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Kurzzusammenfassung

Die vorliegende Dissertation befaßt sich mit dem Mechanismus der Kupfer(II)–

katalysierten Michael–Reaktion von Enaminen, gebildet aus β-Diketonen und

Aminosäuren, die an Methylvinylketone addieren. Wir präsentieren Ergeb-

nisse zu möglichen Reaktionswegen und Komplexen unter Verwendung quan-

tenchemischer Berechnungen (DFT) in enger Kooperation mit Experimen-

tatoren. Wir zeigen, dass das Enamin nach Koordination an Cu(II) de-

protoniert wird und drei Koordinationsstellen in der quadratisch planaren

Geometrie besetzt. Die Bildung dieses koordinierten Aza-Enolats wird durch

einen basischen co-Liganden (Azetat) begünstigt, der den Enamin-Wasserstoff

übernimmt. In dieser starren Struktur steht die Aminosäure-Seitenkette

senkrecht zu der Koordinationsebene, was zu einem Angriff des Michael-

Akzeptors von der sterisch ungehinderten Seite bevorzugt und somit zum

begünstigten Eantiomer führt, wenn von einem prochiralen Diketon ausge-

gangen wird. Die Diskriminierung wird dadurch ausgelöst, dass der Michael-

Akzeptor an der freien axialen Position am Kupfer-Zentrum während der

C-C-Knüpfung anbindet. Energien optimierter Übergangsstrukturen, die zu

dem jeweiligen Eantiomer führen, wurden mit verschiedenen Aminosäuren

(Methyl-, Isopropyl-, tert-Butyl und Neopentyl-Seitenkette) verglichen.

Übergangszustände, die zu den beiden Produkten führen, zeigen eine sehr un-

terschiedliche Struktur, da ein Angriff des Michael-Akzeptors von der ster-

isch ungünstigen Seite, eine Umorganisation der Koordinationssphäre am

Kupfer-Zentrum auslöst. Interessanterweise ist der Reaktionsweg bei einem

Angriff des Michael-Akzeptor von der sterisch ungünstigen Seite durch die

Aminosäure blockiert. Eine Simulierung von Solvatationseffekten durch ein

Kontinuum-Modell resultiert in einen Anstieg der Enantioselektivität mit

zunehmender Polarität des Lösungsmittels.
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Abstract

This PhD thesis concerns computational results on the mechanism of the cop-

per(II) catalyzed Michael addition of enamines formed from β-diketones and

amino acids. We present results on different paths and complexes feasible in

the reaction using quantum chemical (DFT) calculations in comparison with

experimental data. The results suggest that the enamine gets deprotonated

upon coordination to Cu2+, and that it occupies three coordination sites of

a square planar geometry. The formation of this coordinated aza-enolate is

facilitated by a basic co-ligand (acetate) which take over the enamine pro-

ton. In this rather rigid structure, the former amino acid side chain assumes

an angular position which leads to preferred attack of the Michael acceptor

from the non-hindered side of the coordination plane and the formation of a

preferred enantiomer if one starts from a prochiral diketone. This discrimi-

nation becomes effective because the Michael acceptor, although only loosely

bound to the complex before carbon-carbon bond formation, attaches itself

to a ”free” axial position of the copper center during the reaction. We focus

on the enantioselectivity of the reaction by comparing energies of transition

states which eventually lead to the formation of two enantiomers for amino

acids (chiral auxiliaries) with a methyl, isopropyl, tert-butyl and neopentyl

side chain. The transition states that lead to the two products are different

in nature, because an approach of the Michael acceptor from the sterically

hindered side requires reorganisation of the copper coordination sphere. In-

terestingly, this reaction channel is blocked by the amino acid side chain if

the Michael acceptor approach from the less-hindered side. Taking solvent

effects into account by a continuum solvation model, we find that the enan-

tioselectivity increases with the polarity of the solvent, which is in agreement

with experimental observations.
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Introduction

1 Introduction

Formation of carbon-carbon bonds are the most important synthetic transfor-

mations in organic chemistry because this allows building complex molecules

from simpler starting material [1–6]. Besides the aldol reaction [7], the Diels-

Alder cycloaddition [8, 9] and the Heck reaction [10–13], the Michael addi-

tion [14–16] of carbon nucleophiles to acceptor-activated olefins belongs to

the most popular C-C bond forming reactions. Being able to exert control

such that only a specific product stereoisomer is formated is a major goal

of synthetic organic chemistry. A particular challenge is the formation of

one (and only one!) enantiomer of a chiral product from achiral starting

material. A source of chiral information is of course needed, either though

a chiral catalyst or a chiral auxiliary that is bound to the substrate stoi-

chiometrically. In this work we investigate the Michael addition of an amino

acid derivative of a 1,3-dicarbonyl compound to α, β− unsaturated ketones,

catalyzed by Cu(II) salts. Quantum chemical (DFT) calculations have been

performed to provide information on the mechanism of the reaction and how

the chirality transfer from the chiral auxiliary to the product configuration

comes effective. Insight into this reaction at molecular level is needed for

further optimisation. For a model system, geometry optimisations of local

minima (educts, products, and reaction intermediates) as well as transition

structures have been performed for computing reaction channels and different

chiral auxiliaries. This data is useful for discuss the factors which influence

reactivity and selectivity of this system.
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1.1 The Michael Reaction Introduction

1.1 The Michael Reaction

The conjugate 1,4-addition of carbon nucleophiles to acceptor activated olefins

is one of the most important reactions in organic synthesis. This is mainly

due to the variety of acceptors and donors (for example. organometallic

reagents, enolates or enamines) applicable in this reaction (Scheme 1).

R1 R3

O O

R2

Y

O

R1

O

R2 COR3

Y

O

Scheme 1: General Michael reaction.

Carbanionic organolithium, Grignard reagent, copper, zinc, or other reagents

are often utilized carbon nucleophiles. However, competing 1,2-addition to

the acceptor is observed in the case of hard nucleophiles, especially when

the acceptor is a carbonyl group. According to the Hard Soft Acid Base

(HSAB) principle [17], organocuprates [18] are the classic reagents of choice

for 1,4-reactivity. Whereas numerous publication deal with the formation

of tertiary stereo centers by asymmetric cuprate additions, this method is

rarely reported for the generation of quaternary carbon atoms. In particu-

lar, the copper-catalyzed addition of organo zinc reagents has evolved into

a fruitful field of research since 2000 [18–20]. In contrast to organometallic

compound as nucleophiles, the application of derivatives with active methy-

lene moieties (Michael donors) requires only catalytic amounts of Broenstedt

base, since the next equivalent of the donor is deprotonated by the enolate

formed as intermediate immediately after conjugate addition of the donor

to olefin. This reaction was first observed and reported by Kommenos and

2



Introduction 1.1 The Michael Reaction

Claisen [21, 22] and was later named after Arthur Michael [23–27] in order

to honor his early systematic investigations. Asymmetric Michael reactions

have been developed by several groups and are well suited to the highly

selective construction of quaternary stereo centers [28–31].

O

CO2Et

+

O

NEt2H

H2N

NH

CO2Et

OEt2N 1) Cu(OAc)2
.H2O

    (0.05 eq)

3) Hydrolysis

O

acetone, 23°C, 14h
O

CO2Et

O

Base

CO2Et

O

2)
(90%, 98% ee)

Scheme 2: Cu(II)-catalyzed asymmetric Michael reaction with L-valine

diethylamide as auxiliary [32–34].

Modern metal catalyzed variants allow for the use of base-free conditions

[35, 36] to inhibit Robinson annelation, a base caused side reaction (Scheme

2). In 1999, Christoffers’ group carried out an intensive screening program

with several primary, chiral amines and transition metal salts as catalyst,

which led to the development of a highly reliable process for the formation of

quaternary stereo centers by Michael reactions [37, 38]. In their experiments

they used the following system. L-Valine diethylamide combined with cat-

alytic quantities of Cu(OAc).
2H2O turned out to be extraordinarily efficient
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1.1 The Michael Reaction Introduction

N

O

Cu

D

L

L

O

Me

*

EtO

Figure 1: First proposed structure of the reactive species by Christoffers et

al. .

for this purpose. The reaction of the conversion of enamines in the presence

of Cu(OAc).
2H2O (1-5 mol%) proceeds at ambient temperature. Anhydrous

or inert condition are not required. The best solvent for this reaction in

experiment is acetone. After acidic work up, the products were isolated in

generally good yield, with selectivities up to 95–99% ee (Scheme 2). The

auxiliary could be separated from the reaction mixture by extraction and

recovered almost quantitatively. A special feature of the copper catalyzed

reaction is the compatibility with different donor functions. Christoffers [39]

first proposed an octahedral coordinated reactive species (Fig. 1) in the

mechanism which was the starting point of our investigation.

In the iron catalyzed case [37, 40–42] it is furthermore clear from the outset

that the nucleophile approaching the enone is a coordinated enolate, since

the free diketone is no nucleophile and the free enolate cannot exist in suf-

ficient concentration in the acidic reaction medium. In case of addition of

enamines, the situation is more complicated: first, we will assume that the

copper catalyzed enamine addition also involves a single copper site. Fur-

thermore, there are three different possibilities as far as the nature of the

nucleophile is concerned: first, the free enamine is nucleophilic enough to

4



Introduction 1.1 The Michael Reaction

add to enones, such that there will always be a non-catalyzed background

reaction [39]. Then, there are two scenarios which involve a metal center:

The enone is attacked by a coordinated enamine or by a coordinated aza-

enolate. The latter is formed by deprotonation at the enamine nitrogen atom

and is obviously a stronger nucleophile. However the question arises, if this

species exists in sufficient quantities in the reaction medium to become im-

portant in the reaction. Enantioselectivity could be achieved starting from

(chiral) enamines 3 made from β-diketones 1 and an amino acid derivative 2

which is used as a chiral auxiliary in stoichiometric quantities [32, 33, 39, 43–

50](Scheme 3). Although the usefulness of this reaction has widely been

demonstrated, experiments have so far contributed only limited insight into

mechanistic details [33, 45–50]. In particular, it is not established how the

chirality transfer from the auxiliary becomes effective. This situation trig-

gered us to perform quantum chemical calculations to shed some light on the

mechanism of this reaction

X

O O

1

YOC NH2

R

2

X

NH OYOC

R

3

O

2.

4

1. 5 mol % Cu(OAc)2

3. Hydrolysis

X

O O

O

5

1a. X=Me
2a. Y=NMe2, R=Me
3a. X=Me, R=Me, Y=NMe2

Scheme 3: Model system for computational studies.
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1.1 The Michael Reaction Introduction

In this PhD thesis, we first focus on the reaction mechanism, investigat-

ing which of the three pathways mentioned above, the most likely one is.

Then we perform calculations on the enantioselectivity for the most likely

mechanism. At the first stage, we also study solvent effects using continuum

solvation models, both focusing on the reactivity and selectivity of the re-

action. Calculations are based on density functional theory (DFT) because

this method allows the treatment of transition metal catalyzed reactions

with both a fair accuracy and a reasonable computational effort. Force field

methods, which are much less expensive, have difficulties with a consistent

description of breaking and forming of covalent bonds. Wave function based

quantum chemistry on the other hand would require at least coupled cluster

or even multi reference CI-type calculations with large basis sets for our sys-

tem. These methods however require huge computational resources if more

than say, two dozens of atoms are presented in the system. In the following

part of the present thesis, we give a round overview.

6



Theoretical background

2 Theoretical background

2.1 Computational chemistry

Computational chemistry can be defined as the application of theoretical

chemistry which develop mathematical concepts to investigate chemical sys-

tems. There are three areas within computational chemistry devoted to the

structure of molecules and their reactivity: molecular mechanics, electronic

structure theory and DFT (density functional theory). DFT methods are

used in many chemistry systems and in the calculations of this work.

2.2 Density Functional Theory

Density functional theory (DFT) [51] has gained popularity as a tool of quan-

tum chemistry in the last twenty years. A clear indication of this was the

Nobel Prize in Chemistry awarded to John Pople and Walter Kohn [52, 53].

Results from DFT calculations are usually superior to those from the Hartree-

Fock method and often DFT can compete with correlated ab initio methods

such as MP2. The great advantage of DFT is the possibility to get robust

and accurate results for large molecules containing transition metals. The

second advantage is the small calculation time required compared with wave

function based methods including electron correlation.

