2751. (b) Alonso, D. A.; Nordin, S. J. M.; Roth, P.; Tarnai, T.;
Andersson, P. G.; Thommen, M.; Pittelkow, U.  J. Org. Chem.  2000,  65,  3116-3122.
(c) Nordin, S. J. M.; Roth, P.; Tarnai, T.; Alonso, D. A.; Brandt, P.; Andersson, P. G..
Chem. Eur. J.  2001,  7,  1431-1436.
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Scheme 19
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The KIE for hydride transfer was determined by a competition experiment where a

mixture of the isotopic isopropanols 11 and (2-2H)-11 was used to reduce acetophenone.

The reaction was quenched at 50% conversion and the deuterium content in the product

phenylethanol was determined by 1H NMR spectroscopy. The KIE was then calculated

according to Equation (19), where R is the 1H/2H ratio in the product and R0 is the
1H/2H ratio in the starting isopropanol mixture. Equation (19) is valid since the

isopropanol is used in very large excess (>100 fold).

0
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R= (19)
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The KIE for proton transfer was determined by comparing the rate of reaction in the

normal isopropanol 11 with the rate or the reaction in the deuterated isopropanol (O-
2H)-11. In addition a double isotopic fractionation experiment was performed where the

KIE of hydride transfer was determined in the O-deuterated isopropanols (O-2H)-11 and

(O, 2-2H2)-11. The results are given in Table 8.

Table 8. KIEs for hydride transfer, proton transfer and double isotopic fractionation

experiment.

CD
OH

CH
OH kk CH

OD
CH
OH kk CD

OD
CH
OD kk

2.69±0.30 2.51±0.22 2.46±0.17

The observation of significant primary deuterium KIEs for both the proton and hydride

transfer demonstrates that both transfers occur in a rate limiting step. This observation is

most consistent with the concerted mechanism proposed by Noyori.60a The KIEs are

rather small but still somewhat larger than the KIEs that have been reported for similar

systems.60a,65 There are several factors that may cause smaller than maximal primary

deuterium KIEs e.g. non-symmetric TS, non-linear hydron transfer and kinetic

complexity.66 It is reasonable to believe that all of these factors are important in this

system.

The two computational studies62,63 on the reaction both suggest that TS B is the rate

limiting step in the β-elimination/migratory insertion route in (Scheme 18). The TS for

formation-dissociation of the metal alkoxide was found to be 15 kcal/mol lower in

energy compared to TS B. This suggest that the rate of formation and dissociation of the

metal alkoxide i.e. the transformation from h to b in (Scheme 18), is much faster

compared to the rate of hydride transfer i.e. the transformation from c to d and from g to

h in (Scheme 18). Under such conditions one would only observe a primary deuterium 

                                                
65 (a) Casey, C. P.; Singer, S. W.; Powell, D. R.; Hayashi, R. K.; Kavana, M.  Journal of
the American Chemical Society  2001,  123,  1090-1100. (b) Yi, C. S.; He, Z.; Guzei, I.
Organometallics  2001,  20,  3641-3643.
66 Melander, L. Saunders, Jr. W. H. Reaction Rates of Isotopic Molecules; Wiley-
Interscience: New York, 1980. Chapter 5.
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KIE for the hydride transfer step. This is not consistent with the observation of a

primary deuterium KIE on the proton transfer step.

If however  the formation-dissociation of the metal alkoxide and the hydride transfer

steps are equally rate limiting i.e. they occur with equal rates, then one would observe a

KIE for both the proton and the hydride transfer. Although this situation seems unlikely

from the computational and experimental results it could not be completely excluded.

This possibility could however be eliminated by the double isotopic fractionation

experiment where the same KIE (within experimental error) for hydride transfer was

observed in the O-1H isopropanols 11 and (2-2H)-11 as in the O-2H isopropanols (O-
2H)-11 and (O, 2-2H2)-11 (see Table 8).

If the proton and hydride were transferred in different but equally rate-limiting steps,

the KIE for hydride transfer should have been significantly smaller in the O-2H

isopropanols (O-2H)-11 and (O, 2-2H2)-11 compared to the O-1H isopropanols 11 and

(2-2H)-11. Since this was not observed it can be concluded that the reaction proceeds

via a concerted proton and hydride transfer as suggested by Noyori (Scheme 19).59a

It have been demonstrated that some metal catalysts give considerable scrambling

between the proton and hydride.67 Since such exchange would affect the observed KIE

for hydride transfer it was important to investigate if such exchange occurs in the

present system. It was found that 2% exchange occurs when acetophenone is reduced in

(2-2H)-isopropanol with Ru(cymene)(10) as a catalyst.

                                                
67 (a) Santosh, L.; Bäckvall, J-E. Chem. Commun. 2000, 611-612. (b) Pàmies, O.;
Bäckvall, J-E. Chem. Eur. J. 2001, 7, 5052-5058.
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