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Chapter 1

Introduction

The application of computational chemistry has been expanding in recent years,
leading to work in a wide variety of fields. This thesis collects the contributions
we have made in the last years through theoretical chemistry in two particular
fields: asymmetric synthesis involving large organic systems, and selenopro-
teins. The unifying factor is the use of the same computational methods, DFT
and DFT/MM methods, and the focus in problems of experimental interest.
This introduction is organized in four sections. The first one presents briefly
an overview of current methods and applications of computational chemistry,
with particular focus on the topics studied in the thesis. The other three sec-
tions summarize the available knowledge on each of the experimental topics
that will be studied in detail in the following chapters: helicenes, guanidinium

organocatalysts and selenoproteins.

1.1 Computational chemistry

Computational chemistry is becoming increasingly closer to understanding and

solving key chemical problems. Current applications range from heterogeneous

13
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catalysis to enzymatic biochemistry.! One of the main reasons for this progress
is, without any doubt, the improvement of the computer resources, the contin-
ued increase of the computing power allows to dream with the accurate com-
putational study of larger and larger systems.

But these computer improvements are not the only reason for the current sit-
uation. Technology has been helped by the development and implementation
of new and more performing methods in more efficient software. New tech-
niques help us to understand how chemistry works. Nowadays, computational
chemistry is no longer seen as an oddity by most experimental research groups.
In the community of biologists, computation is being increasingly labeled as the
in silico approach, to complement the traditional classification between in vivo
and in vitro studies.

In addition, some developing countries have computational chemistry and

biology as a way to develop their own scientific programs.?

1.1.1 Modern methods of computational chemistry

Different approaches are available for the study of a given system. Quantum
mechanics®>® (QM) methods offer detailed information of the molecule, as the
electronic structure of the atoms or the nature of bond cleavage/formation pro-
cesses, but these methods require high computational cost. Quantum mechan-
ics methods are appropriate to study a gas-phase reaction in detail, or the pro-
cesses at the active center of a protein. Molecular mechanics®” (MM) methods
offer less information about the system, but are more affordable. One cannot
obtain the electronic structure of the molecules, but the electrostatic or steric ef-
fects of the “molecule environment” can be included. The strong point of these
methods is that they can be applied with moderate computational resources to

the study of large systems as proteins.

14
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There is a third choice which consists in hybrid QM/MM?¥ 13 methods. With
these methods one can apply a quantum molecular method to the most impor-
tant part of the molecule, and a molecular mechanics method to study the rest
of the system. In a protein we could apply a quantum mechanics method to
describe the reaction in the active center, and a molecular mechanics approach
to the rest.

Some popular versions of these methods will be briefly reviewed in what

follows.

Density Functional Theory (DFT)

Most quantum chemistry methods focus on the description of the stationary
states of a system of N electrons moving in a potential field created by M nuclei.
These stationary states are defined by the solutions of the time-independent

Schrodinger equation:

HVU = EFU (1.1)

As an exact solution to this equation is only available in very particular
cases, the goal of computational chemistry is to find an approximation. One ap-
proach to the ground-state wave function is provided by the Hartree-Fock'*1¢
method, which assumes that this wavefunction can be described by a single
Slater determinant of single-electron functions called molecular orbitals. The
method struggles when there is a little energy separation between the energy
of occupied and empty orbitals, which is a particularly serious problem when
working with transition metal systems. Results can be improved in a system-
atic way by the use of variational or perturbational techniques in what has been

labeled as post-Hartree-Fock methods.!® The computational cost associated to

15
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post-Hartree-Fock methods increases sharply.

Density functional theory (DFT) methods!” do not focus on the many-electron
wavefunction but on the electron density. The computational advantage of this
concept, is that while traditional methods based on the Hartree-Fock approach
deal with a wave functions of 3N variables (one spatial variable for each of
the N electrons of the system), the electron density is a function of only three
variables. Density functional theory is based on the idea that the energy of the
system can be expressed as a functional of the electron density. This theorem

was proved by Hohenberg and Kohn in 1964:

Ey = p] (1.2)

The most common implementation of DFT is the Kohn-Sham formalism,

where the electronic energy can be expressed as:

E(p) =T(p) + Enc(p) + Eee(p) + Exc(p) (1.3)

Where T'(p) is the kinetic energy of the non-interacting electrons, £,,.(p) the
nuclei-electron interaction, E..(p) the electron-electron repulsion and E,.(p),
the exchange correlation energy. The exact expression for the last term, the
exchange-correlation energy, is not known. We can only obtain an approximate
value for it using one of the different exchange and correlation functionals that
have been proposed.

The most simple functionals are based on the description of the uniform
electron gas. In the Local Density Approximation (LDA) the energy depends
exclusively on the value of the electron density, but not on its derivatives. This
method works properly for some systems, but its use is limited in the study
of systems with transition metal atoms because of intrinsic inaccuracy. The

work with transition metal compounds requires functionals where the energy

16
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depends explicitly also on the gradient of the local electron density. These meth-
ods are labeled as Generalized Gradient Approximation (GGA).

The better results are obtained from functionals that combine LDA, GGA
and HF exchange energies. These functionals are called hybrid functionals. The
density functional used in this work is Becke3LYP. This functional is a hybrid
functional, that uses the hybrid 3-term exchange functional proposed by Becke!®
and the correlation functional proposed by Lee, Yang and Parr.”

One of the main limitations of DFT is the lack of a hierarchy allowing sys-

tematic improvement of the quality of the results.

Hybrid QM/MM

Work with systems including transition metal atoms, like metalloproteins, is
not easy. The electronic complexity of transition metal atoms makes necessary
to work, at least, with modern post-Hartree-Fock methods.'® But these methods
are computationally demanding and scale poorly with the increase of the size
of the system. To solve this problem, model systems have been traditionally
used.?”? These models include critical parts of the protein, catalyst, ...but are
quite limited in size.

An affordable solution is provided by hybrid QM /MM methods. The sys-
tem is separated in different regions and the quantum mechanics method is
applied only to the core of the system, where the reaction takes place, and a
molecular mechanics description is applied to the rest. In the example of the
metalloprotein, a QM method can be applied to the metal and other atoms in-
volved in the reaction and a cheaper MM method to the “environment”, the
protein. The application of these methods, originally designed for biochemi-

cal systems,? is increasing in all fields of computational chemistry involving

17
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relatively large molecules, from metallocatalysts to metalloproteins.

A general equation to calculate the QM /MM energy for a system is:

Etot = EQMQ]\/Iregion + EMMMMmgion + Eint@TaCtionQM/MM (14)

Where EQurgy,eqi0n 18 the quantum mechanics energy of the QM region, Eyrasy, u,eyion
the molecular mechanics energy of the MM region, and Einteractiongynigs the
energy of the interaction between both regions described at the corresponding
level (QM or MM). There are lots of QM /MM methods!®?*28 and the key dif-
ference between them remains in the calculation of this E;,tcraction term. This

interaction can be described both at the QM and the MM levels:

EimemCtionQM/MM = EQMQM/MM + EMMQM/MM (15)

EQngy g 18 usually referred to as electronic embedding while Enra,,, a0,
is labeled as mechanical embedding. Evaluation of this mechanical embedding
term does not require to recalculate ) and is relatively easy to introduce if
one applies the same force field of the MM region. The Euy,,,,,,, term pro-
vides an estimation of the steric effects but it is less accurate in the description
of the electrostatic interactions. These steric effects come from interactions be-
tween both non-bonded and bonded atoms. For the case of non-bonded atoms,
the van der Waals terms are usually well described by MM. For bonded atoms,
steric effects are usually related to strain which is correctly reproduced by the
force field parameters (stretching, bending, torsion).

The electronic embedding, Equ,,,,,,,,, involves the introduction of the elec-
tronic effects. It means that the QM calculation of the QM region must be done
taking into account the presence of the MM region. This electronic embedding
is usually introduced as a pure electrostatic embedding, and the MM region is

seen for the QM calculation as a set of charges often placed at the same position

18



UNIVERSITAT ROVIRA I VIRGILI

QM and QM/MM STUDIES ON ORGANIC AND BIOINORGANIC SYSTEMS
Alfons Nonell i Canals
ISBN:978-84-691-8860-6/DL:T-1277-2008

1.1. Computational chemistry

of the MM atoms.?

A significant complication appears when there are bonds across the QM /MM
boundary. The particular situation when a QM atom is covalently bound to a
MM atom requires a specific treatment during the QM part of the calculation.
There are two possible solutions: local orbitals or link atoms. In the local orbitals
approach the dangling bond is represented by a special orbital. These local or-
bital methods, like the local self-consistent field (LSCF) and generalized hybrid
orbital (GHO) approaches, provide a QM description of the charge distribution

around the boundary, but their implementation is far from trivial.

The link atom approach is more simple. In this case a link atom is used to
saturate the dangling bond during the QM calculation. This atom is usually a
hydrogen® although other proposals have been made.*® During the QM calcu-
lation of the QM region, all MM atoms covalently bonded to a QM atom are
replaced by another atom, like hydrogen. The position of this link atom de-
pends also on the particular QM /MM method.

For the computational chemistry of transition metal complexes the most sim-
ple of the approaches described above are sufficient: one can use pure mechan-
ical embedding and link atoms. This has been proved by a number of publica-
tions.'¥ The two QM /MM methods most applied in this field are the IMOMM
and ONIOM methods, developed by Morokuma and co-workers.!%-26:27:353 The
simplest ONIOM formulation is presented in equation 1.6, which represents a
calculation with pure mechanical embedding. In this equation, E,,.,.,, is the
total energy of the full system, Equsg .y, 15 the QM energy of the QM region,
ENM,yeren 18 the MM energy of the full system and Enag, ..., 1S the MM energy
of the QM region.

EtOtsystem = EQMQ]\/ITegion + EMMsystem - EMMQ]VIregion (1'6)

19
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There are also refinements of ONIOM that propose the introduction of elec-

trostatic embedding.”’

1.1.2 Modern applications of computational chemistry

Computational chemistry is currently being applied to many fields of chemistry.
We will focus on this section on their application to the two fields that will be

discussed in this thesis: asymmetric synthesis and metalloproteins.
Asymmetric Synthesis

A chiral object is an object that cannot be overlapped with its mirror image.
The property is called chirality. A classical example of chiral objects are our
hands, two “objects” whose mirror image cannot be overlapped. In chemistry
we can find examples of chiral and non chiral molecules. The smallest chiral
aminoacid is alanine, its two enantiomers (R and S) cannot be overlapped. An
example of a non-chiral molecule is methane, which is identical to its mirror

image (Figure 1.1).