The Hohenberg-Kohn-Theorem describes the energy of a system as a func-

tional of the electron density ρ ;

E = F (ρ) (1)

DFT based on the approximation of a functional determining the energy of

a system as the electron density. The potential described through the nuclei

of the atoms and the variational principle is imperative. The energy, written

7



2.2 Density Functional Theory Theoretical background

as a functional of the wave function is

〈
Ψ

∣∣∣Ĥ∣∣∣ Ψ
〉

=
〈
Ψ

∣∣∣T̂ ∣∣∣ Ψ
〉

+
〈
Ψ

∣∣∣V̂ ∣∣∣ Ψ
〉

+
∑
i<j

〈
Ψ

∣∣∣∣ 1

ri,j

∣∣∣∣ Ψ

〉
(2)

where the second term, describing the interaction with the external potential,

can also be written as a functional of the density via

〈
Ψ

∣∣∣V̂ ∣∣∣ Ψ
〉

=

∫
V (~r)ρ(~r)d~r. (3)

The electron-electron interaction is calculated by equation 4 which consists of

the Hartree-Energy and a second term, the rest, that includes the remaining

energy:

∑
i<j

〈
Ψ

∣∣∣∣ 1

ri,j

∣∣∣∣ Ψ

〉
=

1

2

∫
(
ρ(1)ρ(2)

r12

)d~r1d~r2 + rest = EH(ρ) + rest (4)

The kinetic energy is calculated using the following Kohn Sham method.

Kohn and Sham introduced a functional for the calculation of the kinetic

energy [53]. The expectancy value of the kinetic energy (equation 5) is cal-

culated for all slater determinants which create the density ρ(r). Then, the

orbitals minimising the energy are selected.

E[ρ] = TKS[ρ] +

∫
V ρd~r + EH [ρ] + Exc[ρ] (5)

TKS[ρ] is the kinetic energy calculated through the Kohn-Sham theory of a

virtual system. Adding the potential energy
∫

V ρd~r and the Hartree energy

with the important residue Exc, the correlation exchange energy, we obtain

the energy E[ρ] of the system dependent on the density.

TKS[ρ] = MinΨKS−→ρ

〈
ΨKS

∣∣∣T̂ ∣∣∣ ΨKS

〉
(6)

ΨKS : single Slater Determinant

8
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Exc, the electron correlation exchange energy is defined as the difference

between the accurate energy and the sum of Kohn-Sham and Hartree energy.

Exc = (
〈
Ψ

∣∣∣T̂ ∣∣∣ Ψ
〉
− 〈Ψ |TKS|Ψ〉) + (

∑
i<j

〈
Ψ

∣∣∣∣ 1

ri,j

∣∣∣∣ Ψ

〉
− EH [ρ]) (7)

2.2.1 Local density approximation LDA

The simplest way to calculate correlation-exchange energy is described through

the local density approximation (LDA) in eq. 8. Here is Exc, at location ~r,

a function of the density ρ(r),

Exc =

∫
Fxc[ρ(~r)]d~r (8)

At Hartree-Fock level, the exchange energy (per volume unit) of a homoge-

neous electron gas, is given by

εx = Cxρ
1/3 (9)

Ex =

∫
Cxρ

4/3d~r (10)

Exc =

∫
Fxc(ρ)d~r (11)

where Fxc is a fitted function to the data of electron density calculated

through Monte-Carlo simulation [54]. Due to these calculations we know

the exchange-correlation density ( εxc ) of a homogeneous gas. To separate

spin multiplicity we introduce the spin density.

Exc =

∫
Fxc(ρα, ρβ)d~r (12)

The LDA functional overestimates the binding energy (over binding). This

can be improved by introducing gradient corrected functionals.

9
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2.2.2 Beyond LDA: the generalized gradient approximation (GGA)

and hybrid functionals

More sophisticated functionals use as additional information the spatial gra-

dient of the electron density,
∣∣∣~∇ρ

∣∣∣. A general spin dependent and gradient

developed density functional has the following definition:

EGGA
xc =

∫
Fxc(ρα, ρβ,

∣∣∣~∇ρα

∣∣∣2 ,
∣∣∣~∇ρβ

∣∣∣2 , ~∇ρα
~∇ρβ)d~r (13)

In many cases, the function Fxc contains parameters that are fitted to exper-

imental data, such that one may regard DFT as s semi empirical method.

Technically, DFT and Hartree-Fock computer codes are very similar. The

first gradient-corrected functional that was successfully applied to a variety of

molecular problems was BP86, which improves upon LDA through gradient

corrections to the exchange functional by Becke [55, 56] and to the correlation

part by Perdew [57]. Calculated energy differences were now in much better

agreement with experiment.

The next step forward was made when Becke suggested to include exact

exchange (that is, a Fock term) into the energy expression. In Hybrid func-

tionals part of the exchange energy calculated from the orbitals (rather the

form of the density) uses the ’exact exchange’ expression known from the

Hartree-Fock-Theory.

Eexact
X = (ij|ji) =

∫ ∫
χi( ~x1)χ

∗
j( ~x1)

1

r12

χj( ~x2)χ
∗
i ( ~x2)d ~x1d ~x2 (14)

Functionals of this kind are called hybrid functionals, because they repre-

sent a mixture between Hartree-Fock and DFT models. Now we will give

some examples for hybrid functionals. The Half-and-Half method uses the

exchange and correlation in the same ratio:

10



Theoretical background 2.2 Density Functional Theory

EH+H
xc =

1

2
Eexact

x +
1

2
(ELDA

x + ELDA
c ) (15)

The correlation functional of the LYP functional is not the sum of a local

part from the homogeneous electron gas plus a gradient correction which can

be written

ELY P
c = ELDA

c + (ELY P
c − ELDA

c ) (16)

and treats the first term as the local part of LYP, and the second one as its

gradient correction.

Mixing additional gradient improved terms Becke developed the B3 func-

tional [55]:

EB3
xc = (1− a)ELDA

x + aEexact
x + b∆EB88

X + ELDA
c + c∆EGGA

c (17)

The parameters a, b and c are fitted on a test set of molecules. Experiments

of additional parameters did not improve the functional [56].

The BLYP functional consists of an exchange functional of Becke and the

correlation part consist of the spin density with the gradient. This functional

was created by Lee Yang and Parr [58]. In the hybrid functionals the ex-

change correlation energy is calculated using the spin density and the Kohn

Sham orbitals while only part of the exact exchange energy is used in this

expression. The parameters are fitted to experimental data. One of the most

important used functional in the application of the DFT method on transition

metal complexes is the B3LYP functional [58–60]. This functional comprises

the following expression of different functionals fitted to experimental data:

EB3LY P
xc = aEloc

x + (1− a)Eexakt
x + bEGGA

x + Eloc
c + cEGGA

c (18)

11
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Eloc
x is the exchange energy in LDA, and Eloc

c the correlation functional of

LDA, EGGA
x is the generalised gradient approximation of the exchange in-

tegral and EGGA
c the generalised gradient approximation of the correlation

functional. Eexakt
x is the exact exchange energy. This three-parameter for-

mula assumes that the correlation functional is the sum of a local part of

the homogeneous electron gas plus a gradient correction. In particular the

B3LYP functional was very popular. This amazing success was fuelled by the

surprisingly good performance B3LYP and related functionals demonstrated

in many chemical applications, including difficult areas such as open-shell

transition-metal chemistry.

2.2.3 Calculation of the Coloumb term

This section account the computation of the classical electrostatic contribu-

tion to the electron-electron repulsion. The Potential VH can be calculated

through

VH(r1) =

∫
ρ(~r2)

1

r12

d~r2. (19)

In regular wave function based methods VH is determined by four-center-

two-electron integrals. The problem inherent to this scheme is the large

computational load resulting from the number of integrals. We expand the

density ρ(~r2) in terms of an atom-centered auxiliary basis set α, according

to

ρ(~r) ≈
∑

ciαi(~r) = ρ̃(~r) (20)

where tilde indicates that we are dealing with an approximate density (since

in practice the auxiliary basis set will never be complete). ρ̃(~r) is the Fitted

Density. If we use this approximation, the computational cost for evaluating

12
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EH is now formally reduced from L4 to KL2. The following equation needs

to be solved:

〈µ |VH | ν〉 = (21)∫
µ(~r1)ν(~r1)VH(~r1) = (22)∫

µ(~r1)ν(~r1)
1

r12

ρ(~r2)d~r1d~r2 ≈ (23)∫
µ(~r1)ν(~r1)

1

r12

ρ̃(~r2)d~r2 = (24)∫
µ(~r1)ν(~r1)

1

r12

∑
ciαi(~r2)d~r2 (25)

This method is called ’resolution of the identity’ (RI) or density fitting in

TURBOMOLE [51, 60] and reduces calculation time. RI can be not only be

used for pure density functionals like BP86, but also for hybrid functionals.

The questionen arises how profitable RI for hybrid functionals is, but in fact

the effective scaling of the exact exchange can be reduced from L4 to L due

to the exponential decrease of the density matrix with the center distances

in case of large molecules.

2.2.4 Accuracy of the DFT method

Theoretical investigations on inorganic and metal-organic systems were de-

pendent on empirical methods for a long time. Also the huge error in

the Hartree-Fock theory due to the missing correlation energy, renders this

method useless for such systems. With the availability of density functional

theory (DFT) the number of publications which address mechanistic ques-

tions has steadily increased. A huge problem of DFT is still not solved: No

functional is able to calculate the kinetic energy out of the electron density.

The introduction of the Kohn-Sham orbitals is very successful but does not

13
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able the calculation of the accurate kinetic energy. It is still a huge challenge

to find a exact functional of the exchange-correlation energy without includ-

ing the hope on error canceling between exchange and correlation. Despite of

the weakness indicated in this method it has been full accepted in the appli-

cation on transition metal complexes. The biggest failure of the actual DFT

is the missing possibility to enhance systematically the problem introduced

by a bad combination of functional and basis set. Systematic errors of the

method are the overestimation of the relative stabilities between high-spin

and low-spin complexes and the unbalanced characterisation of relative sta-

bility of systems. Necessary at this point is a calibration of the functional and

basis set. DFT methods generally benefit from error canceling. All difficult

terms are addressed to the exchange-correlation functional whose exact form

is still unknown. Fortunately all remaining terms are of the same magnitude

but opposite sign, leading to error canceling.

2.2.5 Which exchange-correlation functional should be chosen?

The choice of which functional gives the best result in DFT-calculations is

very difficult. There have been a lot of comparison calculations for differ-

ent molecules on experimental data and on ab initio calculations. Usually

benchmarking has to be done to find the best combination of functional and

basis set. References can be ab initio calculations or high accuracy energy

models like CBS-Q [61, 62] or CCSD(T). The following examples taken from

literature all show better results in energy comparison using the B3LYP func-

tional than the BP86 functional. We focus our investigations on energy com-

parisons of different pathways employing the B3LYP functional. Different

exchange correlation functionals exist and the decision for the most accurate

one for the study of transition metal complexes is difficult. In the litera-

14
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ture are a lot of comparative studies are presented with different exchange

hybrid functionals. We distinguish these studies between the geometry and

energy comparison of DFT results towards ab initio calculations. Barone

[63] validated self-consistent hybrid approaches for the study of transition

metal complexes, specifically NiCO and CuCO. He accurately described ac-

curately results for the B3LYP functional compared to the BP functional.

Geometrical parameters and binding energies in the majority of cases have

been compared to CCSD(T) calculations. Bauschlicher [64] presented a com-

parison of the accuracy of different functionals. A summary of the average

absolute and maximum error of different functionals for the G2-molecules

calculated atomisation energies was presented. It was shown that more of-

ten than not the B3LYP functional showed the smallest error compared to

BP86b, BLYP and BP. (Transition metal complexes were not included in

these tests). Current comparisons of Ahlrichs, Furche and Grimme [65] also

compared the recently proposed B97GGA-1 density functional of Cohen and

Handy [66] that does not compare well against BP86 in cases of Cu2 and

Ni(CO)4 transition metal complex atomisation energies. The additive bond

lengths and angles comparisons do not give improved data for Ni(CO)4,

FeCp2 and Mn(CO)10 transition metal complexes.

The basis set dependence of the DFT results is in some cases very large. Due

to the improper 6-31G and 6-311G type basis sets of the Gaussian developer

improved basis sets with adaptive constructions are only improved by diffuse

and polarisation functions, thus we decided to use the TZVP basis set of

Ahlrichs as the optimal choice in combination with the B3LYP functional.
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2.3 Characterisations of chemical reactions

Chemical reactions can be characterise by stationary points of the Potential

Energy Surface (PES). These stationary points can be located by the gradient

g, the first derivation of the energy E with respect of all coordinates xi, of

the value zero:

∂E

∂xi

= 0 (26)

By means of the second derivation of the energy, these stationary points can

be classified. The matrix, calculated from the second derivation of the energy

with respect of all coordinates, is called the Hessian matrix H:

Hij =
∂2E

∂xi∂xj

(27)

In case of purely positive eigenvalue of this Hessian matrix, the stationary

point can be characterised as a minimum. It is frequently experimentally

possible to detect such minima. The other kind of stationary points which

are in chemical interest are transition states or saddle points of first order.

In such a case one eigenvalue of the Hessian matrix is negative.

In most reactions, knowledge of the transition state and intermediates are

necessary for the interpretation of the results. This can then be used for the

design of new experiments which push the reaction in a required direction.

In the following section are the most important methods are described which

are used for the location of stationary points. All this methods are based on

the knowledge of the first derivation. These gradient values can be calculated

with numerical accuracy. Due to this fact the prediction of the definite value

of a minimum can be never expected. These points have to be accepted as

stationary points, which confirm to certain cut off values.
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2.3.1 Geometry optimisation

In line with the Born-Oppenheimer approximation the electric wave function

is independent from the atomic nuclei positions. The intrinsic energy of a non

linear molecule with N atoms is a function of 3N-6 atomic nuclei coordinates

which has to be optimised.

2.3.2 Steepest Descent

The simplest algorithm to minimise functional characteristics of a multidi-

mensional function, is the Steepest Descent (SD) method.

The gradient of the function has first to be calculated at a certain point. That

gradient is orientated to the steepest ascent. The search takes place exactly

in the opposite direction to the extent that the functional characteristic is

again increasing. The interpolation of the last point gives an approximate

minima of the potential energy surface in search direction. Now the gradient

has to be obtained again and the search step repeated.

The advantage of this SD-method is the convenience and rapidness. Often

the SD-algorithm is used in the case of large gradients at the starting point

and then the more improved method used for the search.

2.3.3 Newton-Raphson

For this method an addition to the gradient of the Hessian matrix is required.

The function can be then expand by a Taylor serial around this point in case

of a accurate saddle point:
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E(x) = E(x0) + g(x0)(x− x0) +
1

2
H(x0)(x− x0)

2 + ... (28)

This Taylor expansion is aborted after the second order due to the huge

cost in the calculation of larger derivations. Due to the expectation that the

gradient for the stationary point should be zero, the algorithm is expanded

in the next step to:

(x− x0) = − g

H
(29)

The algorithm for the multidimensional Newton-Raphson method is defined

as:

E(x) = E(x0) + g(x0)(x− x0) +
1

2
(x− x0)H(x0) ∗ (x− x0) (30)

In this case the inverse hessian matrix has to be multiplied with the gradient

vector:

(x− x0) = −(H(x0))
−1g(x0) (31)

The Newton-Raphson algorithm does not necessarily bring us to the mini-

mum. It converges to the next stationary point also if this is a saddle point

of first order.

Resulting from eq. 29 the eigenvalues of the Hessian matrix determine the

step size. In the case of a eigenvalue close to zero, the step size becomes very

large which is not practical. Other methods do exist, which reduces the step

size of the Newton-Raphson value to a useful value.

Another problem of this algorithm is the calculation of the Hessian matrix.

Such calculation have a larger computational effort than the calculations of
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gradients. The improved method used a first approximated Hessian matrix

using heuristic values updated in following steps. This method is called the

Pseudo-Newton-Raphson method [67–69].

The advantage of this method is the faster convergence compared to the

Steepest Descent method. The convergence of a method depends strongly of

the elected first Hessian matrix and how the new Hessian matrix is calculated.

A very popular method in quantum chemical program packages is the Berny

algorithm [70, 71].

2.4 Transition states

It is important to give the used method a good starting point for a transition

state by using chemical intuition.

The simplest possibility, but coming with highest computational effort, is to

find a chemical useful approximation for the transition state first. Afterwards

a frequency analysis is performed and the transition state is modified until

the negative eigenvalue of the Hessian matrix is located along the reaction

coordinate. It also exists the possibility to use the eigenvector Following

method [71, 72] to maximise the energy along the reaction coordinate and

concurrently minimise the energy in all other directions. This method pos-

sesses considerable computational effort due to the calculation of the Hessian

matrix in each step. Given that the approximative transition state geometry

is close to the exact one, this method can successfully locate the transition

state.

A related method without calculating the Hessian matrix in each step is the

classical reaction coordinate method [73, 74]. An internal coordinate (in dis-

tance matrix coordinates) is here selected as the reaction coordinate. For
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fixed values of this internal coordinate all other coordinates are optimised.

The highest point of the calculation based on this method is the transition

state. This internal coordinate is arbitrary and not the true reaction coordi-

nate so that the calculated results become difficult to interpret [75].

If the geometry of the starting point for the transition state search is close to

the exact one, a subsequent optimisation using the Newton-Raphson method

is sufficient. In such a case it is necessary to make arrangements avoiding

that the result of the optimisation is not located in a minima or a saddle

point of higher order.

All previous described methods only include the information of a local struc-

ture of the starting point. All other methods use additional information of

adjacent minima which are bonded to the reaction coordinate. An interpola-

tion between the two minima determines a structure for the starting point. In

the simplest case the difference vector is used between starting material and

product and the point along this vector with the highest energy is wanted.

This simple method is called the Linear Synchronous Transit (LST) [73].

An update is implemented in the GAUSSIAN program package called the

Quadratic Synchronous Transit (QST) method [76]. Here instead of the lin-

ear environment of starting material to product an arc of a circle is added

in between. Following the tangent vector in afferent direction the maximum

has to be located. This method does not optimise transition states but can

obtain a good approximation for the transition state. Using the eigenvector

following method in the next steps should locate the exact transition state.

There also exists the possibility to declare a start geometry for the transition

state in addition to the educt and product geometry (QST3) which facilitate
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the independent investigation of different pathways with similar minima.

2.5 Reaction pathways

The previous methods characterise chemical reaction locating stationary points

on the potential energy surface. In the case of locating a transition state,

it has to be confirmed that this transition state connects the desired min-

ima. Therefore we follow the negative eigenvalue of the Hessian matrix, the

reaction coordinate of the transition state. Following this path to the low-

est energy giving the minimum which is connected to the located transition

state. This Intrinsic Reaction Coordinate (IRC) [77] method follows the re-

action path in direction of the negative eigenvalue. The distinct points on

this path can be obtained in optimisations through small steps along this

path. One step Pn is given by:

Pn = Pn−1 −
~g

|~g|
∆s (32)

The gradient is described by g and the step size by ∆s. This IRC approach

has been introduced by Fukui et al. [78] who used mass-weighted cartesian

coordinates. The consequence of large step sizes is a wrong intrinsic coordi-

nate which is not any more the reaction coordinate. This numerical problem

has been solved by Schlegel et al. first for cartesian [79] and then for internal

coordinates [80].

The investigation of a specific reaction pathway requires the knowledge of

conformational differences between educt and product. The educt and the

transition state should have the same conformation in the reaction barrier

calculation. Only then an accurate activation energy can be computed. This
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minimal conformational change can cost a few kJ/mol in the computed re-

action barriers which result in a distorted enantioselectivity.

2.6 Solvation models

Theoretical studies of molecules can be easily performed in the gas phase

while most chemical reactions in nature occur in solution. Solvent effects

can influence stationary points to a significant extend. The calculation of

single solvent molecules can be easily done in contrast to the effect of a huge

amount of solvation molecules using quantum chemical methods.

Solvent molecules mainly affect the electrostatic potential of the investigated

molecules. Due to this fact it should be possible to simulate solvation effects

using continuum models [81] describing the investigated molecules in a di-

electricum. These methods use the Self Consistent Reaction Field (SCRF)

[82] model, describing the solute molecule in a cavity of a homogeneous po-

larisable medium. The solvent effect is composed of the energy value creating

the cavity, the electrostatic interactions and the dispersion through charge

induction between the solute and the solvent.

The charge distribution of the molecule in the cavity polarises the surface of

the dielectricum, resulting in a shielded charge. The charge density of this

shielded charge ρ(r) dependence on the dielectric constant ε and the electric

field E(r) with the norm vector n(r) of the inside of the cavity:

ρ(r) =
(ε− 1)n(r)

E
(r)4πε (33)

For the simplest model of the cavity (globe) eq. 33 can be solved analytically.

The Onsager-Model excludes the dispersion interaction and does not require

any SCF process. The disadvantage of this model is the high dependence of

the resulting solvation energies on the cavity radii.
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Figure 2: Schematic representation of the Solvent Accessible Surface (SAS)

Better methods fit the surface of the cavity to the Solvent Accessible Surface

(SAS) of the molecule. The solvent is approximated as a sphere, while the

SAS is defined as an envelope of a series of spheres.

There are atom centered spheres with VDW type radii (which are approx-

imately 20% larger than the actual VDW radii), augmented by auxiliary

spheres, if necessary, to describe the effective cavity that contains the molecule

and that is not accessible to the solvent. Surfaces describing spheres are par-

titioned, typically into 60 surface triangles, and each triangle is assigned a

point charge, the strength of which is adjustable. The electrostatic equations

assume, for the moment, a perfect conductor solvent, i.e. a vanishing poten-

tial on the cavity surface. This method is used in the Polarisable Continuum

Model of Tomasi [83] and the Conductor-like Screening Model (COSMO)

[83–86]. COSMO uses for the calculation of the shield constant an electric
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conductor. The potential of the SAS is zero and the shielded constant scaled

with a factor dependent of the dielectric constant f:

f(ε) =
(ε− 1)

ε + 0.5
(34)

Due to the significant influence of solvent molecules on chemical reaction it

is in some case necessary for the reproduction of experimental conditions to

include solvents effects. The model describing solvent effects should fit to the

molecule surface and include dispersion effects. The accuracy of the method

should be than high enough to describe the solvent effects [85].
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3 Mechanism

3.1 The investigated reaction pathways

All computations have been performed for the Michael addition of the enam-

ine 3a (produced from 2,4-pentandione 1a and (S)-alanine dimethyl amide

2a) to methyl vinyl ketone 4. Three mechanistic possibilities were inves-

tigated (Scheme 4), namely the metal-free background reaction of 3a with

4, the Michael addition of 7a a coordinated enamine to the intramolecular

coordinated Michael acceptor, and the reaction of the copper-coordinated

aza-enolate 9 which is produced upon deprotonation at the enamine nitro-

gen atom (Scheme 4). In this chapter, the focus lies on the elucidation of

the reaction mechanism rather than on the calculation of the enantiomeric

excess which will be investigated with different values of amino acids in the

next chapter. In all our calculations in this chapter the enone approaches

the Michael donor from the re side. In the nucleophilic attack of the coordi-

nated enamine and aza-enolate we will also investigate ligand effects: If an

enamine is coordinated on copper(II) two coordination sites are free and can

be filled with different ligands. In case of the coordinated aza-enolate just

one coordination site is free which we will investigate with several ligands.

Our goal is to find the reaction path with the lowest barrier. Furthermore we

have been proposing an experiment using a secondary enamine which block

the copper catalyst and theoretically also the metal-free reaction. A product

is in such an experiment not expected if the proposed mechanism is true.

In the last section we have been additionally investigated an outside attack

of the Michael acceptor in gas phase and with solvent effects using the two

continuum models COSMO and PCM.