~ 1] 0O A
N'sya DN

\J I/ s,

) %7 \N (

R B N e
e T - A

1

Figure 1.1: Examples of chiral (left) and non-chiral (right) objects and molecules.

Chiral molecules have the physical property of rotating the plane of polar-

20
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1.1. Computational chemistry

ized light, and because of this they can be also referred to as optically active.
Optically active compounds are prepared, usually, by asymmetric synthesis,
this is the procedure to synthesize a chiral product from a non-chiral substrate.

It allows to create a stereogenic center with a particular configuration.

The synthesis of chiral compounds is an increasingly important research
area in chemistry and, also, in computational chemistry. Chiral compounds are
important in pharmaceutical research*** where different enantiomers can have
different effects. Public health is important and the governments are developing

44,45

laws concerning the optical purity of drugs.*** The field of asymmetric synthe-

sis is not limited to pharmaceutical research. It is also important in probes of

46-49 50,51 52-55

biological functions,*™ new materials®”>" and polymers.

Two enantiomers have the same energy, and because of this, its synthesis is
not trivial. If a reaction can follow two enantiomeric paths, these pathways will
be isoenergetic and the product will be a 50% mixture of the two enantiomers,
a racemate. During an asymmetric transformation, in some point the reaction
has to diverge into two non equivalent pathways leading to the R and S prod-
ucts. One approach to solve the synthetic problem is to use as reactant a chiral
compound with a well known and stable conformation. The use of a chiral

compound as a substrate is the most simple enantioselective process.

In asymmetric synthesis, to obtain chirality from a non-chiral substrates we
can use the chiral compounds in three different roles. A) As chiral reagents,
like optically active oxaziridines®® and peroxides.”” B) As chiral auxiliaries, like
menthol.** And, C), as chiral catalysts (asymmetric catalysis®’). Chiral com-
pounds are usually expensive or not easily accessible. Asymmetric catalysis
does not require stoichiometric amounts of chiral compounds, and they are re-
cycled for the following reaction. In 2001, the Nobel Prize for chemistry was

awarded to Knowless,® Sharpless®® and Noyori® “for their work on chirally

21
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catalyzed hydrogenation and oxidation reactions”.

A usual magnitude to quantify enantioselectivity is the enantiomeric excess
(ee, eqn. 1.7). It is quite simple to give an estimation of the enantiomeric excess
from computational data. Enantioselective reactions are, usually, under kinetic
control, ee can be computed assuming that the final R/S ratio is given by the
Boltzmann distribution of population of the two transition states, one for each
enantiomer (eqn. 1.8). Easy combination of these two equations (eqn. 1.7 and
1.8) generates a third equation (eqn. 1.9), which we can use to compute ee from

the difference of energies (AG?, /) between the pro-R and pro-5 transition states.

[R] — [S]
=——=x1 1.7
ee [R}—i—[S]X 00 (1.7)
[[S]] _ Gk, s/RT (1.8)
1_ G—Acg/S/RT
ee = x 100 (1.9)
14 ¢~ AGR,s/ BT

These computational data can be obtained using the methods explained in
the previous section (1.1.1). Quantum mechanics (QM) methods allow to know
in detail the main aspects of the reaction. In particular, DFT is a good method to
elucidate the reaction mechanism for metal-catalyzed reactions. QM methods
are good when the electronic effect of the catalyst plays a key role. To obtain in-
formation about the steric effects we can use molecular mechanics (MM) meth-
ods which are not very computer demanding. But the use of these methods can
be seriously complicated when we have to describe a reaction involving forma-
tion or breaking of chemical bonds. To work with large systems where both
electronic and steric effects are required, hybrid QM /MM methods are often an
appealing option.

In conclusion, in asymmetric catalysis we need a good method to describe

the reaction center and its immediate surroundings (QM), but to include at the
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same time all the steric effects of the system (MM). The combination of both
methods (QM/MM) has already been successfully applied to the study of sev-
eral catalytic processes, like asymmetric hydrogenation, hydroformylation, hy-

drosilylation, sulfoxidation and olefin dihydroxilation.

Metalloproteins

A general perception that organic chemistry is related with life processes,
while inorganic chemistry is not, is far from the truth. There are lots of organic
compounds which are relevant far from biological environments, like plastics,
and there are a number of inorganic compounds which are fundamental for
life. In this second group we can find the metalloproteins.** Metalloproteins
participate in a number of biologically critical processes, like oxygen transport
and cellular respiration. These macromolecules are called metalloproteins be-
cause, apart from the organic aminoacids, they contain a metal cofactor, often

involving transition metal atoms.

Metalloproteins are only a small subset of the large number of existing pro-
teins, and have some specific features complicating their theoretical study which
remains to a certain extent a challenge for computational chemistry. The key is
that it is more difficult to compute the energy of a system involving a transition
metal center than a purely organic system of the same size.

Metalloproteins are large molecules and we could think in molecular me-
chanics as the main tool for their study. However, molecular mechanics calcula-
tions are not straightforward, because force fields are often poorly parametrized
for transition metal systems. Semiempirical methods, often valid to describe re-
activity in organic systems, are much more limited in transition metal chemistry.

If one moves to methods based in quantum mechanics, things are not much bet-
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ter. The Hartree-Fock!'® method is also often insufficient even for a qualitative
description. The cheapest alternative is represented by generalized gradient ap-
proach (GGA) density functional theory” and it is already quite computationally
demanding.

Another problem is the size of the system on metalloprotein calculations. It
is still difficult to introduce a full protein in a QM calculation. In practice, the
computational study of metalloproteins is often confined to the description of
the reactivity of model systems of the active center at 0 K. The environment

effects of the protein are often introduced as a dielectric continuum.

Figure 1.2: The heme group.

Despite the problems mentioned above, computational work in metallopro-
teins is interesting, because the reactivity of these systems is also richer than
that of other proteins, and it is less known experimentally. A number of a re-
views on computational studies of metalloproteins have been published in re-

cent years.”>% An example of the high activity on this field is provided by
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the special issue® that the Journal of Computational Chemistry dedicated in 2006
to the topic of “Theoretical Bioinorganic Chemistry” with 19 contributions, most
of them dedicated to metalloproteins. A second example is the high number of
publications involving computational studies on metalloproteins. These papers
include work on cytochrome P450,%7° cytochrome C,”! other cytochromes,”

75,76 ni-

Ni superoxide dismutase,”? methane monooxygenase,”* hydrogenases,
trogenases,”” galactose oxydase,”® cobalamine and heme groups”® (see Figure
1.2) and blue copper proteins.®!

There is a small subfield in metalloproteins constituted by the selenopro-
teins which will be studied in this thesis (see section 1.4). In this field we have

to mention the works of Prof. Morokuma and co-workers in the study of the

mechanism of glutathione peroxidase (GPx).3!82
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1.2 Chemistry of helicenes

1.2.1 Thermal stability of [4]helicenequinones

Helicenes are compounds based on ortho-condensed aromatic rings. The small-
est helicene is [3]helicene, called phenanthrene, and it consists of three aromatic
rings. Because of the intramolecular steric effect, helicenes with 4 rings ([4]he-
licenes), and higher homologues have a non-planar structure.?>%

These non-planar molecules are chiral and, if the interconversion barrier be-
tween the two structures (enantiomers) is high enough, is possible to isolate
both non-superimposable structures. [3]Helicenes also contain this non-planar
feature,®” but the low interconversion barrier at room temperature does not al-
low to isolate the enantiomers.?3*° Helicene enantiomers are called P or PLUS,

if the direction of the helix from the front ring is clockwise and M or MINUS, if

it is counter-clockwise (see Figure 1.3).

Figure 1.3: Nomenclature of helicenes. The left drawing represents the P or

PLUS structure and the right drawing, the M or MINUS structure

The stability of both enantiomers depends of the number of rings of the
helicene and of the substituents in these aromatic rings. Phenanthrene, [3]he-
licene, enantiomers are only separable at low temperatures when they are 4,5-

disubstituted. On the other hand, enantiomers of [5], [6] and [7]helicenes are
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stable at room temperature and their isolated enantiomers can be stored during
long periods of time with no significant loss of purity. These larger helicenes

have a high interconversion barrier.”"-*?

The situation of [4]helicenes is special. They have a lower barrier than larger
helicenes, and therefore it is more difficult to isolate each enantiomer. The even-
tual isolation of the enantiomers of [4]helicenes is highly dependent on the na-
ture of the substituents on the terminal rings, especially those at the positions 1
and 12 (see Figure 1.4 for the labels). Small substituents allow racemization, but
with large substituents the molecules can be solved into their corresponding P

and M enantiomers.”?

The chirality of [4]helicenes was first reported in 1948 by Newman®* and
co-workers. Eight years later, in 1956, the same author® prepared and solved
the first configurationally stable 1,12-dimethyl-substituted [4]helicene. These
1,12-dimethyl-substituted structures are stable even at high temperatures. Since
1956, other [4]helicene structures have been resolved but their stability depends
of the substituents. These data provide the evidence that the racemisation bar-

riers are highly structure-dependent.

R3 R3

C1 lg!liii"
R1 R1
e} O

Cpp Cr2
R2 Q R2
0

Figure 1.4: Skeleton for both configurations of a [4]helicenequinone.
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Most applications of these [4]helicenes are related with their chirality. Some
examples are asymmetric catalysis,”® formation of chiral Langmuir-Blodgett (LB)
films,””*® or synthesis of optically active bihelicenol.” It is thus important to ob-
tain optically pure molecules and, in consequence, to understand how the na-
ture of the substituents and its placement can affect the interconversion barrier
in [4]helicenes.

Carrefio and co-workers!'® reported the synthesis of a 12-(tert-butyl)-substituted
[4]helicene quinone. The tert-butyl substituent confers configurational stability
to the system. New works are focused on the study of the 7,8-dihydro[4]helicenequinones
(see Figure 1.4). Experimental data show that the inversion barrier of these
[4]helicenes depends of the nature of the substituents, specially at position R;.

The chiral stability of these compounds will be investigated in this thesis.

1.2.2 Asymmetric synthesis of [5]helicenequinones

As mentioned above, the synthesis of enantiopure products is a key challenge
in the chemistry of chiral molecules. Helicene chemistry is not different and
the increase in the range of applications of functionalized helicenes requires
efficient and versatile enantioselective synthesis approaches to both M and P
enantiomers.