25



3.1 The investigated reaction pathways Mechanism

X

ON
H

YOC

R

3

Cu(II) Cu(II)

O
Cu

OH2

2+

X

O

YN
H

7a

O

N
Cu

O

L

1+

Y

X

9

O
4

O
4

X

ON

O

YOC

R

6

O
Cu OH2

X

O

YN
H

O

8a

N Cu O

Y

L

1+

O

O
X

    3a.  R=Me
    3b. R=tert-Butyl
    9a. L= H2O
    9b. L= HOAc
    9c. L=NH3
    9d. L=MeOH
    9e. L=EtOH
    9f. L=Acetone

10

O

O
4

    10a. L = H2O
    10b. L=HOAc
    10c. L=NH3
    10d. L=MeOH
    10e. L=EtOH
    10f. L=Acetone

X=Me
Y=NMe2

2+

Scheme 4: Investigated reaction pathways.
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3.2 Metal-free background reaction

The experiments show that there is indeed a non catalyzed background re-

action which proceeds in the absence of any metal salt [39]. This reaction

path is not only much slower than if catalyzed by the metal, but also shows

lower enantioselectivity (typically, 57-70% ee for enamines derived from va-

line). According to the performed calculations, the direct addition of 3a to

4 is a rather unfavorable step at least in the gas phase if one starts from the

most stable conformation of 3 in which the hydrogen atom at the enamine

nitrogen forms a hydrogen bond to the carbonyl oxygen atom. The reason is,

that the addition forms a highly polar, formally zwitterionic structure with a

positive formal charge on the enamine nitrogen and a formal negative charge

on the oxygen atom of the Michael acceptor. Such a transition state is not

locatable in gas phase. Optimisation always drop to the educts. There is a

stabilisation of a zwitterionic structure if one puts the system into a dielectric

continuum that simulates the influence of an aprotic solvent, making such

a reaction attractive with a barrier of 91 kJ/mol. But this studies will be

discussed in more detail in chapter 4.5. First we look for an alternate reac-

tion path in gas phase, in which the N-H proton can be transferred to the

oxygen atom of the acceptor upon C-C bond formation. The transition state

for such a reaction path is shown in Fig. 3. In this figure (and the following

ones), the Michael acceptor is marked with a shadow for the convenience of

the beholder. Furthermore, a circle highlights the side chain of the amino

acid (a methyl group in our calculations) which is the group that triggers

the enantioselectivity of the reaction. The computed activation energy is 97

kJ/mol for the transition state TS 3a/6 (see Fig. 3) which lead to the addi-

tion product. This barrier height is consistent with the observation of a slow

reaction at ambient temperature. The enantioselectivity (crossing the folded
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Figure 3: Transition state TS 3a/6 for C-C bond formation in the metal-

free background reaction. Note that proton transfer from N to O occurs

simultaneously.

transition state TS3a/6) with a methyl group in the amino acid side chain

starting from 3a and a tert.-butyl group in 3b will be calculated and dis-

cussed in chapter 4.5. In this case, the N-H bond is broken during C-C bond

formation, and no imminium ion intermediates is performed. This pathway is

not possible for secondary enamines which are formed if one starts e.q. from

a N-methylated amino acid. Indeed, in an experimental study suggested by

the present work, no reactivity has been observed in such a case.[86] We can

conclude indeed out of the calculations in gas phase and experiments that

the folded transition state Fig. 3 is the most likely one.
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3.3 Nucleophilic attack

through a coordinated enamine

Although the nucleophilicity of the enamine most likely decreases upon co-

ordination to Cu2+, this reaction path (Scheme 4) cannot be excluded from

the outset since activation of the Michael acceptor upon coordination to the

Lewis acidic metal center has to be expected. The calculations showed that

the enamine 3 mainly binds through its carbonyl oxygen atoms to Cu2+ while

the enamine nitrogen binds, if at all, only loosely. There is also no tendency

for the amide nitrogen at the C-terminus of the amino acid to coordinate.

A neutral water molecule and Michael acceptor 4 completes the coordina-

tion sphere of the copper ion in our model system 7a. The transition state

TS7a/8a of the following step of C-C bond formation is shown in Fig. 4.

The computed activation energy is 94 kJ/mol and thus of the same magni-

tude as for the background reaction. The structure of the reactive species

7a is case of the coordinated enamine was not clear from the beginning. We

have been locating the transition state TS7a/8a first and then performed an

IRC (intrinsic reaction coordinate) calculation across the reaction coordinate

to optimise the educt.
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Figure 4: Optimised transition state TS7a/8a of a coordinated enamine on

copper (II).
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Scheme 5: Investigated pathways for C-C bond formation of a coordinated

enamine on copper(II) and methylvinylketone.

The reactive species consisting of a coordinated enamine needs two addi-

tional ligand to get a full occupied coordination sphere. First the Michael

acceptor and a water molecule has been added (7a). Two different ligand
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Figure 5: Optimised structures investigated in different reaction pathways of

the coordinated enamine on copper. Number in brackets show the relative

energies in kJ/mol. Note that TS7c/8c doesn’t lead to the desired product.
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combinations have been additionally investigated (Figure 5). In molecule 7b

the coordination sphere around copper contains two water molecules. Before

C-C bond formation an axial binding of the Michael acceptor oxygen to the

coper center (7b4) takes place. The C-C bond formation pass intramolecular

through transition state TS7b4/8b (Fig. 5). The second possibility is a

coordinated acetate ligand on two sites to copper in the coordination sphere

(7c). The calculation of the direct reaction barrier TS7b/8b without a pre-

vious coordination of the Michael acceptor on copper gives a small reaction

barrier of 30 kJ/mol. Reason is the described huge binding energy of the

Michael acceptor 4 to the reactive species 7b computed in 133 kJ/mol due

to the doubly charged complex resulting in 7b4. The C-C bond formation

reaction barrier has been computed with 103 kJ/mol giving transition state

TS7b4/8b. Cu(OAc)2 is the best catalyst in the experiments. Due to this

fact an acetate molecule has been used as the additional ligand (7c). Transi-

tion state TS7c/8c has been optimised and shows an unexpected geometry

due to a different mechanism with similarity to the background reaction. The

reaction barrier of the C-C bond formation with 50 kJ/mol shows a different

reaction path not comparable with the main mechanism. The reaction bar-

riers of C-C bond formation of a coordinated enamine are in the same value

as the metal free background reaction and can be excluded.

3.4 Nucleophilic attack

through a coordinated aza-enolate

In case of the Fe(III) catalyzed Michael addition of β-diketones, the acidity

of the latter is increased so much upon coordination to Fe3+ that it proto-

nates the surrounding molecules and thus becomes a coordinated enolate.

If the Cu(II) catalyzed reaction of the enamine derivative proceeds in an
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analogous way, this would require a deprotonation at the enamine nitrogen.

Our calculations show that upon removal of this proton, the nitrogen atom

forms a strong dative bond to the copper center. As a consequence, the

rigidity of the nearly square planar complex 9 is enhanced. We performed

first the calculations both with a water and with an acetic acid molecule

(coordinated through its carbonyl oxygen, see below) occupying the fourth

coordination site. These molecules were chosen to mimic any of the weak

oxygen donors present in the reaction mixture. Originally it was assumed

[87] that the enamine coordinates as a tridentate ligand to the face of an oc-

tahedral coordination geometry around the copper center. According to our

calculations, such an intermediate deserves no further consideration. Scheme

4 presents (right side) the investigated reaction pathways of a coordinated

aza-enolate on copper with a methylvinylketone. It is not surprising that the

deprotonation significantly increases the nucleophilicity of the complex. The

activation energies for the C-C bond forming step of the reaction are greatly

reduced, from 94 kJ/mol for the coordinated neutral enamine to 77 kJ/mol

for a coordinated aza-enolate if water is used as a co-ligand (9a). If the wa-

ter molecule is replaced by acetic acid (9b), the activation energy (including

ZPVE) is further reduced a bit (to 70 kJ/mol) but stays in the same ball

park. The transition state TS 9b/10b for this latter case is shown in Fig. 6.

It can be seen that the amino acid side chain (a methyl group in our model

system) adopts an angular position with respect to the coordination plane.

Although we will not yet discuss the calculated enantiomeric preference for

this step (This will be described in detail in chapter 4), Fig. 6 suggests that

an attack of the methyl vinyl ketone 4 from above will require a distortion

of the coordination geometry that leads to a higher activation energy. This

investigation of different sizes of the amino acids used as the chiral ligands
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will be described in chapter 4. The question naturally arises, whether coordi-

nation to Cu2+ increases the acidity of the enamine such that a coordinated

aza-enolate exists in sufficient concentration in the reaction mixture. Gas

phase calculations show a reduction of the proton affinity from 1538 kJ/mol

for the free aza-enolate down to 606 kJ/mol for the square planar complex

9a in case of a coordinated water molecule which is easily understood by

electrostatic arguments. The proton affinity of the surrounding molecules

is significantly higher (methyl vinyl ketone 4: 858 kJ/mol; typical solvent

molecules such as acetone: 844 kJ/mol). At first sight, these numbers sug-

gest that a coordinated enamine is acidic enough to loose its proton to the

reaction mixture. One should however be careful since the comparison of

gas-phase proton affinities is not enough to calculate acid/base equilibria in

solution. Furthermore, the acidity increase is weaker than in the case of the

Fe(III) catalyzed Michael addition of enones, most likely due to the smaller

charge of Cu2+ compared to Fe3+. Therefore, we also investigated a sec-

ond possibility for the formation of a coordinated aza-enolate, namely the

transfer of a proton to a basic co-ligand such as acetate (Scheme 6). This

reaction is exothermic by 58 kJ/mol in the gas phase, and should remain so

in solution, because the solvation energies of 11 and 9b are probably similar.

Upon proton transfer, the bidentate acetate ligand is transformed to (mono

dentate) acetic acid, the enamine nitrogen taking over the coordination site

thus released (Scheme 6). An analogous calculation with a triflate ligand

instead of acetate shows a much reduced tendency to transfer a proton (in

the gas phase this reaction is still exothermic by 28 kJ/mol). This reduction

of course reflects the lower basicity of triflate compared to acetate.
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Scheme 6: Investigated pathways for intramolecular proton shifts in

feasible complexes.

3.4.1 Ligand effects in the C-C bond formation of a coordinated

aza-enolate on copper(II)

In the central reaction pathway of the coordinated aza-enolate calculations

have been performed for the reaction barriers of C-C bond formation with

different ligands (last section presented the results to the ligands water and

acetic acid) L: Ammonia, ethanol, methanol and acetone in the species 9

(Scheme 2). The lowest reaction barrier with a value of 65 kJ/mol (without

ZPVE) crossing transition state TS9b/10b has been calculated with the

ligand acetic acid, described in the previous section. All other calculated

reaction barriers show a higher activation energy up to 75 kJ/mol (for ligand

acetone crossing 9f/10f). The ligand methanol coordinated in the reactive
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Figure 6: Transition state TS 9b/10b for C-C bond formation between a

coordinated aza-enolate and the Michael acceptor. An acetic acid molecule

serves as co-ligand.

species gives a transition state TS9d/10d and a computed barrier of 72

kJ/mol. Also ethanol in TS9e/10e and ammonia in TS9c/10c with 73 and

69 kJ/mol are barriers computed in the same magnitude. The ligand ammo-

nia brings a smaller reaction barrier resulting from the higher nucleophilic

property into the reactive species, but this molecule should be not consist

in the experimental reaction mixture. Cause for the low barrier in case of

acetic acid is the intramolecular hydrogen bridge between the acetic acid

and aza-enolate in species 7b and transition state TS9b/10b. We conclude

that the main path of the reaction mechanism is the nucleophilic attack of

the coordinated aza-enolate and acetic acid as the co-ligand on the Michael

acceptor. All computed reaction barriers are presented in Table 1.
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3.5 Experimental proof of the mechanism:

Non-reactivity of a secondary enamine?

The mechanism can be proved by experiments using a secondary enamine

in the copper catalyzed reaction (Scheme 7). Due to the missing hydrogen

atom at the enamine nitrogen the intramolecular proton shift to the basic

co-ligand (Scheme 4) before C-C bond formation is blocked. Our proposed

experiment should block this intramolecular hydrogen shift and the catalyst

reactivity due to the no existing deprotonation of the enamine. Also the

metal-free background reaction should be blocked due to the not existing

intramolecular hydrogen shift in the described folded transition state. Our

proposed experiment has been performed by Christoffers et al. We suggest

that if the secondary enamine used in the Michael reaction is non-reactive,

our proposed mechanism should be true. From the theoretical point of view

we expect that using a secondary enamine lead to a similar huge barrier

as described in the previous section 4.3 (C-C bond formation of a coordi-

nated enamine). To prove this we have been first computing the reaction

barrier using a secondary enamine (Scheme 7). Our results show a similar

geometry of the reactive species like in the case of a coordinated enamine.

Similar to the path of a coordinated enamine first the Michael acceptor axial

binds to copper(II) in species 7d with 106 kJ/mol (leading to the species

7d4 following reaction barrier of 110 kJ/mol in the C-C bond formation.

The transition state TS7d4/8d is shown in Fig.7. Our suggested exper-

iment have been successfully performed by J. Christoffers and L. Diedrich.

A secondary enamine has been synthesised and the reactivity in the Michael

reaction investigated (Scheme 8). These experiments have been performed

for the catalyzed reaction. There has been observed a non-reactivity of the

secondary enamine. This experiment confirms our calculation for the pro-
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posed mechanism. Using a secondary enamine the deprotonation and leading

to a coordinated aza-enolate is blocked. Due to the high reaction barrier of

a Michael reaction with a secondary enamine which has been calculated this

pathway is blocked. Also the non-reactivity in the metal-free background

reaction of the secondary enamine shows that the intramolecular hydrogen

bond exist in the folded transition state. Our proposed mechanism including

the nucleophilic attack of a coordinated aza-enolate on copper(II) is indeed

now proved by experiments.
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Scheme 7: Investigated reaction pathway for C-C bond formation between

a secondary enamine and methylvinylketone in the computed system.

Scheme 8: Experimental investigated reaction of a secondary enamine in

the Michael reaction.
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Figure 7: Optimised transition state TS7d4/8d for C-C bond formation of

the secondary enamine coordinated on copper(II) (Here displayed in green)

with two water co-ligands.