Some years ago, Carrefio and co-workers reported asymmetric synthesis
methods leading to both enantiomers of [5]helicenebisquinones. The exper-

imental process is summarized in Figure 1.5.190-103

The reaction begins with
the Diels-Alder cycloaddition between [3]helicene, phenantrene, derivatives 1
and the enantiomerically pure sulfinylquinone (S§S)-2. This produces an enan-
tiomerically pure intermediate 3, which is a dihydro[5]helicenequinone. 3 reacts
afterwards with an oxidating agent and is dehydrogenated to produce the [5]he-

licenequinone 4. Final oxidation of 4 leads to removal of the R; substituents,
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and obtention of [5]helicenequinone 5. This method has been used for the syn-
thesis of [5]helicenequinones and bisquinones using a functionalized vinyl di-

hydrophenanthrene in the cycloaddition.'®®

1aR, =Me; R =H 3aR;=Me:Ry=H 4aR;=MeRy=H (P)5aRy=H;Ry=H
1b Ry =TBDMS: R, =H 3bR;=TBDMS;R,=H 4b R;=TBDMS:R,=H (P,M)-5b R = H: R3=Me
1e R; = Me: R, = OEt 3¢ Ry =Me: R, = OEt 4c¢ R = Me: Ry = OEt (P)-5¢ Ry =OEt: R3=H

Figure 1.5: Pathway for the synthesis of [5]helicenes reported by Carrefio and
co-workers.!® TBDMS is tert-butyldimethylsilyl, (*-Bu)(Me),Si.

Compound 3 is known to be formed in all cases in an enantiomerically pure
R form, regardless of the nature of the R;, Ry, R3 substituents.'® However, the
final enantiomeric excess of the reaction (product 5), even the nature of the ma-
jor enantiomer, depends heavily on the nature of the substituents, especially R;.
The selectivity seems to be decided in the step from 2 to 3, the dehydrogenation
of the dihydro[5]helicenequinone intermediate. The governing effect on enan-
tioselectivity of the substituents was unclear, and we devoted a computational

study to the topic.

Different oxidating agents, including (§S)-2 can be used for the dehydro-
genation step from 2 to 3, but a powerful oxidating agent as 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) seems to produce good results. Remarkably,
the nature of the oxidant can also affect the chiral outcome, but we did not in-

vestigate this topic.
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1.3 Guanidinium salts as organocatalysts

Guanidinium is a functional group (Figure 1.6A) with special properties. In bi-
ological systems, guanidinium is important for the peptide chain stabilization
in proteins, bonding to DNA, molecular recognition,...In chemistry, guanidine
derivatives are used as strong bases, especially as asymmetric basic organocat-

alysts. 10410

A CI:?HQ B NH O
HQN)J\NHQ HZN)J\H/\/\H}\OH
NH,
C
N N
N N N N
H H Ry

& &
N N
R} Ry R}

Figure 1.6: A, guanidinium cation. B, guanidine as a functional group in argi-

nine. C, the two enantiomeric forms of a guanidine bicyclic derivative.

Present in the side chain of arginine (Figure 1.6B), the guanidinium cation
forms strong ion pairs with oxoanions such as carboxylates or phosphates!'®
in enzymes and antibodies. The capacity to bind oxoanions is associated to
the Y-shaped, planar shape of the cation, which directs strongly the hydrogen
bonding. The high pK 4 value (around 12-13)'% is also critical, because it makes
this functional group to be protonated in a wide range of pH. Due to these

properties, binding to oxoanions results from both ion-pairing and hydrogen
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bonding. This interaction will be less likely in high polar solvents as water. Be-
cause of this, in proteins the guanidinium-oxoanion interactions usually occur

inside hydrophobic pockets or in regions with a low dielectric constant.

Experimentally, in order to improve its solubility in non-polar solvents, guani-
dinium can be incorporated in a bicyclic framework (Figure 1.6C). These bi-
cyclic guanidinium frameworks can be used for the enantioselective recognition
of carboxylates and as asymmetric organocatalysts. The role of these derivatives
in enantioselective recognition was first discovered in 1989 by de Mendoza and

co-workers.1%®

Guanidinium salts have beeen recently used by de Mendoza and co-workers!®

to catalyze the enantioselective opening of the ring of azlactone derivatives in
order to produce quaternary glutamic acid analogues. The reaction is shown
in Figure 1.7. This process is part of the new protocols that have been recently
described for the synthesis of enantiomerically pure a-aminoacids. %12 These
quaternary aminoacids are an interesting synthetic target, because their intro-

113 The con-

duction in biologically active peptides often increases their activity.
ventional route to introduce chirality in aminoacids, asymmetric catalytic hy-

drogenation, cannot be applied in this case.

Ph N N
/ //l\\
R N N R No N 7 come COzMe
H H H _m,,
o > do R ————» Ph ;
N o MeOH
\( e Me0:CY  N\yph
Ph
Ph Ph /
N
1 2 3 4

Figure 1.7: Synthesis of a quaternary aminoacid from azlactone using a guani-

dine derivative as catalyst.
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The reaction has been performed using two different guanidine catalysts, 5
and 6, Figure 1.8. 5, using dicloromethane (DCM) as solvent at 25 °C, produces
product 4 with a yield of 46% and an enantiomeric excess of 57%. Both yield
and enantiomeric excess are higher with 6, the corresponding values being 60%
and 68%, respectively. Optimization of the conditions with 6, using toluene as

solvent and a temperature of —78°C produce a yield of 68% with a 87% ee.

N/j N

TBDMSO )\ . OTBDPS  Ph3CSH,C )\ -, CH,SCPh.

N/ N "///// ° ? N/ N "I//// ? :
H H

5 6

Figure 1.8: The two bicyclic guanidine catalysts applied in the experimental

study.

The catalytic role of the guanidinium in the ring-opening of azlactone is very
likely the formation of an adduct with the substrate (Figure 1.7), which then is
more easily attacked by the methyl acrylate. The presence of the chiral guani-
dinium will eliminate the equivalence between the two faces of the azlactone,
and drive the attack towards one of them. The precise structure of the adduct is
nevertheles not known, and because of this, we decided to investigate compu-

tationally this topic.
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1.4 Selenoproteins

Selenoproteins are the proteins that contain an aminoacid called selenocysteine.

This aminoacid is a special residue similar to cysteine but containing a selenium

atom instead of a sulfur. Insertion of a selenocysteine in the peptidic chain re-

quires a complex mechanism which is specific for this residue. The difficulty of

this insertion and the role of selenium as essential nutrient makes these proteins

an interesting field in computational biochemistry.

1.4.1 Selenium, the element and health implications

Selenium, in Greek “moon light”, was discovered in 1817 by the Swedish physi-

cian and chemist Jons Jacob Berzelius''* when he was working in the study of

the etiology of a strange disease among workers at a sulfuric acid plant in Grip-

sholm (Sweden). It is a non-metal element with atomic number 34 and Se as

chemical symbol. It is chemically related with sulfur (see Table 1.1).

Table 1.1: Chemical properties of selenium and sulfur

Properties Selenium Sulfur
Atomic weight 7896 uma  32.07 uma
Atomic radius 115 pm 100 pm
Covalent radius 116 pm 102 pm
van der Waals radius 190 pm 180 pm
Electronic configuration [Ar] 3(’1104}94452 [Ne]3s23p4
Oxidation states +2,4,6 +2,4,6

In contrast to sulfur, selenium was considered a poison until Schwaz and

Foltz'!® identified its role as a micronutrient for bacteria, mammals and birds.
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6 and

Some years after, in 1973, two bacterial enzymes, formate dehydrogenase!'!
glycine reductase,'” were reported to contain selenium. In this context, the
works in formate dehydrogenase carried by Andreseen and Ljungdahl during
the 1970’s are remarkable.!1% 1187120 Dyring this same period, selenium was dis-
covered in the active center of the antioxidant enzyme glutathione peroxidase

(GPx).'2-122 This clearly established the important biological role of selenium in

mammals.

Trace amounts of selenium are necessary for cellular functions in most eu-
karyote and prokaryote cells.”®!#* In contrast, it seems that plants do not re-
quire selenium for survival, although they incorporate it non-specifically into
compounds that usually contain sulfur when growing in soils containing sele-
nium. One can found selenium within the cells in separate molecules or in the

residue selenocysteine as part of proteins.

In humans, there are several health problems related with selenium defi-
ciency.'” Selenium is needed for the proper functioning of the immune system,
has an important antioxidant activity, and is required as a catalyst for the pro-
duction of the active thyroid hormone. Elevated selenium intake reduces the

126-129

risk for cancer and cardiovascular diseases. Selenium deficiency can accel-

erate the development of different cancers'® and decrease male fertility.!3!132

Anticancer activity is, perhaps, the best known and more relevant role of
selenium in health protection. It is probably related with the antioxidant activ-
ity of several selenium-containing enzymes, that can act against the oxidative
stress inside the cells.’®1%7 Glutathione peroxidases (GPx)"*1* are particularly
relevant in this context. GPx’s reduce potentially damaging reactive oxygen
species, and five of the known GPx’s are selenoproteins, The role of selenium in
cancer protection has also been associated with the regulation of different cell

pathways that induce apoptosis and DNA reparation.40-146
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Selenium requirements'¥’

vary according to the age, from the 15-20 ug/day
for 0-3 years old to 55 pig/day for 19 years old and older. These requirements
are increased up to 60 ug/day in pregnant women and up to 70 pg/day during
breastfeeding. Vegetables and meat are the main source of selenium'*® and in
a regular diet is difficult to have a selenium deficiency. This deficiency occurs
only in regions where selenium content is abnormally low in the soil. Keshan’s
disease derives its name from Keshan, a region in China with a soil poor in
selenium, where during 1935 appeared a heart fatal disease associated to sele-

nium deficiency. The oddity itself of selenium diseases means that it is usually

associated with other nutritional deficiencies.

1.4.2 Selenocysteine and selenoproteins

The major biological form of selenium is the aminoacid selenocysteine. An
aminoacid is a molecule which contains amine and carboxyl functional groups.
Proteinogenic aminoacids are the basic structural building units of the proteins.
There are also non-proteinogenic aminoacids with important biologically func-

tions as vitamins and neurotransmitters.

Figure 1.9: General structure of a proteinogenic aminoacid.
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The structure of the proteinogenic aminoacids is shown in Figure 1.9. R
represents the sidechain, which is specific for each aminoacid. The central atom,
where R is attached, is a called C,. C, is a chiral for all aminoacids except
glycine.

There are 20 “classical” proteinogenic aminoacids, which become 21 when
we include selenocysteine. The aminoacids form the protein structure through
peptide bonds between the amine group of one aminoacid and the carboxyl
of another one. The aminoacid sequence is encoded in the genetic code cor-
responding to each protein. A combination of three letters (codons) from the
DNA determines which aminoacid will be inserted. The sequence of the pro-
tein is terminated by a special codon named STOP codon. The translation takes

place in the ribosomes. Seccys

Figure 1.10: Cysteine (left) and selenocysteine (right).

The selenocysteine structure is like that of the other proteinogeic aminoacids.

Its R group is the same than that of cysteine but with a selenium atom replac-
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ing the sulfur atom. For this reason, selenocysteine is usually compared with
cysteine (see Figure 1.10).

The translation of selenocysteine is special because this aminoacid is en-
coded by a STOP codon UGA. Because of this, its insertion in the peptidic
chain requires something else than a “normal” translation (mRNA, ribosome
and tRNA). First of all, downstream from this UGA codon there has to be a
conserved sequence called SECIS (SElenoCysteine Insertion Sequence) that, be-
cause of some internal bonds, has a loop structure. This sequence helps the
specific tRNA to bind the mRNA, with the additional help of a protein com-
plex. In eukaryotes, this complex contains two proteins, SBP2 (SECIS Binding
Protein 2), which binds the SECIS element, and eEFSec (Sec Elongation Factor),
which binds to SBP2 and to a specific tRNNA (see Figure 1.11). In prokaryotes,
there are some changes in the SECIS sequence, and there is only an additional

protein, SelB, helping binding to tRNA.

eFFSec SBP2

New peptidic chain
Sec-h.

Sec-tRNA

mRNA

Ribosome

Figure 1.11: Translation mechanism of selenocysteine in eukaryotes.

The number of identified selenoproteins has increased substantially in the
last years because of the improvement in the bioinformatic tools allowing the di-
rect search of genome sequences.'?* 1415 The most remarkable selenoenzymes

in prokaryotes are formate dehydrogenase,'®* hydrogenases'® and glycine re-
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155

ductase.’™ In eukaryotes, one can mention iodothyronine deiodinases,'* thiore-

doxin reductase,'?*1%”

selenoprotein P**1% and Methionine-R-sulfoxide reduc-
tase (MSR),'*!! in addition to the glutatione peroxidases (GPx) mentioned

above. A summary of selected selenoproteins and its function is shown in Table

1.2.

Table 1.2: Most relevant selenoenzymes and their known function
Enzyme Catalytic reaction
Formate dehydrogenase Formate oxidation to carbon dioxide
NiFeSe-hydrogenases Oxidation of molecular hydrogen (Hs)
Glycine reductase Conversion of glycine to acetyl phosphate
Iodothyronine deiodinase Conversion of T4 to T3 and both degradation
Thioredoxin reductase Reduction of different thioredoxins (TRx)
Selenoprotein P Antioxidant, protection of endotelial cells
Methionine-R-sulfoxide Reduction of oxidized methionine

Glutatione peroxidases (GPx) Reduction of reactive oxygen species (ROS)

Selenoprotein W Possible role in muscle metabolism

1.4.3 Formate dehydrogenase H (FDHh)

The family of formate dehydrogenases (FDH) is an heterogeneous group of en-
zymes present in both prokaryote and eukaryote organisms. All of these en-
zymes have the same function, to catalyze the oxidation of formate to carbon
dioxide. The FDH in anaerobic prokaryotes, as is the case for FDHh, oxidize
the formate produced from piruvate during anaerobic respiration. They serve
as a major electron donor to a variety of respiratory pathways that use terminal

acceptors different from molecular oxygen.'¢2163
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The active center of FDH enzymes in anaerobic prokaryotes contains a tran-
sition metal atom, usually molybdenum or tungsten, and a molybdopterin gua-
nine dinucleotide (MGD) cofactor. Some of these enzymes have been crystal-
lized 152 164-170

Formate dehydrogenase H (FDHh) is an anaerobic enzyme that catalyzes
the oxidation of formate to carbon dioxide in absence of oxygen. It is activated
by the presence of formate and inhibited if there is oxygen in the environment.
It contains a selenocysteine in the position 140, and it is thus a selenoprotein.

The presence of molybdenum converts it also in a metalloprotein. The crystal

structure of this enzyme was published by Boyington et al in 1997.1>2

Figure 1.12: Active center of formate dehydrogenase H.

The structure of the active center of FDHh is shown in Figure 1.12. The
selenium from selenocysteine is coordinated to the central molybdenum atom.
The molybdenum is also bound to four sulfurs from the two molybdopterin
guanine dinucleotide (MGD) cofactors. As an electron acceptor, the enzyme

has a sulfur-iron box (Fe,S,) which receives, one by one,'”! the two electrons
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generated in the catalyzed reaction. There are two important aminoacids more,
a histidine (His'*') that transfers the proton released by the reaction and an
arginine (Arg*”) that can stabilize reaction intermediates and transition states.

FDHh is part of a complex called formate-hydrogen lyase,'”? from Escherichia
coli. This complex decomposes formic acid to hydrogen and carbon dioxide
in anaerobic conditions. FDHh catalyzes the reaction shown in equation 1.10.
This reaction releases two electrons and one proton which are used for the cell

metabolism.

HCOO™ — COy + H* + 2¢~ (1.10)

The presence of selenocysteine instead of cysteine in the protein active cen-
ter implies a dramatic catalytic change. The reaction rate is 300 faster with se-

lenocystein than with cysteine.'”?

The reason for this sensitivity is not known,
and is likely associated to the essential characteristics of selenocysteine as an
aminoacid. Because of this, we decided to study the topic from a computational

point of view.
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Chapter 2

Objectives

The main aim of this thesis is to solve some organic and bioinorganic, biological
and synthetic, questions using both QM and QM /MM computational chemistry

tools. These tools have been applied to different systems and problems.

e Thermal stability of [4]helicenes. The thermal stability of chiral [4]he-
licenes depends on the nature of the substituents. The barrier for the inter-
conversion between the P and M enantiomers will be computed for differ-
ent systems, with the goal of finding the relationship between the nature

of the functional groups and the chiral stability of the compounds.

e Asymmetric synthesis of [5]helicenequinones. The synthesis of [5]he-
licenequinones can yield either P or M products. Experimental data show
that the configuration of the product depends on the nature of the sub-
stituents at the [3]helicene precusor. The mechanism controling the chiral-
ity is not well understood, and will be investigated through calculations

on the selectivity determining transition states of the key reaction step.

e Chiral guanidine derivatives as organocatalysts for asymmetric synthe-

sis. Chiral guanidine derivatives have been recently shown to catalyze

41



UNIVERSITAT ROVIRA I VIRGILI

OM and QM/MM STUDIES ON ORGANIC AND BIOINORGANIC SYSTEMS

Alfons Nonell i Canals

ISBN:978-84-691-8860-6/DL:T-1277-2008

2. Objectives

42

the ring opening of a prochiral azlactone to produce a chiral quaternary
aminoacid with good enantiomeric excess. The first step of the reaction is
complexation between the azlactone and the catalyst. The structure of the

adduct, which decides the final chiral outcome, will be analyzed.

Role of selenocysteine in the active center of Formate Dehydrogenase
H . Experimental data show the critical role of selenocysteine in the active
center of FDHh. We will characterize the FDHh catalytic mechanism and
study the effect of the presence of selenocysteine in the active center as

alternative to the more usual cysteine.

Effect of the nature of the metal in the behavior of different formate
dehydrogenases. Most FDH contains molybdenum as a central transition
metal atom. Sometimes, this metal is replaced by tungsten. The reasons

and effects of this change remain unknown and will be studied.



UNIVERSITAT ROVIRA I VIRGILI

QM and QM/MM STUDIES ON ORGANIC AND BIOINORGANIC SYSTEMS
Alfons Nonell i Canals
ISBN:978-84-691-8860-6/DL:T-1277-2008

Chapter 3

Chemistry of Helicenes

3.1 Thermal stability of [4]Helicenequinones

Experimental data'”*

show that the configurational stability of [4]helicenequinones
represented in Figure 3.1 and Table 3.1 depends on the nature of the substituents
of the tetracyclic skeleton. The influence is largest for R;, placed in carbon C;.
Different compounds, defined in Table 3.1, have been studied experimentally
and their enantiomeric stability has been measured as the ease of a pure enan-
tiomer to racemize, in terms of temperature and time of racemization. For this

series of helical compounds the following order for chiral stability has been ex-

perimentally found:
AH<<D< E<< F<G<<B,C (3.1)

It is clear from this experimental ordering that the R; substituent has the
largest effect. The racemization is easiest when R; is OMe and most difficult
when R is *-Bu, with Me and *-Pr lying in between. For Ry, the effect is smaller,
although the racemization is favored when it is H with respect to OEt. Finally,

there are not enough data to make a conclusive observation on the role of the
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3. Chemistry of Helicenes

@)

Figure 3.1: Generic formula of the tetracyclic skeleton of [4]helicenequinones

under consideration

R position. The systems with OMe in the R; position have also an OMe group
in R3 because of experimental synthetic constraints. In any case, the effect of R;3

is likely to be minor.

The energy barrier for the enantiomeric inversion of a given [4]helicenequinone
was computed through the evaluation of the free energy difference between two
structures, one of the enantiomeric minima, and the transition state connecting
it to the other enantiomeric minimum. The relative planarity of these structures
is measured from the value of the dihedral angle ¢, defined as C;-C»-Cs-Cy,
where the atom numbering is shown in Figure 3.1. The value of ¢ for a planar

structure would be zero.
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3.1. Thermal stability of [4]Helicenequinones

Table 3.1: Labeling of [4]helicene species according to the nature of the sub-

stituents
Molecule R; Ry R3

A OMe H OMe

B Bu H H
C Bu OEt H
D Me H H
E Me OEt H
Eb Me OH H
F “Pr H H
G “Pr OEt H

H OMe OEt OMe

3.1.1 Computational details

A preliminary set of geometry optimization calculations was carried out with
the semiempirical AM1'> method as implemented in the Gaussian03 pack-
age.'”® For each system, the minimum and transition state were computed,
and the connection between them was checked. The conformational space was
also explored in the cases where the substituents have conformers associated to
the rotation of single bonds, as is the case for OEt, OMe and i-Pr. These AM1
optimized structures structures were used as starting points for full geometry

optimizations with the Becke3LYP density functional method!®1%177

as imple-
mented in the Jaguar program'”® using the 6-31G(d) basis set.!”>'® The nature
of the Becke3LYP optimized stationary points as minima or transition states was
confirmed by frequency calculations. The reported free energies include zero-
point energy corrections and were computed for a temperature of 25°C and a

pressure of 1 atmosphere.
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3.1.2 Overall energy profile

We first analyzed in detail the behaviour of a particular system, E, which is
the one where a more detailed experimental study is available. This structure
has a methyl group as R;, an ethoxy group as R, and a hydrogen as Rs. Figures
3.2 and 3.3 present the optimized geometries of the minimum and the transition
state, respectively, for this system. An analysis of the structure for the minimum
shows a non planar geometry, the torsional angle ¢ is 42.7°. Of course this was
fully expected, because it is the non-planarity of this kind of molecules what
allows the existence of P and M enantiomers. The transition state between the
two degenerate enantiomers is also non-planar, and this was somehow unex-
pected. The optimized structure for the transition state is shown in Figure 3.3,

and the torsional angle ¢ of 31.0 ° confirms the lack of planarity.