3.6 Kinetics and Electro Spray Ionisation (ESI) mass

spectroscopy

We suggested experiments to study kinetics of this reaction. In our pro-

posed mechanism occurs on one copper site. The performed experiments of

Christoffers et al show that there exist a linear dependence of the relative

kinetic constant on the catalyst concentration (Fig. 8). This confirm that

the reaction mechanism occurs at one copper center. In the opposite situa-

tion of more than one copper centers in the reaction mechanism would effect

in a non linear dependence.

Electro Spray Ionisation mass spectroscopy has been performed [88] with a

reaction mixture (see Fig. 12): Enamine A and Catalyst B (Cu(OAc)2) in

a ratio of 1:1 using the solvent acetone. Fig. 9 gives the measures spectrum.

Such a high concentration of catalyst was necessary to enable the measuring

of interesting copper complexes. Signals of such complexes have not been

observed using reaction conditions (catalyst concentration of 1 %). The
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Figure 8: Result of the kinetics experiments showing the dependence of the

relative kinetic constant on the catalyst concentration. Data: 6-ring-enamine

500mg (1,54 mmol) (0,154 mol/l), methylvinylketone 189 mg (2,70 mmol,

1,75 eq.), Cu(OAc).
2H2O 0-7,5 mol, acetone 10 ml with 0,01 mol/l octanol as

the reference.

most interesting measured signal in the ESI spectrum (Fig. 10) is at 444

amu (coordinated aza-enolate and acetone as the co-ligand on copper(II))

with the typical copper isotope pattern (69 % Cu63 / 31 % Cu65: C in Fig.

12). This molecule shows fragments into a species of the coordinated aza-

enolate D (Fig. 11 (at 386 amu with the copper isotope pattern) and acetone

(58 amu). This spectrum proves that the reactive species in the mechanism

indeed consists of a coordinated aza-enolate and acetone as the co-ligand due

to the used solvent acetone. In the previous section we proposed acetic acid as

the co-ligand, but this would be the case in gas phase. It is clear that acetone

as the solvent causes a fast ligand exchange of acetic acid and an acetone

molecule. A signal of species 7c and 9a, respectively can not be observed

in the spectrum. The question appear if there exist any other complex with

the same mass 444 amu. But we can exclude that the observed signal of
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Figure 9: ESI spectrum of the investigated system. Ratio between catalyst

Cu(OAc)2 and enamine is 1:1 in the reaction mixture.

444 amu belongs to a complex of a coordinated enamine on copper. In

this case the co-ligand acetone would be deprotonated what we can exclude.

We conclude that the enamine nitrogen gets deprotonated. The acetic acid

molecule is evidently slight bounded and gets substituted through acetone

either in solvent or in the ESI process.

3.7 Solvent effects

In a polarisable continuum model, Solvation energies increase with the di-

electric constant of the solvent and the polarity of the solute. Additionally,

the surface energy of the cavity that is formed in the solvent to accommodate

the solute as well as van der Waals typed interaction between the solute and

the solvent are taken into account.
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Figure 10: ESI spectrum of the fragment at 444 amu (C).

Figure 11: ESI spectrum of the fragment at 386 amu (D).
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Figure 12: Investigated system in mass spectroscopy (ESI).

All previously described calculations on the mechanism in the copper(II) cat-

alyzed Michael reaction were performed in gas phase. The experiments have

been performed in solution, mostly acetone and dichlormethane. We concen-

trate now on solvation effects on the mechanism using PCM and COSMO,

two models for the simulation of solvent effects (section 2.6). We focus in this

section first on the calculations of solvation energy of the reactive species 9a

and following two possible transition states for C-C bond formation. There

could be an outside attack on the Michael acceptor or an inside. In the in-

side attack the carbonyl oxygen atom of the Michael acceptor 4 coordinates

to copper upon C-C bond formation, and in the outside attack is the steric

interaction between 4 and 9a much smaller. However a large dipole moment

is formed upon outside attack and the solvent accessible surface is also large.

We can therefore expect that the outside attack becomes more attractive in

43



3.7 Solvent effects Mechanism

polar solvents. We have been investigating solvent effects in these two differ-

ent paths optimising the transition states first in gas phase and with solvent

effects. We conclude from the first calculations in gas phase that a high polar

transition state by an outside attack (Fig. 13) of the Michael acceptor with

a reaction barrier of 119 kJ/mol is much less preferred than an inside attack

with a computed barrier of 71 kJ/mol in gas phase. The optimised transition

state for the outside attack TS-outside is shown in Fig. 13. The solvation

energy is for the isolated reactive species 9a and the Michael acceptor 4

much higher than for the transition states. All structures are stabilised in

solution, but the value of this stabilisation is different. The pathway of the

outside attack of the Michael acceptor has in acetone a reaction barrier of

124 kJ/mol and the inside attack 101 kJ/mol. We conclude that all reaction

pathways have a higher barrier but this value of stabilisation depends on the

geometry and dipole moment in the transition state. The difference between

the pathways of in and outside attack is in the gas phase 48 kJ/mol and

in the solvent acetone 23 kJ/mol. The solvation energy in acetone for the

outside attack of the Michael acceptor is not huge enough to be prefer to

the outside attack. Two different continuum models PCM and COSMO has

been used for this studies. The differences between these methods are quite

small. We have been observing difficulties in the optimisations of minima

and transition states using PCM and COSMO. The convergence of this opti-

misations show an unevenness of the energy potential surface. Also we have

been observing additional small negative frequencies in optimised minima

and transition states using continuum models. Table 2 consist of the com-

puted reaction barriers for the insides and outside attack in gas phase and

in solvent using the PCM and COSMO method. The favoured reaction path

found in gas phase calculations remain-preferred also in acetone. Calcula-
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Figure 13: Transition state TS-outside of the outside attack of the Michael

acceptor on the Michael donor with a high dipole moment

tions of the enantioselectivity will therefore exclusively be performed under

reaction paths with compact structures (inside attack).

3.8 Conclusion for the mechanism

We suggest from the computational results strongly that in the metal-free

background reaction, the formation of a (formally) zwitterionic structure

has to be avoided. While this is easily accomplished in protic solvents by

releasing a proton at one side and quasi simultaneously taking up another

one at the other side, aprotic solvents pose a restriction on the accessible

reaction channels to allow for a proton transfer concomitant with C-C bond

formation. We found an intramolecular pathway which in our view is the

most likely scenario at least at low concentrations. Another result is that it

is quite unlikely that C-C bond formation starts from a coordinated enamine

in the presence of Cu(II). The computed reaction channel will hardly be much

faster than the background reaction in marked contrast with experimental

observations. Especially if Cu(OAc)2 is used as a catalyst, a proton transfer

from the enamine part to the acetate ligand will occur which then opens up a
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reaction channel with a barrier that is reduced by ∼ 25 kJ/mol. This reaction

channel not only supports a reasonably fast reaction at ambient temperature,

but most likely also leads to the highest enantioselectivity because of the

rigid transition state with the angular amino acid side chain. Based on this

calculations, we proposed the catalytic cycle presented in Scheme 9. The

energy profile for all investigated pathways is presented in Fig. 15. In all

cases, the N-H bond is broken either before or during C-C bond formation,

and no imminium ion intermediates are performed. These pathways are not

possible for secondary enamines which are formed if one starts e.q. from a

N-methylated amino acid. Indeed, in an experimental study suggested by

the present work, no reactivity has been observed in such a case, either for

the metal-free background reaction or in the presence of Cu(OAc)2.
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4 Enantioselectivity

4.1 Calculation of enantioselectivity

In this section we explore these pathways for chiral auxiliaries [32, 39, 43] with

side chains of different sizes, namely for intermediates (aza-enolates) derived

from L-alanine (with a methyl group side chain), L-valine (isopropyl) [38],

L-tert.-leucine (tert. butyl) and L-neopentylglycine (neopentyl) [89]. We use

the same model system as in [90], namely an enamine derived from pentone-

2,4-dione and the amino acid (protected as a dimethylamide at the carboxyl

group), which is deprotonated and binds to three sites of a square planar

coordinated Cu2+, compounds 9a,h–j and to which methylvinyl ketone 4 is

added, approaching the Cu center either from the less hindered side to form

products 10a,h–j through the matched transition state TS9/10a,h–j, or

through the mismatched transition state TS9/11a,h–j from the hindered

side giving products 11a,h–j with the opposite configuration at the newly

formed stereo center. These products are diastereomers (not enantiomers)

as long as the chiral amino acid is still bound to the substrate, but for un

symmetric dicarbonyl compounds these two products after hydrolysis lead

to two enantiomeric products. In what follows, the diastereomeric ratio of

the C-C coupling step is therefore identified with the enantioselectivity of

the overall transformation. Experimentally, varying enantioselectivities have

been observed for different solvents. In addition to gas phase calculations,

we therefore also performed calculations that include solvent effects through

a polarisable continuum model.
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4.2 Methods of Computation

Assuming kinetic control, the enantiomeric excess is defined as

ee =
k1 − k2

k1 + k2

=
k1

k2
− 1

k1

k2
+ 1

(35)

where k1 and k2 are the rate constants for the formation of the major and

the minor stereoisomer, respectively. From the Arrhenius ansatz

ki = Aiexp(−E
(i)
A

RT
) (36)

we get

k1

k2

=
A1

A2

exp(−∆EA

RT
). (37)

The calculation of the pre-exponential factors Ai for a complex reaction is

a formidable task, since this would require the partition function (including

information on the whole conformational space) of the system. We there-

fore ignore A1

A2
in this study. Measuring the enantioselectivity at different

temperatures might provide experimental information on the ratio of the pre-

exponential factors. For the difference in the activation energies, ∆EA we use

the total energy difference (without zero-point vibrational energy) between

TS9/10 and TS9/11. Note that thermal contributions to the activation

enthalpy nearly cancel. The enantiomeric excess is then calculated setting

T=298K in eq. (37). for ambient temperature (T=298K). Total energies

were obtained by density functional calculations performed with the Gaus-

sian03 [91] and TURBOMOLE [92, 93] quantum chemical program packages.

TZVP basis sets [94] have been used throughout. In all cases the B3LYP

exchange correlation functional [55–58] has been used. All stationary points

on the potential energy surface (local minima and transition structures) were
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characterised by a harmonic vibrational analysis, which was also required to

calculate the zero-point vibrational energy which is added to the electronic

energy at the stationary points. DFT (B3LYP) calculation to optimise all

minima and transition states. Solvent effects have been calculated by the

polarisable continuum model COSMO (conductor-like screening model) [84]

as implemented in Gaussian03 (keyword CPCM [95, 96]) and TURBOMOLE

[92]. To calculate solvent effects, we start from optimised gas-phase geome-

tries and perform a full structure optimisation of the system in the solvent.

For the cavity construction we have used the atom radii of United Atom

Topological Model (UA0 parameters set). We model solvent effects for ace-

tone which has a dielectric constant ε = 20.7 at ambient temperature.

Typical errors for activation energies obtained by density functional calcula-

tions are significantly larger than RT ≈ 2.5 kJ/mole, such that a calculation

of the enantioselectivity would be meaningless if these errors were statistical.

However, quantum chemical methods usually show quite systematic errors

such that some error compensation can be expected in the calculation of

∆EA if energies of very similar transition structures are compared. As we

will see, the transition structures that we compare (TS9/10 and TS9/11)

are quite different in nature, so a caveat is in order here. Nevertheless,

such calculations may still provide trends and a useful overall picture even if

the calculated selectivities are not quantitatively correct. Several theoretical

studies concerning the calculation of enantioselectivities have been published

recently [97–107].

After the general mechanism of the reaction has been established in the pre-

vious sections we now concentrate on the direct calculation of the reaction

enantioselectivity in dependence of different sizes of amino acids (Scheme

10). In this section we explore these pathways for chiral auxiliaries with
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side chains of different sizes, namely from L-alanine (methyl group), L-valine

(isopropyl group), L-tert.-leucine (tert. butyl group and L-neopentylglycine

(neopentyl). Apart from the amino acid side chains, we use the same model

system: Michael donor 9 and Michael acceptor 4. Compounds 9a,h–j and

which adds to methylvinyl ketone 4 which approaches the Cu center either

from the less hindered side to from products 10a,h–j through the matched

transition state TS9/10a,h–j, which approaches through the mismatched

transition state TS9/11a,h–j for the hindered side which leads to products

11a,h–j which are enantiomers of 10a,h–j. Experimentally, the enantios-

electivity also varies for different solvents. As rather small differences in

activation energies are sufficient to yield significant selectivities, we therefore

also modeled solvent effects the conductor-like screening model (COSMO)

approach. Then we compare the results for the two small amino acids L-

alanine dimethylamide and L-valine dimethylamide with the large amino

acids L-tert-leucine dimethylamide and L-neopentylglycine dimethylamide.

We conclude that the enantioselectivity increases with the amino acid size.

The experiments of Christoffers [87, 108] show that the chiral auxiliaries made

of valine, leucine and tert.-leucine induce a selectivity up to 78% ee in the

metal-free background reaction. In all cases the R configurated isomer is

the matched product 5. In the presence of the catalyst Cu(OAc)2 the enan-

tioselectivity increases by 20%. We have expected a high energy difference

between the matched and mismatched transition states. We found that the

attack of the Michael donor from the side shielded by the amino acid side

chain is so much hindered that the attack on the Michael acceptor occurs

not from the axis of the square planar geometry and instead from the side

of the plane. The plane is defines as the square planar coordination around

copper.
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Scheme 10: Investigated Michael reactions with different auxiliaries used

for the computed enantioselectivities.

4.2.1 L-Alanine (Ala) and L-valine (Val)

This calculations started using the smallest chiral amino acid L-alanine. The

difference of the reaction barriers ∆EA between the matched TS9a/10a and

mismatched product TS9a/11a of 2.7 kJ/mol using the DFT functional

B3LYP and TZVP basis set which corresponds to an ee value of 49%. In

the case of valine a theoretical prediction is complicated, because of several

possible conformations of the amino acid side chain and this brings a high

entropic effect for example if the number of accessible conformations is dif-

ferent in both transition states. To calculate this effect it would be necessary

to optimise all transition states for each conformation. In the case of an

iso-propyl group in the amino acid side chain three conformers exist in the

matched transition state generated by rotations around the Cα −CiPr bond.

The population of these conformers should be all the same because of the
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large distance between Michael acceptor and amino acid side chain and small

steric effect. This is not the case in the mismatched transition state. The

steric effect of the iso-propyl group has a high influence on the population

of the conformers. The lowest steric effect has the conformer with the high

distance of Michel acceptor and donor. The entropic effect in the free en-

ergy term of the matched reaction barrier is concluded about ln3*RT=2.72

kJ/mol compared to the mismatched reaction barrier. Comparing the acti-

vation energy difference in both stereoisomers with 2.7 kJ/mol (49% ee) of

alanine gives valine 1.6 kJ/mol (30% ee) and this is a not expected low re-

sults. The steric effect should be larger in case of valine than to alanine, also

concluded from the stronger distorted geometry of the mismatched transition

states. The optimisation of the mismatched transition state using valine has

been repeated in the following way. Starting from TS9h/10h the amino

acid has been substituted with alanine. The resulting optimised transition

state is similar to the previous structure TS9a/10a. The result of a higher

enantioselectivity with alanine than with valine disagree with the chemical

intuition but we have hereupon again checked the calculations and didn’t

find any errors. The matched and mismatched transition states TS9a/10a,

TS9a/11a and TS9h/10h with TS9h/11h are shown in Fig. 18.

4.2.2 L-tert-Leucine (Tle) and L-neopentylglycine (Npg)

Now we consider the amino acid L-tert-leucine as the chiral auxiliary. For

this nearly spherical group, entropic effects as considered in the preceding

section need not be taken into account. The enantioselectivity calculated

by using L-tert-leucine should bring a huge difference between the matched

and mismatched transition state. The matched and mismatched transition

states TS9i/10i and TS9i/11i are shown in Fig. 19. Using the B3LYP
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functional and TZVP basis set gives a value for ∆EA of 3.8 kJ/mol which

leads to an ee of 65% ee. We have observed here a different reaction pathway

for the mismatched product. The geometry of the transition state shows that

the coordinated aza-enolate on copper is not attacking the Michael acceptor

from the axis of the square planar geometry. Instead the Michael accep-

tor attacks from the side and is coordinated in the square planar geometry

pushing out the diketone. The geometry will more precisely be discussed

additionally the next section. New experimental data of J. Christoffers show

a high chiral induction using L-neopentylglycine (Ngp). The results in case

of L-neopentylglycine using B3LYP and full TZVP basis set gives 2.1 kJ/mol

difference of the reaction barriers which corresponds to an ee value of 39%.

Here an entropic effect similar to valine is expected due to large number

of conformers. A lower enantioselectivity than in the tert-butyl group was

calculated as expected, because the amino side chain is free to move, not in-

terfering with the Michael acceptor. The steric effect of the Michael acceptor

and the L-neopentylglycine gets lower than in the case of the L-tert-leucine.

Therefore the transition state for the disfavoured product shows that L-

neopentylglycine side chain is moving away from the Michael acceptor. This

is in agreement with the experimental data showing a lower enantioselectivity

than in the case of tert.-leucine. The optimised transition states TS9j/10j

and TS9j/11j for the matched and mismatched product are shown in Fig.

19. Table 3 presents the calculated ∆EA and resulting enantioselectivities

for different amino acids using DFT (B3LYP functional). Table 4 shows the

absolute energy results for the reaction barriers for the R matched product

and the S mismatched product with the electronic energy, in kJ/mol. The

results show that the enantioselectivity compared to the experimental date is

underestimate in gas phase calculations. The influence of the chiral auxiliary
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is well described qualitatively and the amino acid side chain has a strong

influence on the enantioselectivity. Surprisingly is the effect of the ZPVE

on the enantioselectivity. The ZPVE decreases the enantioselectivity and in

the case of valine is actually an inversion observed (Table 4). The calcula-

tions has been checked but we didn’t find any error. We think the reason is

indicated in the error limit of DFT.

4.2.3 Comparison of the matched and mismatched transition state

Our first suggestion was that the coordination sphere around copper is so

rigid that the attack on the Michael acceptor from the side chain hindered

by the amino acid is blocked. This was expected as the chiral induction.

However we were successful in calculating this transition states for the dis-

favoured product which proof the exist of this pathway. Now equals have

been calculated for different sizes of the amino acids (Fig. 16). We observe

that the amino acid side chain bends away from the square planar geome-

try which gets distorted. The ligands are square planar coordinated in the

reactive species (Michael donor 9). The aza-enolate and the water ligand

coordinated to Cu(II) are defined as the square planar coordination sphere.

In the matched transition state are the same ligands square planar coordi-

nated around copper(II). The nucleophilic attack from the sterically hindered

side of the Michael donor on the Michael acceptor has a large influence on

the geometry. We are observing that the Michael acceptor is pushing the

second carbonyl group out of the plane and now the Michael acceptor is in

the square planar coordination sphere around copper. We compare in this

section the out of plane angles in the mismatched transition states with the

original ligands: aza-enolate and a water molecule as the co-ligand in the

plane and in the second case the Michael acceptor. The results are presented
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in table 6. For the calculation of the out of plane angle the plane was defined

by the nitrogen and oxygen of the six membered ring and copper. Our results

show that with increasing size of the amino acid side chain the distortion of

the geometry in the mismatched transition state is deepen. The out of plane

angle with the Michael acceptor on the other side is decreasing with the size

of the amino acid. In case of L-neopentylglycine is the out of plane angle

(Michael acceptor in the plane) larger than for tert.-leucine despite of the

huger size of the amino acid. The reason is that the neopentyl group has the

ability to move away from the attacked Michael acceptor. The bond length of

the performed C-C bond formation differs considerably in the matched and

mismatched transition state (Table 5). The value of this length is smaller in

the preferred transition state than in the disfavoured transition state by 0.2

Angstrom. In all cases the bond lengths for the constructing C-C bond in

the matched transition states are lower than for the mismatched transition

states. We find and a more product like geometry for this case.

The transition states that lead to the two products are different in nature,

because an approach of the Michael acceptor from the sterically hindered

side requires a reorganisation of the copper coordination sphere. We con-

cluded out of the different geometries of the matched and mismatched tran-

sition states that there indeed exist two different reaction channels form-

ing the two different quaternary stereo centers. The question arises now

whether there exist additionally a energetically deeper transition state for

the matched product with the reorganised coordination sphere around the

copper center. Now we want to describe the approach of this investigation.

We distinguished in the previous section between the configuration of the

two diastereomer transition state: Matched transition state: (S)/(R), Mis-
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9a + 4 (0.0) TS9a/10a (+71) 10a (+46)

9a + 4 (0.0) TS9a/11a (+74) 11a (+34)

Figure 16: Investigated reaction pathway of C-C bond formation. The preferred

and the disfavoured attack of the coordinated aza-enolate on the Michael acceptor

has been investigated.
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Figure 17: Alternative transition state for the matched transition state TS9a/10a

with a larger barrier than for the primer showed transition state for the favoured

product.

matched transition state: (S)/(S). The first letter signify the configuration

of the amino acid and the second letter the configuration of the formed qua-

ternary stereo center. To investigate the possibility of a different reaction

channel for the matched product we apply the following procedure. Starting

point for this calculation has been the mismatched transition state 9a/11a.

The the configuration at the amino acid has been chained and the transition

state remain optimised. This molecule exhibit the following configuration:

(R)/(S). Due to the similar energy of two enantiomers, we assume that the

energy of the located transition state should be equal to one with the con-

figuration: (S)/(R) which is the similar to 9a/10a. Indeed we successfully

located such a transition state presented in Fig. 17. Surprisingly is this

stationary point 71 kJ/mol higher in energy then the previous described

transition state TS9a/10a due to the arisen sterical interaction. The lower

distance between two methyl group: amino acid side chain and the methyl

group of the 1,3–diketone, increase the sterical interaction and the energy
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of the transition state. This transition state is not relevant because of the

large reaction barrier. To check this results the transition state optimisation

has been repeated, replacing the amino acid with glycine. In the same way

was the mismatched transition state been reoptimised with glycine instead

of alanine. The resulting geometries are both without any energy difference.

Already the start geometry of both optimisations differs with 45.23 kJ/mol.

We conclude the additional sterical interaction of two methyl groups as the

reason for the huge reaction barrier.

4.3 Solvation effects on the enantioselectivity

All previous calculations were performed in the gas phase. The experiments

of Christoffers show the best results for the enantioselectivity in solvent (ace-

tone, dielectric constant=20.7) are up to 99% ee. Solvents with smaller

polarity like dichlormethane and toluol produce lower enantioselectivity of

this reaction in the experiments. All optimisations of minima and transition

states in this section are performed using the continuum model COSMO

[109–118] implemented in Gaussian03. The optimised geometries of minima

and transition states for all molecules in the gas phase were taken as the

start geometry for the COSMO optimisation. To check this data single point

calculations have been made with all structures using the TURBOMOLE im-

plemented COSMO model. The calculated solvation energies are presented

in table 7. The observed deviation in the solvation energies of the COSMO

model is up to 3 kJ/mol and in some cases up to 10 kJ/mol. TURBOMOLE

and Gaussian have slightly different implementations of the COSMO model.

This is a reason for the different solvent energies calculated with both pro-

gram packages. Table 8 gives the results for the reaction barrier differences

∆EA and the resulting enantioselectivities in gas phase and COSMO imple-
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Figure 18: This figure presents the optimised transition states. On the left side

are the transition states for the matched and on the right side for the mismatched

products. Left side: TS9a/10a, TS9h/10h. Right side: TS9a/11a TS9h/11h.
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Figure 19: This figure presents the optimised transition states. On the left side

are the transition states for the matched and on the right side for the mismatched

products. Left side: TS9i/10i, TS9j/10j. Right side: TS9i/11i, TS9j/11j.
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mented in Gaussian. The absolute barriers are shown in table 9. The results

for the enantioselectivity with different sizes of amino acids in the gas phase

in the previous section described show an underestimate enantiomeric excess

compared to the experiments. Introducing solvent effects in the calculation

of enantioselectivity gives results approximately to the experiment. But the

accuracy of the COSMO model is insufficient to be used for the exact cal-

culation of solvent effects on the enantioselectivity. The following presented

results are calculated with COSMO implemented in Gaussian. The value

∆EA in case of alanine increase from 3 kJ/mol in the gas phase to 8 kJ/mol

in solvent which leads to an ee of 49% in gas phase and 92% ee in solvent.

In case of valine the account of ∆EA in gas phase of 2 kJ/mol (30% ee)

increases to 11 kJ/mol (98% ee). The largest effect feature the tert.-leucine

used pathway with 4 kJ/mol (65% ee) in gas phase and 14 kJ/mol (99% ee)

in acetone. The solvation energy of the matched and mismatched transition

state show differences of 6-11 kJ/mol.

To investigate possible reasons we have been looked at the electrostatic po-

tential map of both transition states. The electrostatic potential and the

surface area differs not much between both product isomers transition state.