Figure 3.2: Becke3LYP optimized structure of the minimum for [4]helicene sys-

tem E

Of course, a planar structure is the simple way to internconvert two enan-

tiomers, but it will not exist as such if it is too constrained. An inspection of
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3.1. Thermal stability of [4]Helicenequinones

the transition state structure shows the origin of this behavior. There are two
sources of strain in this type of molecules which push them away from pla-
narity. The first one is the steric repulsion between the carbonyl group of the
quinone ring and the R, substituent (methyl in E). The second one is associated
to the presence of two sp® carbon atoms in the cyclohexadiene ring where atoms
Cs and C4 are included. Both strains would be maximized at the same time in a

planar structure.

Figure 3.3: Becke3LYP optimized structure of the transition state for the [4]he-

licene system E

In the optimized transition state the steric strain between carbonylic oxygen
and the methyl at C, is at its highest point, but the sp® carbons are practically
in the same arrangement than in the minimum. A hypothetical C; structure
would be too sterically constrained because the strain in both sp* carbon should
be added to the strain of the R, substituent. It would have a higher energy and
more than one negative eigenvalue, not being thus a true transition state. The
presence of a non-planar structure implies a lower energy barrier.

Remarkably, the overall symmetry of the system means that there must exist
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another enantiomeric transition state with an identical energy to that reported

here. We did not explore it further because of its lack of chemical relevance.

We repeated these calculations of minimum and transition state for all sytems
A to H presented in Table 3.1 and we obtained the results summarized in Ta-
ble 3.2. The most relevant result is that the order of the computed values for
AG' matches exactly the ordering of barriers observed by experiment. This
confirms the validity of our computational approach, and of the assumption
that the enantiomeric stability is associated to the barrier of this particular in-
terconversion mechanism. Concerning the values for ¢, it is worth noticing that
in general the higher barriers are asociated to both the more planar transition

states and the less planar minima.

Table 3.2: Values for the dihedral angle ¢ (degrees) form minimum and tran-
sition state, and free energy barrier (kcal/mol) for each [4]helicene computed

system.
Molecule R; Ry Rs; ¢min ¢TS AG

A OMe H OMe 390 353 228

B “Bu H H 505 72 392
C “Bu OEt H 505 191 42.0
D Me H H 432 30.6 252
E Me OEt H 427 31.0 259
F “Pr H H 45.0 164 283
G “Pr OEt H 46.0 151 293
H OMe OEt OMe 389 364 23.0
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3.1.3 Effect of the R; substituent

We will analyze in what follows the effect of the nature of the R; substituent
on the interconversion barrier by comparing the behavior of selected pairs of

molecules.

OMe vs Me

We analyze first the comparison between the methoxy and methyl substituents.
For the rest of the cases, the highest barriers correspond to the bulkiest groups,
which suggests a simple explanation based on steric effects. Things are not so
clear for the methoxy/methyl pair, because the interconversion is faster for the
systems containing the methoxy group.

We compare first the behavior of systems E and H. E has been discussed
above, and H differs from E in the nature of the substituents at the R; and Rj
positions. E has methyl and hydrogen in these positions, respectively; while
H has two methoxy groups. The R, substituent is OEt in both cases. Figures
3.4 and 3.5 present the optimized geometry of the minimum and the transition
state, respectively, for H.

As shown previously in Table 3.1, the barrier for H, containing OMe, is lower
(23.0 kcal/mol) than for E, containing Me (25.9 kcal/mol). This was in principle
unexpected, because the strain in the transition state is obviously associated to
the bulk of R;, which in the transition state gets closest to one of the carbonyl
groups of the quinone ring. The observation of the structures in Figures 3.4
and 3.5 provides however a first clue to the explanation of this behavior. The
methoxy group has certainly more atoms than methyl, but is able to place its
methyl substituent away from the core of the molecule. The sterically active

part in H is thus only the oxygen atom, smaller than the methyl of E, whith is
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Figure 3.4: Becke3LYP optimized structure of the minimum for the [4]helicene

system H

three hydrogen substituents.

A similar behavior is observed when comparing structures D and A. The
R, /Rj pattern is the same that for the E/H pair, the difference is that in this
case the R, position is occupied by hydrogen. The barrier is again lower for
the molecule with OMe in the R, position (A, 22.8 kcal/mol) than for the sys-
tem with Me in this position (D, 25.2 kcal/mol). Both examples shows how
OMe presents less steric constrain than Me. In systems A and H, the OMe sub-
stituent (in R,) puts its methyl away from the carbonylic oxygen while in D and
E the closest contacts are associated to the hydrogen atoms in the methyl group
attached to (.

The lower steric constrain of methoxy with respect to methyl is also reflected
in the geometrical parameters collected in Table 3.3. The local minima contain-
ing methyl in the R, position, D and E, are less planar, as shown by the higher
values for the dihedral angle ¢, 43.2° and 42.7°, respectively. The corresponding

values for the species containing methoxy are 39.0° and 38.9°. The deviation
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Figure 3.5: Becke3LYP optimized structure of the transition state for the [4]he-

licene system H

from planarity of the minima is directly related to the steric bulk of the sub-

stituent at R;. This confirms that, at least for this particular set of molecules,

methyl is bulkier than methoxy.

Table 3.3: Computed values for the dihedral angles ¢ (degrees) and free energy

barrier (kcal/mol) for [4]helicene systems differing in the nature of the R; sub-

stituent.
Molecule Ri Ry ¢min  ¢15 018 — Pmin  AG
A OMe H 390 353 -3.7 22.8
D Me H 432 306 -12.6 25.2
E Me OEt 427 310 -11.7 25.9
H OMe OEt 389 364 -2.5 23.0

The geometry of the transition states follows the opposite trend, they are

more planar (smaller ¢) for the systems with methyl. There seems to be a gen-

eral trend that the bulkier systems have the higher barriers and the more planar
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transition states. This is likely related to the fact that in the reaction coordinate
both the ¢ torsion and the angles around the sp?® carbons are involved. And the

¢ torsion is likely to play a larger role for bulkier ligands.

Me vs. -Pr

When the methyl at R, is replaced by a larger substituent, like an isopropyl,
an increase of the interconversion barrier should be expected due to a larger
steric constrain. This can be analyzed comparing the behavior of systems E
and G. Both molecules differ only in the R, substituent, which is a methyl in
E and an isopropyl en G. They share the same R, and R; substituents, ethoxy
and hydrogen, respectively. The barrier for the G system, 29.3 kcal/mol, is
indeed higher than that for E 25.9 kcal/mol, as expected. However the increase
is relatively small, 3.4 kcal/mol. This is in fact quite similar to the values for the

methoxy/methyl exchange of 2.9, 2.4 kcal/mol reported above.

Figure 3.6: Becke3LYP optimized structure of the transition state for the [4]he-

licene system G
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This lower than expected difference in barriers can also be appreciated in
the comparison between D and F which differ also only in the replacement of
methyl by isopropyl. In this case, the change only brings a barrier increase of
3.1 kcal/mol. The unexpectedly low effect of the replacement of methyl by iso-
propyl can be explained by the topology of the substituents. Figure 3.6 presents
the optimized transition state for system G. The two methyl substituents of the
isopropyl are away from the sterically constrained position, which is occupied
by a hydrogen atom, and because of this the increase in steric pressure is rela-

tively small.

i-Pr vs. '-Bu

The replacement of one hydrogen substituent by a methyl in isopropyl, con-
verting it into tert-butyl, produces a high increase in the interconversion barrier.
The effect of this replacement can be observed by comparing the behaviors of
the F/B and G/C pairs of molecules. Comparing G with C the replacement of
isopropyl by tert-butyl increases the energy barrier to interconversion by 12.7
kcal/mol (from 29.3 to 42.0 kcal/mol). The comparison between systems F and
B yields a similar result, with an increase in barrier of 10.9 kcal/mol.

The reason for this big steric effect is clear from Figure 3.7, where the tran-
sition state for system C is shown. In the case of tert-butyl unlike previous
substituents, there is no possible conformation to put all methyl groups away
from the more sterically constrained position. As a result, systems B and C have
much higher barriers to interconversion. This fits well with the observation that
neither B nor C present enantiomeric inversion under the experimental condi-
tions.

Table 3.4 summarizes the effect of the R, substituent in the barrier for in-
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Figure 3.7: Becke3LYP optimized structure of the transition state for the [4]he-

licene system C

terconversion. The barriers for different pairs of molecules, differing only in
the nature of the R, substituent are compared. The columns on the left present
the results for systems with R,= OEt, while the columns on the right present
the results for systems with R= H. The similarity in the trend for both series is

remarkable, and it is summarized in the following equation

OMe < Me <'- Pr <<'- Bu (3.2)

Systems with the larger steric constrain in the R, substituent have the higher
barriers. According to these results, methoxy has a smaller steric constraint of
all the systems. Tert-butyl, the bulkiests substituent, stands out, with a bar-
rier higher than 10 kcal/mol than that of all other systems. Our computational
study succeeds in explaining both the placement of methoxy in the series and
the much larger effect of tert-butyl with respect to the other substituents. In
both cases, the key is the eventual availability of conformations where the large

groups can be placed away from the sterically sensitive region of the system.
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Table 3.4: Relative effect (kcal/mol) of the nature of the R; substituent on the
barrier for interconversion in [4]helicene systems. The case with R,= Me is

taken as origin of differences.

R | Molecule A(AGY) | Molecule A(AGHY)

Me E 0 D 0
OMe H 29 A° 2.4

“Pr G 3.4 F 3.1
t-But C 16.1 B 14.0

@ Also differ in Ro

3.1.4 Effect of the R> substituent

Experimental data show that the replacement of the hydrogen in R, by OEt
means an increase of the interconversion barrier. The effect is smaller than
that of Ry, but it is clearly reproduced in the different pairs of systems. This
experimental effect is well reproduced by the calculations. This increase is
0.2 kcal/mol in (A/H), 2.8 kcal/mol in (B/C), 0.7 kcal/mol in (D/E) and 1.0
kcal/mol in (F/G).