This is not surprising because of the similar charge and surface area of both

structures. We still have no decisive explanation why polar solvents increase

enantioselectivity. But already small differences in the reaction barriers have

a huge effect on the enantioselectivity. Also the exact absolute energy bar-

riers of both reaction pathways increases in solvent. The solvation energy

in case of the pathway using alanine is in the sum of Michael donor 9a

(188 kJ/mol) and Michael acceptor 4 (25 kJ/mol) with 212 kJ/mol larger

than for the transition state TS9a/10a (185 kJ/mol) and TS9a/11a (180

kJ/mol). This increasing absolute reaction barriers in gas phase and solvent
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has been also observes in the pathways using other amino acids. We can

conclude that the COSMO accuracy is not precise enough to calculate ab-

solute enantioselectivity with solvent effects. A higher exactness of about

0.1 kJ/mol is necessary for the precisely calculation of solvent effects on the

enantioselectivity. The additional difficulty of the convergence in COSMO

optimisations due to the rough of the energy potential surface increases the

error of this results up to 2 kJ/mol. We can conclude that the introduction

of solvent effects in the calculations successfully describe the experimental

enantioselectivities.

4.4 Metal-free background reaction

In the previous section 3.2 has been the preferred folded transition state in

the metal free background reaction described which own an important in-

tramolecular hydrogen bond. The existence of such a transition state has

been proved by experiments (section 3.3). Now we focus on the enantioselec-

tivity of this metal-free background reaction in gas phase. The calculations

have been performed similar to the previous section. We have been locating

the folded transition states for the matched and mismatched product using

the amino acids alanine and tert.-leucine as chiral auxiliaries (3a and 3b

(Scheme 11). In gas phase is just this transition state locatable. A higher

chiral induction in case of the tert.-leucine is expected than with alanine and

has been also calculated but unfortunately for the opposite (S) enantiomer

than in experiments. The difference in the activation energies is in the case

of alanine computed to 0.9 kJ/mol and for the tert.-leucine to 2.4 kJ/mol.

We have been computing indeed a higher chiral induction increasing with the

size of the amino acid (Table 10. But the favoured configurated enantiomer is

not similar with the experiment. We have to mention here that the accuracy
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of the calculations is especially in case of a low enantiomeric excess not high

enough to give precisely results. We located one the zwitterionic transition

state including solvent effects. Indeed the reaction barrier crossing the folded

transition state TS3a/6a-in increases in solvent. The activation energy of

92.3 kJ/mol increases to 117.4 kJ/mol. Transition state TS-3a/6a-out is

not possible to be located in gas phase due to the zwitterionic structure. An

optimisation in solvent (acetone) using COSMO gives a located transition

state with a barrier of 91.4 kJ/mol which is in magnitude to the previous

folded transition state (Table 11. Due to this result we can conclude that the

folded transition state is preferred in gas phase but in solvent the zwitterionic

structure is also feasible. Like mentioned before the experiment of section 3.2

exclude the zwitterionic transition state. In any case is the copper catalyzed

reaction the preferred pathway in contrast to all other presented paths. The

folded transition states which has been located for alanine and tert.-leucine

are presented in Fig. 20. The only zwitterionic transition state which has

been successful located in solvent is TS3a/6a-out (Scheme 11).
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Scheme 11: Investigated metal-free background reaction.
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Figure 20: Optimised transition states of both product isomers using alanine

and tert.-leucine as the chiral auxiliary. The favoured isomer both case is

here the R isomer in contrast to the experimental data.
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5 Computational details

Total energies were obtained by density functional calculations performed

with the Gaussian03 [91] and TURBOMOLE [92, 93] quantum chemical pro-

gram packages. TZVP basis sets [94] have been used throughout. In all cases

the B3LYP exchange correlation functional [55–60] has been used. For the

reaction profiles, the minima and transition states were characterised by a

harmonic vibrational analysis. We have used the B3LYP-VWN5 functional

[119] in which the VWN5 (developed by Vosko, Wilk, and Nusair) functional

is used as the local correlation part. In contrast to TURBOMOLE B3LYP

implemented in Gaussian03 uses the VWN functional. In this case a modifi-

cation of the source code of Gaussian03 is necessary to get the B3LYP-VWN5

functional. The computational methods for the calculation of enantioselec-

tivity and solvent effects has been already described in section 4.2.

We performed test calculation to study the influence of relativistic effects

on the main reaction barrier of C-C bond formation. These calculations

have been performed scalar relativistically (per direct perturbation theory)

[120, 121] using the TURBOMOLE package [92, 93]. The investigated path-

way is the nucleophilic attack of the coordinated aza-enolate on copper (9b)

on Michael acceptor 4. The reaction barrier has been computed without

relativistic effects to 64.92 kJ/mol and including relativistic effects to 67.17

kJ/mol. The relativistic effect on the barrier has a value of 2.25 kJ/mol.

This effect is small and due to this results relativistic effects has not been

taken into account in all further optimisations.

We have used a full DFT (B3LYP) calculation to optimise all minima and

transition states. The zero point vibrational energy has been added to the

electronic energy to obtain reaction and activation enthalpies. If this has

not been done it is described in the correspondence sections. The transition
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states have been in the following way preoptimised. The RI-option ( reso-

lution of identity ) of the TURBOMOLE V5-7 package has been used in a

scan calculation along the reaction coordinate forming the C-C bond. For

this case several geometry optimisations has been made with RI-BP86. Us-

ing the highest energy geometry a full optimisation has been performed with

Gaussian03 with the B3LYP TURBOMOLE functional. The optimisation

of transition states of open shell systems is not yet possible with TURBO-

MOLE. It was not possible to preoptimise the transition states using the

QST2/QST3 implementation in Gaussian.

We performed test calculations using a small basis set to reduce computa-

tional effort and study the influence of this different basis set on a reaction

barrier. The model system is the reaction pathway of C-C bond formation

between a coordinated enamine and methylvinylketone (7a + 4 → TS7a/8a

→ 8a). First we used TZVP basis set for all atoms and second a mixed small

basis set (TZVP for all atoms in the reactive part excluding the amino acid

side chain, SVP for the carbon atoms and SV basis set for the hydrogen

atoms in the amino acid side chain). The reaction barrier calculated with

TZVP basis set was computed to 98.99 kJ/mol and with the small basis set

to 98.95 kJ/mol (electronic energy without ZPVE). The resulting difference

of the reaction barrier calculated with the large and small basis set is 0.05

kJ/mol. We conclude that it is useful to take this small basis set for the pre-

optimisations of large molecules due to the small difference compared with

the full TZVP basis set. Similar test calculation have been performed for

the reaction pathway of C-C bond formation using tert.-leucine as the amino

acid. The transition states for the matched TS9i/10i and mismatched prod-

uct TS9i/11i were optimised using first full TZVP basis set and secondly
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a small basis set described previously The difference of the reaction bar-

riers for both stereoisomers calculated with TZVP basis set for all atoms

was computed to 3.81 kJ/mol and using the small basis set to 4.03 kJ/mol.

The resulting displacement of the calculation with a small basis set has been

computed to 0.22 kJ/mol.
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6 Summary

This PhD thesis investigates quantum chemical (DFT) studies on the cop-

per(II) catalyzed Michael reaction. The reaction mechanism and the molec-

ular process leading to the high enantioselectivity has before not been clar-

ified by either experiment or theory at the onset of our work. We have

investigated feasible reaction pathways and intermediates to elucidate the

mechanism. Methylvinylketone, acting as the Michael acceptor reacts with

an enamine (Michael donor), synthesized from a 1,3–diketone and an amino

acid. Experimentally, copper(II)diacetate and a chiral auxiliary (amino acid)

must be introduced to achieve high enantioselectivity. We have investigated

the role of the amino acid in the molecular process of the chemoselectivity.

We have calculated reaction barriers for three different pathways: (1) metal-

free background reaction, (2) C-C bond formation of a coordinated enamine

on copper and (3) C-C bond formation of a coordinated aza-enolate to cop-

per. Experiments show that also a metal-free reaction exists, yielding a small

but reasonable enantioselectivity. Therefore, we have to expect the existence

of a metal-free background reaction despite the use of the catalyst. Our cal-

culations show that an intramolecular proton shift exists in the transition

state. This path, with a computed barrier of 97 kJ/mol (TS3a/6), would

be favoured over a zwitterionic transition state, which can be not located

in gas phase. Calculations on the enantiomeric excess (ee) with the chiral

auxiliaries alanine and tert.-leucine were performed. Theoretical calculations

together with experiments showed that our proposed transition state is plau-

sible.

We propose that the refined enamine first coordinates to the copper-center.

Then, two possible pathways for the further reaction exist (2) and (3): The

computed barrier of path (2) (94 kJ/mol (TS7a/8a)) has the same mag-
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nitude as the metal-free variant of the reaction. We found that the lowest

barrier for this reaction is given by reaction path (3), which is the nucleophilic

attack of an aza-enolate coordinated on three ligand sites on the copper(II)

9a. The fourth coordination site is filled with the acetic acid, giving the

lowest computed reaction barrier (TS9a/10a) of 71 kJ/mol. The enamine

is coordinating on copper with an acetate molecule as the co-ligand. The

intramolecular proton shift from the enamine nitrogen to the acetate oxygen

(7c → 9a) is exothermic with 58 kJ/mol leading to the square planar coor-

dinated reactive species (9a) which is most reactive. We investigated other

co-ligands in species 9 (ammonia, ethanol, methanol, acetone, and water)

and acetic acid causes the lowest barrier of this main reaction path. Addi-

tionally, we investigated an outside attack of the Michael donor meanwhile

the Michael acceptor is not coordinated on copper. But this highly polar

transition state is not preferred, neither in gas phase nor including solvent

effects by using COSMO. The resulting catalytic cycle for the computed

mechanism is shown in scheme 9.

In all cases, the N-H bond is broken either before or during C-C bond for-

mation, and no imminium ion intermediates are performed. These pathways

are not possible for secondary enamines which are formed if one starts e.g.

from a N-methylated amino acid. Indeed, in an experiment we suggested by

the present work, no reactivity has been observed in such a case, either for

the metal-free background reaction or in the presence of Cu(OAc)2 [86].

Our predictions were confirmed by experiments, where ESI-Mass spectroscopy

indicate the existence of a coordinated aza-enolate on copper(II).

The main feature of this reaction is the high enantioselectivity due to the use

of chiral amino acids as auxiliaries for the reaction. We proposed the follow-

ing mechanism for the chiral induction: The amino acid side chain is oriented
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axial out of the square planar coordination sphere around copper. The nucle-

ophilic attack from the Michael donor on the Michael acceptor occurs from

the opposite side of the plane, sterically not hindered by the amino acid side

chain. We calculated the enantioselectivity with amino acids with different

sizes of the side chains. We located transition states which are eventually

leading to both enantiomers (Scheme 10) and used the corresponding en-

ergy difference for the calculation of the enantiomeric excess (ee). Alanine,

valine tert.-leucine and neo-pentylglycine were used as the chiral auxiliary

(Table 3). In our calculations, we observed the highest chiral induction us-

ing tert.-leucine as the chiral auxiliary with an energy difference between

both possible transition states of 3.8 kJ/mol (65 % ee). This tendency of

increasing enantiomeric excess with the amino acid size is shown in the cal-

culations, but all of these enantioselectivities are underestimated compared

to the experimental data. We found out that the geometry of the enantiomer

transition states are quite different in nature showing a strong distortion from

the square planar coordination in case of the disfavoured product. We have

to mention that all of the calculations were performed in gas phase while

experiment show the best results in acetone as a solvent. Therefore, we in-

troduced solvation effects simulated with the continuum model COSMO. All

transition states were optimised including solvent effects. The results for

the calculated enantioselectivities in the gas phase compared to the solvent

acetone and experimental data is shown in Table 8. The energy difference

increases between the reaction barriers of both transition states for example

in case of tert.-leucine from 3.8 kJ/mol (65% ee) in gas phase to 14 kJ/mol

(99% ee) in solvent.

The solvent decreases the reactivity (because the compact transition states

have a lower solvation energy than the starting material) but increase the
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enantioselectivity. Despite the insufficient accuracy of optimisations per-

formed using the continuum model and DFT, we can show with these calcu-

lations, that the proposed mechanism, supported by theoretical calculations,

can account for the experimental effective high enantioselectivity of this re-

action.