The geometries for minima and transition states show that the ethoxy sub-
stituent has a very similar conformation on both structures. It is not clear wheather
the effect of the R, is steric or electronic.

This was clarified by a supplementary calculation on a new system Eb, where
the OEt group in the R, position was replaced by OH. The idea was that for this
type of molecules, the electronic properties of OH are similar to those of OEt,
but its steric properties are closer to those of H. The results were conclusive. The
computed inversion barrier for this new molecule, Eb, was 25.9 kcal/mol, only
0.02 kcal/mol lower than E, but 0.6 kcal/mol higher than D. The effect of the
R, substituent is thus essentially electronic, and the presence of OEt increases

slightly the barrier for interconversion, and thus the enantiomeric stability. Ap-
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parently, the presence of an oxygen atom attached to the aromatic system pro-
duces an electronic effect which increases its resistance to distortion, and thus
makes more difficult the interconversion.

As a summary, we can say that our computational study on [4]helicene sys-
tems has been able to reproduce the experimental data on chiral stability. This
study has been also able to produce simple rules to explain the differential effect
of substituents. The barrier to inversion, and thus the chiral stability, is signifi-
cantly increased by the presence of substituents with large steric bulk in the R;
position. A minor increase is also obtained through the replacement of hydro-

gen by ethoxy in the R, position, and this second effect is mostly electronic.
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3.2 Asymmetric synthesis of [5]helicenequinones

Experimental data show!® that the configuration, M or P, of the final product
in the multistep synthesis of [5]helicenequinones is decided in the step of oxida-
tion from dihydro[5]helicenequinone to [5]helicenequinone. Figure 3.8 shows
this oxidation step, which is an aromatization of the B ring (highlighted in bold
in the Figure) of the dihydro[5]helicenequinone intermediate. This aromati-
zation involves the transfer of the axial hydrogens of both carbon 5 and 14
(marked by red arrows in the Figure) to the oxidating agent. The full reaction

has been explained in section 1.2.2 in the introduction chapter.

la R1=Me; R2=H 2a R1=Me; R2=H
1b R1=TBDMS; Ro=H 2b R{=TBDMS; Ro=H

Figure 3.8: Aromatization of the intermediate 5-helicene

The [5]helicenequinone product has two possible enantiomeric forms, M
and P, depending on the helical arrangement. The experimental data show that
the proportion of the two enantiomeric forms depends on a number of factors,
including the nature of the R; substituents and of the oxidant used. It has been
proposed that the configuration of the product is related to the nature of the
conformation of the dihydro[5]helicenequinone intermediate. This intermedi-
ate can have in principle two conformers, I and II, shown in Figure 3.9. I would
be the precursor of the P form of the product and II of the M/ form. However,

this hypothesis has not been proved.

57



UNIVERSITAT ROVIRA I VIRGILI

QM and QM/MM STUDIES ON ORGANIC AND BIOINORGANIC SYSTEMS
Alfons Nonell i Canals
ISBN:978-84-691-8860-6/DL:T-1277-2008

3. Chemistry of Helicenes

Figure 3.9: Conformers I (left) and II (right) for the R, methyl disubstituted

5-helicene intermediate

We carried out a computational study to understand the role of the R; sub-
stituents (see Figure 3.8) in the outcome of the reaction. Experimental data
indicate that the reaction with the 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) oxidant produces sharply different results when R; is modified. When
both R; substituents are methyl the major product is M, with an enantiomeric
excess of 44%. When both substituents are tert-Butyldimethylsilyl (TBDMS), the
main product is P, with an enantiomeric excess of 96%. Both systems were com-
putationally analyzed. Because of the complexity of the system, we studied also
two more simple model reactions. The first one was the aromatization of 1,4-
cyclohexadiene by p-benzoquinone. The second one was the same experimental

dihydro[5]helicenequinone but with p-benzoquinone as oxidant.

3.2.1 Reaction of 1,4-cyclohexadiene with p-benzoquinone

Our first computational study on this oxidation reaction was carried out on the
model system 1,4-cyclohexadiene plus quinone. This is the smallest model of
the full system still conserving the main electronic features of the B ring. More-

over, similar systems had been previously studied computationally.'®" 2 Those
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studies are relevant to the present work because they analyzed the validity of a
variety of computational methods, and gave an approach to the reaction mech-
anism. The methodological calibration was important because of the presence
of open-shell species in the mechanism in spite of the closed-shell nature of re-
actants and products. Chan and Radom'® found that the BS-DFT approach'®
produced sufficiently accurate results.

Because of this, we carried out full geometry optimizations with the unre-
stricted Becke3LYP density functional'® ' method as implemented in Gaus-
sian03 package using the 6-31+G(d) basis set. Open-shell states were obtained
in the pertinent reaction steps by manipulating the orbital guess mixing the
HOMO and LUMO. SCF convergence was very slow in a number of cases and
quadratically convergent (QC) SCF procedure'® was applied using a tighter

convergence in solving the linear equation systems.

o} H OH OH OH
H H
O-Q0-0 -0
H
H H H H H
e} o) o OH

Figure 3.10: Computed mechanism for the reaction between 1,4-cyclohexadiene

and quinone

The previous study mentioned above!®? was systematic from a methodolog-
ical point of view, but fell short of considering the full reaction, as it focused
only on the initial hydrogen transfer step. We repeated these previous calcu-
lations with our computational method and calculated the full reaction. The
computed mechanism is shown in Figure 3.10. The two hydrogens from 1,4-
cyclohexadiene are transferred sequentially to the quinone. In the first step, a

hydrogen atom is transferred from the cyclohexadiene molecule to one of the
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oxygens of the quinone. The resulting intermediate consists of two loosely
bound open-shell doublets, with the unpaired electrons mainly placed on the
carbon centers involved in the hydrogen transfer. In the following step, the sec-
ond hydrogen is transferred to the quinone. However, it does not go directly to
the second oxygen of the quinone, but to one of the alkenic carbons. The ben-
zene product is then already formed. The other molecule reorganizes through a

low barrier keto-enol isomerization to the final 1,4-dihydroquinone product.

Figure 3.11: Computed energy profile for the reaction between 1,4-

cyclohexadiene and quinone. Energies in kcal/mol

Computed energies and structures for the reaction are summarized in Fig-
ure 3.11. The overall reaction is quite exothermic. Final products F are -37.1
kcal/mol below reactants A. There are two main barriers, associated to transi-
tion states B and D (Figure 3.12), corresponding to both hydrogen transfer steps.
The first transfer, from A to C is endothermic, the intermediate is 12.0 kcal /mol
above the reactants. In transition state B, 24.5 kcal/mol above A, the rings of

the two reacting fragments are in nearly parallel planes. However, this changes
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in intermediate C, where the rings are alsmot perpendicular. The second hydro-
gen transfer, involving transformation from C to E is clearly exothermic, E is 38
kcal/mol below C. E evolves to the final products through a simple keto-enol
isomerization, which takes place because the enol form of 1,4-dihydroquinone
is 12.1 kcal/mol more stable than the ketonic form. Most of the species involved
in the mechanism are closed-shell singlets, with the exception of intermediate C
and transition states B and D, which contain open-shells. They were computed

through the broken-symmetry DFT approach, as mentioned above.

1153 1.310

Figure 3.12: Structure of transition states B and D for the hydrogen transfer

steps of the reaction between 1,4-cyclohexadiene and p-quinone. Distances in A

As expected, the global reaction is quite exothermic, by nearly 40 kcal/mol,
it is a clearly favorable oxidation. The barrier, over 20 kcal/mol, is however
moderately high. There are two critical transition states, corresponding to both
hydrogen transfer steps. The first transition state, B, has the highest barrier,
24.5 kcal/mol with respect to the reactants, and corresponds for this system
to the rate-determining step. The second transition state, D, has an energy 8.1
kcal/mol below B. However, we will consider both of them when considering

the reaction between the real [5]-helicene and quinone systems.
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3.2.2 Computational model for the study of the real systems

The system is quite large, and because of this a QM/MM approach was used.
The calculations were done using the hybrid QM /MM ONIOM method imple-
mented in Gaussian03 package. The QM layer was computed using the unre-
stricted Becke3LYP density functional’®!%177 and the 6-31+G(d) basis set. The
broken-symmetry approach was used in the same steps where found necessary
in the model system, and the quadratically convergent (QC) SCF procedure'®*
was applied using a tighter convergence in solving the linear equation systems.
The MM layer was described using the UFF force field.!®> The QM /MM parti-
tion is shown in Figure 3.13. The QM layer involved the B ring of the studied
[5]helicene and the full oxidant agent. The rest of the helicene constituted the

MM layer.

Figure 3.13: QM /MM partition used in the ONIOM calculation of the oxidation
of dihydro[5]helicenes. The tube representation shows the MM part and the
ball-and-stick represents the QM part.

Two different helicene systems were considered. These contained in the R,

position 3.8 either methyl or TBDMS. Two different oxidants were considered,
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the simplest quinone model and the experimentally applied derivative DDQ.
The quinone model was applied to simplify the analysis. For each of the four
systems computed, the two conformers, I or II, shown in Figure 3.9 had to be
computed. Minima and transition states for each case were computed in order
to compare the barriers leading to the P or M products. From the computed
barriers, the enantiomeric excess can be computed and compared to the experi-

mental values, and the origin of enantioselectivity can be analyzed.

3.2.3 Reaction of dihydro[5]helicene systems with methyl sub-

stituents

Conformers of the reactant

la R1=Me; R2=H
1b R1=TBDMS; R>=H

Figure 3.14: Labeling of the of the [5]helicene systems

First we analyzed the structure and relative stability of the two conformers

of the dihydro[5]helicene starting compound. Figures 3.15 and 3.16 present the
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optimized structure of both conformers, I and II. They have the same configu-
ration in the asymmetric carbon C'4, but they differ in the arrangement of the
ring C. Ring C has two possible conformations, that are clearly defined by the
dihedral angle ¢ (C3-C14-C;5-Cy6, defined in Figure 3.14). This angle collected
in Table 3.5 is positive (7.0°) for conformer I, but negative (-77.5°) for conformer

II.

Figure 3.15: ONIOM(Becke3LYP:UFF) optimized structure for conformer I of
the methyl disubstituted dihydro[5]helicene

Table 3.5: Computed parameters (degrees) and relative energies (kcal/mol) for
the two conformers of dehydro[5]helicene with methyl substituents.

Helicene  ¢c1 o2 ¢ Total energy QM energy MM energy

I 1111 1124 7.0 7.6 -7.0 14.6

II 109.8 1083 -77.5 0.0 0.0 0.0
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Figure 3.16: ONIOM(Becke3LYP:UFF) optimized structure for conformer II of
the methyl disubstituted dihydro[5]helicene

Conformer II, which is expected to lead to the M product, is more stable, by
7.6 kcal/mol than conformer I, as shown in Table 3.5. The partition between the
QM and MM parts of the energy difference is very informative. The stability
of the II conformer comes exclusively from the MM part, because the QM part

alone would in fact favor the I form by 7.0 kcal/mol.

There are two possible sources of steric strain in this kind of molecules. One
is the repulsion between the carbonyl oxygen of the A ring and the R; sub-
stituent in the E ring, in this case, a methyl. The other strain is associated to
the presence of some carbons with sp? hybridization in the cyclic skeleton, C,
(s, C5 and Cyy. C and C; are especially affected by the conformation of the
helicene.

Inspection of Figures 3.15 and 3.16, and of Table 3.5 clarifies the origin of
the energetic difference between both conformers. The steric effect of the R;

substituents seems minor at most for these systems. Differences in steric strain
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on the sp® carbons € and C; are however clear. The ideal relaxed tetrahedral
angles should be close 109.5°. The values for conformer II are reasonable close,
109.8° and 108.3°. In contrast, the values for conformer I are 111.1° and 112.4°,
quite far from the ideal values. The origin of this distortion can be traced down
to the rotation around the C4-C5 bond, which rules the planarity of the whole
system. The different configuration at the sp® carbon Cy, forces the system to
be much more planar (¢ close to 0) in I, and this leads to higher steric strain
overall in the system. The QM energy is in contrast more favorable to the I
isomer. In this conformer, the B ring has a more similar arrangement to that of
unconstrained 1,4-cyclohexadiene. However this is not sufficient to overcome

the large steric advantage of conformer II.

Reaction with p-quinone

We first analyzed the oxidation of the dihydro[5]helicene by the simple ox-
idant p-quinone. Although this simple oxidant had not been experimentally
used, this study will allow us to better understand the mechanistic complexity

of the process and to focus on the key step when the real oxidant is considered.

As seen in the preliminary study with 1,4-cyclohexadiene, the aromatiza-
tion reaction consists of two sequential hydrogen transfer steps. However, the
complex topology of dihydro[5]helicene increases largely the number of pos-
sible reaction paths for both hydrogen transfers. The different possibilities are
schematically shown in Figure 3.17. For the first hydrogen transfer, the com-
plication emerges from the fact that the two hydrogens to be transferred from
the helicene are not equivalent. The first hydrogen transferred can come from
either C5 or Cy4 and this creates two manifolds of reaction paths, which have

been labeled as internal and external. For the second transfer, the complication
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appears in the quinone part. Calculations on 1,4-cyclohexadiene showed that
the hydrogen was transferred to a carbon meta to the carbonyl group initially
hydrogenated. For the real system, there are two non-equivalent carbons that
can receive this transfer, defining paths that we have labeled as A and B. We
also considered the possibility that the second hydrogen transfer goes directly
to the oxygen center (path C).

Figure 3.17: Different possible paths for the reaction between dihy-
dro[5]helicene and p-quinone. In blue, the two possible origins (internal or
external) of the first hydrogen transfer. In red the three possible destinations

(A, B or C) for the second hydrogen transfer.

The combination of two possible conformers, I and II; two possible origins,
internal or external, for the first hydrogen transfer; and three possible destina-
tions, A, B and C for the second hydrogen transfer, gives rise to twelve possible
reaction paths. The two transition states for each of them have been computed
and the resulting energy barriers are collected in Table 3.6. All values are rel-

ative to that of the separate reactants, with the dihydro[5]helicene in the most
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stable conformation II.

Table 3.6: Relative energies (kcal/mol) for each transition state in the reaction

between the methyl-disubstituted dihydro[5]helicene and p-quinone.

Conformer 1stTS 1st TSenergy 2nd TS 2nd TS energy
I internal 27.3 A 19.1
I internal 27.3 B 18.9
I internal 27.3 C 15.4
I external 27.3 A 244
I external 27.3 B 22.8
I external 27.3 C 5.9
II internal 29.6 A 17.5
II internal 29.6 B 17.2
II internal 29.6 C 13.8
II external 249 A 22.6
II external 249 B 21.3
II external 249 C 10.7

In all cases, the first transition state has a higher barrier, and because of this,

we predict the first hydrogen transfer to be the rate-limiting step. The lowest

barrier for this first step corresponds to the external arrangement of conformer

IT with a barrier of 24.9 kcal/mol. Therefore, the major product should be M.

The lowest barrier leading to the P product, thus coming from I conformers

could be from either the internal of external rearrangement, which are practi-

cally degenerate, with a barrier of 27.3 kcal/mol. If we accept Curtin-Hammett

equilibrium conditions!®® between both starting conformers, this would lead to

a significant enantiomeric excess of 97.63% at a temperature of 273 K. It is worth
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noticing that arrangement C, direct transfer to oxygen, is favored in all cases for
the transition state of the second step. This is different from what happened in
the 1,4-cyclohexadiene model system. It is likely due to the larger steric effects
in the real system, but we did not study it further because it has no relevance

on the final outcome.

We will briefly analyze in what follows the structure of the most favored
rate-determining transition states leading to the M and P products. They are
shown in Figures 3.18 and 3.19, respectively. Key geometrical parameters as
well as the relative energy decomposition in QM and MM contributions are
shown in Table 3.6. For the reaction leading to the P product, conformer I,
where there are two practically degenerate transition states, we have chosen
the structure with transfer of hydrogen in the external position. This is more

similar to that leading to the M product, and this facilitates the comparison.

Both transition states are clearly associated with hydrogen transfer, as proved
by the C-H and O-H distances involved in the atom being transferred. For the
transition state leading to the M product, the C-H and O-H values are of 1.429
and 1.175 A, respectively. The corresponding values for the structure leading
to the R product are 1.450 and 1.166 A. As mentioned above, the transition
state leading to the M product is 2.4 kcal/mol more stable than that leading
to the P product. The decomposition of the energy difference in QM and MM
contributions shows that the difference is concentrated in the MM contribution
(12.2 kcal/mol), with the QM contribution actually favoring the P product by
9.8 kcal/mol. This result reproduces that reported above for the two conform-
ers of the dihydro[5]helicene reactant, and the explanation is the same. The
transition state connected to conformer I is more planar (¢= 8.1°), which leads
to more strain on C; and C,, which are in the center of angles (110.9°, 112.3°

somehow far from the ideal tetrahedral value. The transition state connected to
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Figure 3.18: ONIOM(Becke3LYP:UFF) optimized structure of the rate-
determining transition state for the path leading to the M product, related to
conformer II, in the reaction between p-quinone and the dihydro[5]helicene

with two methyl substituents.

conformer II, and leading to the M product is more stable because although its
low planarity (¢= -75.6°) leads to a higher QM energy, it has smaller strain on
C;, C; (bond angles of 109.7°, 107.9°) which leads to a much lower MM energy,
and to a lower total energy overall.

It is however worth remarking that the energy difference between confor-
mations I and II is smaller in the transition state (2.4 kcal/mol) than it was in
the reactants (7.6 kcal/mol). This is in fact reflected in the less distorted angles
around C; and (%, and can be correlated with the fact that removal of one hy-
drogen of dihydro[5]helicene starts to relaxes the strain associated to planarity

in the ring adjacent to that being dehydrogenated.

70



UNIVERSITAT ROVIRA I VIRGILI

QM and QM/MM STUDIES ON ORGANIC AND BIOINORGANIC SYSTEMS
Alfons Nonell i Canals
ISBN:978-84-691-8860-6/DL:T-1277-2008

3.2. Asymmetric synthesis of [5]helicenequinones

Figure 3.19: ONIOM(Becke3LYP:UFF) optimized structure of the rate-
determining transition state for the path leading to the P product, related to
conformer I, in the reaction between p-quinone and the dihydro[5]helicene with

two methyl substituents.

It is clear in any case that our computational study predicts the M enan-
tiomer to be the major product in the reaction between p-quinone and the di-
hydro[5]helicene system with two methyl substituents. The computed enan-
tiomeric excess would be 97.6% at 273K. The origin of the enantiomeric excess
is in the different stabilities of the conformers of the reactant leading to each of

the enantiomeric forms of the product.

Reaction with DDQ

After studying the reaction of the methyl disubstituted dihydro[5]helicene
with p-quinone we moved to study the reaction of the same substrate with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). This reaction has been experi-
mentally carried out, and found to produce the M product with an enantiomeric

excess of 44%. The use of DDQ introduces an additional source of complexity
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Table 3.7: Computed parameters (degrees) and energy barriers (kcal/mol)
for the key transition states in the reaction between p-quinone and dihy-

dro[5]helicene with methyl substituents.

Path ¢c1  dc2 ¢ Total energy QM energy MM energy

I 1109 1123 8.1 27.3 17.4 9.8
II 109.7 1079 -75.6 249 27.3 24
I1-1 - - - -24 9.8 -12.2

in the system, because this oxidant is less symmetric than p-quinone. There are
two possible arrangements depending on the orientation of the chloride sub-
stituents with respect to the helicene. Both of them are shown in Figure 3.20.
We have labeled the approach where the chlorine groups are oriented towards
the helicene ring A as cisoid (Figure 3.20, left) and the opposite one as transoid

(Figure 3.20, right).

Figure 3.20: The cisoid (left) and transoid (right) approaches in the reaction of
DDQ with dihydro[5]helicene.

We computed four transition states, corresponding to the consideration of

both the cisoid and transoid arrangements for the analogous structures to the
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two key transition states for the reaction with p-quinone. The results are sum-
marized in Table 3.8, and the two key structures leading to the M and P products

are presented in Figures 3.21 and 3.22, respectively.

Figure 3.21: ONIOM(Becke3LYP:UFF) optimized structure of the rate-
determining transition state for the cisoid path leading to the M product, related
to conformer II, in the reaction between DDQ and the dihydro[5]helicene with

two methyl substituents.