This work has contributed to an understanding of the reaction mechanism

and how chiral information is transfered from the auxiliary to the new asym-

metric carbon center.
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7 Tables

Ligand L ∆E in kJ/mol

7a → 8a 94

7b + 4 → 7b4 -133

7b4 → 8b 103

7c → 8c (50)

7d + 4 → 7d4 -106

7d4 → 8d 110

9a → 10a 70.9

9b → 10b 64.9

9c → 10c 68.8

9d → 10d 71.8

9e → 10e 72.7

9f → 10f 75.1

Table 1: Reaction barriers of C-C bond formation (without zero-point vi-

brational energy (ZPVE)) of all investigated pathways of a coordinated aza-

enolate on copper(II).
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structure E[a] E[b] E[c] E[d] E[e]

9a + 4 209.1 211.9

TS-outside 207.8 205.3 118.6 123.7 125.1

TS-inside (TS7a/9a) 179.8 185.3 70.9 100.5 97.4

Table 2: The first two columns contain solvation energies and the following

three columns contain activation energies (E(TS) - E(9a+4)): [a], [b]: solva-

tion energies calculated with the PCM and COSMO model, [c]: activation

energies in gasphase, [d], [e]: activation energies calculated with the PCM

and COSMO model

amino acid[a] ∆EA ee

Ala 2.7 49%

Val 1.6 30%

Tle 3.8 65%

Npg 2.1 39%

Table 3: Reaction barriers differences ∆EA (electronic energy without zero-point

vibrational energy) (in kJ/mol) and derived enantioselectivity of several pathways

using [a] different amino acids for the chiral auxiliaries using the B3LYP functional

and TZVP basis set.
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amino acid[a] TS EA EA + ZPVE

Ala 9a/10a 70.9 77.7

Ala 9a/11a 73.6 78.0

Tle 9i/10i 67.7 76.8

Tle 9i/11i 71.5 78.2

Val 9h/10h 69.6 77.4

Val 9h/11h 71.2 75.1

Table 4: Results of the absolute reaction barriers using [a] different amino acids in

the chiral auxiliaries in kJ/mol. TS describes the stereoisomer of the constructed

product in the transition state.

amino acid[a] C-C bond length

in TS9/10 in TS9/11

Ala 1.88 2.05

Val 1.88 2.09

Tle 1.88 2.10

Npg 1.90 2.06

Table 5: C-C bond lengths for the optimised transition states of the matched and

mismatched products using [a] different amino acids in the chiral auxiliaries. The

results in the third column are without zero point vibrationel energy correction

(ZPVE) and the fourth column gives the reaction barrier with ZPVE.
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out of plane angle

original MA

Ala 40.02◦ 35.23◦

Val 25.11◦ 11.84◦

Tle 21.58◦ 6.52◦

Npg 32.58◦ 26.11◦

Table 6: Results of the out of plane angles of the square planar coordination sphere

of copper(II) in the mismatched transition states with different amino acids. L

means the type of ligands for the square planar coordination. Original means the

four ligands are the aza-enolate and the water molecule. MA means that instead of

the second ketone of the aza-enolate is the Michael acceptor 4 used as the ligand.
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molecule E
[a]
solvent

4+9b 213

TS9a/10a 185

TS9a/11a 180

10a 176

11a 176

4+9h 208

TS9h/10h 180

TS9h/11h 171

10h 170

11h 174

4+9i 206

TS9i/10i 177

TS9i/11i 166

10i 190

11i 190

Table 7: Calculated solvation energies (electronic energy without zero-point

vibrational energy) [a] in kJ/mol using COSMO implemented in Gaussian

out of the difference between a full COSMO optimisation and the gas phase

result.
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amino acid[a] ∆E
[b]
A ee[b] ∆E

[c]
A ee[c] ∆EA

[d] ee[d] ee(Exp.)

Ala 2.7 49% 8 92% 7.6 91% -

Val 1.6 30% 11 98% 6.5 86% 99%

Tle 3.8 65% 14 99% 11.5 98% 99%

Table 8: Reaction barriers (electronic energy without zero-point vibrational

energy) differences of both stereo isomers ∆EA and the resulting enantios-

electivity using [a] different amino acids in the chiral auxiliaries, [b] in gas

phase, [c] COSMO implemented in Gaussian [d] COSMO implemented in

TURBOMOLE using single point calculations compared to the experimental

enantioselectivities.

amino acid[a] pathway E[b] E[c]

Ala 9a + 4 → 10b 70.9 97.5

Ala 9a + 4 → 11b 73.6 105.6

Val 9h + 4 → 10h 69.6 97.9

Val 9h + 4 → 11h 71.2 108.0

Tle 9i +4 → 10i 67.7 96.1

Tle 9i +4 → 11i 71.5 109.8

Table 9: Absolute reaction barriers (electronic energy without zero-point

vibrational energy) for the pathways of both stereo isomers using [a] different

amino acids in the chiral auxiliaries, in [b] gas phase and [c] COSMO using

Gaussian03.
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amino acid ∆ETS(kJ/mol) EE (%)

Ala 0.93 18.55

Tle 2.41 45.13

Table 10: Results for the enantioselectivity of the C-C bond formation in the

metal-free background reaction with different chiral auxiliaries

structure E
[a]
ac E

[b]
ac

TS3a/6a-in 92.3 117.4

TS3a/6c-in 91.3 -

TS3a/6a-out - 91.4

Table 11: Results of the absolute barriers [a]: gas phase and [b] using COSMO.
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9 Appendix

9.1 Color code of Figures

3, 4, 5, 6, 7, 13, 16, 17, 18, 19, 20.

• purple: copper

• grey: carbon

• red: oxygen

• blue: nitrogen
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Appendix 9.2 Absolute energies of the calculated structures

9.2 Absolute energies of the calculated structures

structure E[a] E[b] H
[b]
298 G

[b]
298

1 -345.725341 -345.603854 -345.594523 -345.637737

2 -382.395281 -382.219405 -382.208262 -382.254456

3a -651.700114 -651.425833 -651.407753 -651.472058

3b -769.587308 -769.228942 -769.206706 -769.280486

4 -231.181652 -231.092730 -231.086646 -231.121010

5 -576.927110 -576.711628 -576.697265 -576.752116

6a-in -882.878225 -882.510348 -882.486334 -882.563943

6b-in -1000.761437 -1000.308915 -1000.281085 -1000.366047

6c-in -882.877989 -882.509522 -882.485808 -882.561849

6d-in -1000.489022 -1000.253315 -1000.231540 -1000.302053

Table 12: Absolute energies of different minima structures: [a] electronic

energy and [b] the electronic energy plus the zero point vibrational energy

correction calculated with Gaussian (assumption of classical behaviour for

rotation in the frequency analysis).

93



9.2 Absolute energies of the calculated structures Appendix

structure E[a] E[b] H
[b]
298 G

[b]
298

7a -2599.292955 -2598.900095 -2598.870293 -2598.963593

7b -2444.514624 -2444.188055 -2444.162646 -2444.243550

7b4 -2675.747091 -2675.329803 -2675.297812 -2675.396258

7c -2520.456687 -2520.128452 -2520.103489 -2520.185635

7-triflat -3253.371387 -3253.067263 -3253.039110 -3253.128959

7d4 -2715.013935 -2714.567805 -2714.533879 -2714.635500

textbf8a -2599.278206 -2598.884524 -2598.855320 -2598.947414

8b -2675.723940 -2675.305907 -2675.273642 -2675.371492

8c -2752.679493 -2751.198974 -2751.170494 -2751.255578

8d -2714.981781 -2714.534303 -2714.502325 -2714.595730

9a -2367.841473 -2367.551017 -2367.529460 -2367.600489

9b -2520.478779 -2520.149746 -2520.125240 -2520.205238

9c -2347.980911 -2347.676666 -2347.654960 -2347.728427

9d -2407.12544 -2406.806580 -2406.784195 -2406.858099

9e -2446.430304 -2446.083154 -2446.058596 -2446.141029

Absolute energies of different minima structures: [a] electronic energy and

[b] the electronic energy plus the zero point vibrational energy correction

calculated with Gaussian (assumption of classical behaviour for rotation in

the frequency analysis).
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Appendix 9.2 Absolute energies of the calculated structures

structure E[a] E[b] H
[b]
298 G

[b]
298

9f -2484.534518 -2484.183791 -2484.158332 -2484.240294

9g -3253.380026 -3253.076637 -3253.048625 -3253.137999

9h -2446.431990 -2446.085214 -2446.060951 -2446.138320

9i -2485.725466 -2485.351216 -2485.325556 -2485.405282

9j -2525.022944 -2524.620453 -2524.594265 -2524.675152

10a -2751.633898 -2751.212882 -2751.181813 -2751.277282

10b -2599.278206 -2598.884524 -2598.855320 -2598.947414

10c -2579.145228 -2578.748489 -2578.720792 -2578.805647

10d -2638.289014 -2637.877315 -2637.848088 -2637.937402

10e -2677.594258 -2677.153942 -2677.123641 -2677.215927

10f -2715.697398 -2715.254497 -2715.222597 -2715.320191

10h -2677.596064 -2677.157147 -2677.127471 -2677.216696

10i -2716.888343 -2716.421106 -2716.389498 -2716.482826

10j -2756.186814 -2755.692090 -2755.658578 -2755.756477

11b -2599.010120 -2598.627166 -2598.599224 -2598.684888

11h -2677.602874 -2677.163911 -2677.134048 -2677.223696

11i -2716.896961 -2716.429428 -2716.397877 -2716.490083

11j -2756.192817 -2755.697719 -2755.665147 -2755.760784

Absolute energies of different minima structures: [a] electronic energy and

[b] the electronic energy plus the zero point vibrational energy correction

calculated with Gaussian (assumption of classical behaviour for rotation in

the frequency analysis).
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9.2 Absolute energies of the calculated structures Appendix

transition state E[a] E[b] H
[b]
298 G

[b]
298

TS3a/6a-in -882.846623 -882.481353 -882.457547 -882.533884

TS3/6b-in -1000.730305 -1000.280139 -1000.252635 -1000.335930

TS3/6c-in -882.846978 -882.458911 -882.457967 -882.534272

TS3/6d-in -1000.729386 -1000.280070 -1000.252267 -1000.336632

TS9a/10a -2751.635698 -2751.216139 -2751.185374 -2751.278918

TS9b/10b -2598.996233 -2598.614338 -2598.586900 -2598.671471

TS9c/10c -2579.136383 -2578.741415 -2578.713581 -2578.799316

TS9d/10d -2638.279725 -2637.869151 -2637.840258 -2637.928139

TS9e/10e -2677.584255 -2677.145423 -2677.115210 -2677.206722

TS9f/10f -2715.687568 -2715.245961 -2715.214288 -2715.310461

TS9h/10h -2677.587127 -2677.148449 -2677.118602 -2677.207786

TS9i/10i -2716.881334 -2716.414691 -2716.383731 -2716.474357

TS9j/10j -2756.177814 -2755.683366 -2755.650654 -2755.746404

TS9b/11b -2598.995103 -2598.614032 -2598.586117 -2598.672148

TS9h/11h -2677.586539 -2677.149321 -2677.118642 -2677.210589

TS9i/11i -2716.879884 -2716.414175 -2716.382648 -2716.475241

TS9j/11j -2756.177055 -2755.684102 -2755.650545 -2755.751512

Table 13: Absolute energies of different transition states: [a] electronic energy

and [b] the electronic energy plus the zero point vibrational energy correction

calculated with Gaussian (assumption of classical behaviour for rotation in

the frequency analysis).
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Appendix 9.2 Absolute energies of the calculated structures

transition state E[a] E[b] H
[b]
298 G

[b]
298

TS-outside -2598.977947 -2598.599002 -2598.570252 -2598.660049

TS7a/8a -2599.255244 -2598.863627 -2598.834329 -2598.924289

TS7b48b -2675.707938 -2675.290477 -2675.258758 -2675.353606

TS7c/8c -2751.619477 -2751.200305 -2751.169106 -2751.266201

TS7d4/8d -2714.971854 -2714.525194 -2714.492992 -2714.586751

TS-alt -2598.968932 -2598.586983 -2598.559553 -2598.644293

TS-alt-gly -2559.697039 -2559.342983 -2559.317384 -2559.397609

TS9a/10a -2559.694713 -2559.311399 -2559.284472 -2559.367384

TS9h/10h -2677.655542 -2677.220764 -2677.191147 -2677.279818

TS9i/10i -2716.948595 -2716.485409 -2716.454563 -2716.545961

TS9a/11a -2599.063636 -2598.684617 -2598.658753 -2598.739365

TS9h/11h -2677.651534 -2677.217457 -2677.188056 -2677.276509

TS9i/11i -2716.943339 -2716.480287 -2716.450019 -2716.539264

Absolute energies of different transition states: [a] electronic energy and

[b] the electronic energy plus the zero point vibrational energy correction

calculated with Gaussian (assumption of classical behaviour for rotation in

the frequency analysis).

structure TZVP basis set SVP/SV basis set

7a -2599.292955 -2598.635222

TS7a/8a -2599.255244 -2598.597527

TS9i/10i -2716.881334 -2716.608151

TS9i/11i -2716.879884 -2716.606621

Table 14: Reduction of calculation time: Absolute energies in Hartree using

the TZVP and the and SVP/SV basis set for two reaction pathways
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9.3 Overview of the calculated structures Appendix

9.3 Overview of the calculated structures
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