The energetics summarized in Table 3.8 indicate that the barrier for the reac-
tion with DDQ is lower than it was for the reaction with p-quinone. The values
for DDQ are in the 14-18 kcal/mol range, while the values for p-quinone were
in the 24-28 kcal/mol range. This result is not surprising, DDQ is known to be
a better oxidant. As far as selectivity is concerned, the pattern is quite similar to
that observed for p-quinone, and that the cisoid-transoid dichotomy brings only
minor corrections. Both transition states derived from conformer II, leading to
the experimentally observed major product M have the lowest energies, sepa-

rated by only 0.4 kcal/mol. The cisoid approach is slightly favored. The two
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Figure 3.22: ONIOM(Becke3LYP:UFF) optimized structure of the rate-
determining transition state for the transoid path leading to the P product, re-
lated to conformer I, in the reaction between DDQ and the dihydro[5]helicene

with two methyl substituents.

transition states derived from conformer I, leading to the minor product P have
energies around 4 kcal/mol (3.8 and 4.3 kcal/mol) above the lowest transtion
state. The only minor novelty is that for the structures leading to the P prod-
uct the transoid approach is favored by 0.5 kcal/mol. The decomposition of the
total energy in QM and MM contributions shows the pattern already discussed
above. The QM term would favor strongly the P product, but it is overridden
by an even larger different in the MM term favoring the M product.

The MM stabilization is related to the planarity of the more saturated ring of
the dihydro[5]helicene. In the type I transition states, the ¢ torsional angles are
8.8° and 9.5°. In the type II transition states, the corresponding values are -73.2°

and -74.0°. The planarity has a translation in the bond angles centered in the
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Table 3.8: Computed parameters (degrees) and energy barriers (kcal/mol) for
the key transition states in the reaction between DDQ and dehydro[5]helicene

with methyl substituents.

Path pc1 Do ¢ Total energy QM energy MM energy
I-cisoid 110.7 1122 88 18.3 8.8 9.5
I-transoid 1107 1122 9.5 17.8 8.8 9.0
II-transoid 109.7 107.8 -74.0 14.4 17.7 -3.3
II-cisoid 109.8 107.8 -73.2 14.0 17.2 -3.1

C, and C; carbons, more strained in the type I transition states leading to the P
product. The difference in MM energy is similar to that previously computed

for the p-quinone systems, with values around 12 kcal /mol.

The QM part of the energy, is more favorable to the conformer I, as it was
also the case for the reaction with p-quinone. However, he difference is now
reduced to values below 9 kcal/mol, while the value for the p-quinone system
was 9.8 kcal/mol. This indicates that there are some effects associated to the

presence of the substituents in DDQ that favor the reaction of conformer II.

The net result is that in the case of the reaction between the dihydro[5]helicene
system with DDQ the energy difference between the two most stable transition
states leading respectively to the M and P products is 3.8 kcal /mol. This would
correspond to an enantiomeric excess of 99.8% at OK. The sense of selectivity
is correct, with the M enantiomer being the major product, but the computed
enantiomeric excess is much larger than the experimental value of 44%. There
are a number of possible reasons that can explain the discrepancy. On one hand,
the computational method is improvable: the description of open-shell singlets
with BS-DFT approaches is not perfect, the UFF force field is not the most ac-

curate one, no solvation effects or entropic corrections have been introduced.
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There are also more basic possible sources of error in the form of questionable
assumptions, like the equilibrium between the different adducts of the reactants
necessary for the Cutin-Hammett approach to be applicable, or the possible role
of the second hydrogen transfer in the cases where we have not computed it. In
any case, we consider the results encouraging, because they furthermore pro-
vide a simple qualitative explanation based on the relative stability of the dif-

ferent conformers of the reactant, which seems very reasonable.

3.2.4 Reaction of dihydro[5]helicene systems with TBDMS sub-

stituents

The second dehydro[5]helicene system was that with two tert-butyldimethylsilyl
(TBDMS) in the R, positions. The reaction of this compound with DDQ has
been shown to produce the P product with an enantiomeric excess of 96%. The
study will follow the same pattern of that presented above for the system with
dimethyl substituents: discussion of the conformers of the reactant, reaction

with p-quinone and reaction with DDQ.

Conformers of the reactant

The two conformers of the dihydro[5]helicene system were computed with
the ONIOM(Becke3LYP:UFF) method, and the results are summarized in Fig-
ures 3.23 and 3.24, as well as in Table 3.9.

The structures and stabilities are quite similar to those previously observed
with the methyl substituents. Conformer II is again the most stable one, now
5.5 kcal/mol below conformer I. This value is somehow smaller than the 7.6
kcal/mol reported above for the methyl systems, but it still indicates a strong

preference.
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Figure 3.23: ONIOM(Becke3LYP:UFF) optimized structure for conformer I of
the TBDMS disubstituted dihydro[5]helicene

Table 3.9: Computed parameters (degrees) and relative energies (kcal/mol) for
the two conformers of dehydro[5]helicene with TBDMS substituents.

Helicene oc1 P2 ¢ Total energy QM energy MM energy

I 111.2 1125 4.0 5.5 -6.1 11.6

II 110.14 1083 -71.6 0.0 0.0 0.0

The general structure for both conformers, shown in Figures 3.23 and 3.24 is
similar to that with methyl substituents. In fact, the bulky TBDMS substituents
are able to place themselves away from the core of the molecule, and this ex-
plains the similarities between both systems. Conformer I has a more planar
structure (¢ is 4.0°), than conformer II (¢ is -71.6°). Compared with the methyl
systems, the new larger TBDMS substituent in the R, position leads to slightly
more planar conformers. This difference of planarity between I and II affects the
angles around the C; and C; sp® carbons in the same way that for the methy-

lated system. These centers are more constrained in II, which because of this as
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Figure 3.24: ONIOM(Becke3LYP:UFF) optimized structure for conformer II of
the TBDMS disubstituted dihydro[5]helicene

a much higher MM energy, and an overall higher total energy.

Reaction with p-quinone and DDQ

Transition states for the oxidation by p-quinone and DDQ of the TBDMS dis-
ubstituted dihydro[5]helicene were computed. Following the results reported
above for the dimethyl system, only the transition state for the first hydrogen
transfer was computed. Moreover, only the conformational approaches that
were found more productive have been evaluated. This means that two transi-
tion states, I and II, were evaluated for the reaction with p-quinone; and four,
I-cisoid, I-transoid, I1-cisoid, and II-transoid, were evaluated for the reaction with
DDQ. The results were quite similar for both oxidants, and because of this they

will be discussed as a whole in this subsection.
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3.2. Asymmetric synthesis of [5]helicenequinones

Figure 3.25: ONIOM(Becke3LYP:UFF) optimized structure of the rate-
determining transition state for the path leading to the P product, related to
conformer I, in the reaction between p-quinone and the dihydro[5]helicene sys-

tem with two TBDMS substituents.

Table 3.10 summarizes the results for the reaction between p-quinone and
the dihydro[5]helicene system with TBDMS substituents. The overall barriers
with respect to the reactants are in the same range (around 25 kcal/mol) to that
computed above for the system with methyl substituents. In contrast, the se-
lectivity trend is just the opposite. For the methyl system the barrier was 2.4
kcal/mol lower for conformer II, leading to the M product. For the TBDMS
system the barrier is 3.7 kcal /mol lower for conformer I, leading to the P prod-
uct. This result goes furthermore in the sense of reproducing the experimental

trend in the oxidation with the DDQ.

Figures 3.25 and 3.26 represent the ONIOM(Becke3LYP:UFF) optimized ge-
ometries for the transition states associated to conformers I and II, respectively.

The highlighted geometrical parameters follow a similar pattern to that of the
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Figure 3.26: ONIOM(Becke3LYP:UFF) optimized structure of the rate-
determining transition state for the path leading to the M product, related to
conformer II, in the reaction between p-quinone and the dihydro[5]helicene sys-

tem with two TBDMS substituents.

Table 3.10: Computed parameters (degrees) and energy barriers (kcal/mol)
for the key transition states in the reaction between p-quinone and dehy-

dro[5]helicene with TBDMS substituents.
Path  ¢c1  ¢c2 ¢ Total energy QM energy MM energy

I 111.1  112.3 49 24.8 18.5 6.4
II 109.3 107.8 -82.0 28.6 29.6 -1.0
I1-1 - - - 3.7 11.1 -7.4

systems with methyl substituents. I is more planar than II, ¢ is 4.9° for I and
-82.0° for II, and this leads to more strain in the carbon centers C;, C,. The big
difference between both systems is however in the relative position of the TB-
DMS groups with respect to p-quinone. In the structure related to conformer
I, both TBDMS substituents are away from the entering oxidant, and are only
marginally affected by the overall molecular distortion from the reactants. On
the contrary, in the structure related to conformer II one of the TBDMS groups

points exactly towards the region where the p-quinone has to approach the di-
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hydrohelicene. The molecule is quite flexible, and can keep the two groups
relatively far, but this crowding is sufficient to increase significantly the energy
of the associated transition state, and invert the selectivity of the reaction.

The difference between the methyl and TBDMS systems cannot be tracked
down to the partition between QM and MM contributions to the total energy
because it has significant contributions from both terms. The QM term is af-
fected because of geometrical changes in the arrangement of the quinone with
respect to the helicene to relax the steric strain. The MM term is affected by the

direct steric repulsion term between the TBDMS substituent and the quinone.

Table 3.11: Computed parameters (degrees) and energy barriers (kcal/mol) for
the key transition states in the reaction between DDQ and dehydro[5]helicene

with TBDMS substituents.
Molecule  ¢c1 o2 ¢ Total energy QM energy MM energy

II-transoid 109.6 107.7 -80.1 19.5 20.2 0.7
II-cisoid 109.8 107.8 -79.7 19.1 20.2 -1.0
I-cisoid 1109 1122 5.6 14.9 9.8 5.0
I-transoid ~ 110.8 112.2 6.4 14.5 9.9 4.6

Table 3.11 summarizes the results for the reaction betweeen the dihydro[5]helicene
with TBDMS substituents and DDQ. This system has been experimentally stud-
ied, with an enantiomeric excess of 96% in favor of the P product. The barrier
with respect to the reactants is lower than with the p-quinone oxidant by ca
10 kcal/mol, and similar to that for the reaction of the dihydrohelicene with
methyl substituents and DDQ. Again, the cisoid and transoid approaches pro-

duce similar barriers, although it is not obvious a priori which one will have
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the lowest energy. The most significant and important result is that the P prod-
uct is preferred, contrary to what happened for the dihydro[5]helicene with
methyl substituents, and in agreement with experiment. The most stable tran-
sition state is I-transoid, leading to the P product, and the lowest energy path
going to the M product goes through Il-cisoid, 4.6 kcal/mol above.

The structures for the transition states of the reaction with DDQ are quite
similar to those for the reaction with p-quinone. The two most stable ones lead-
ing to each enantiomer, I-transoid and II-cisoid are shown in Figures 3.27 and
3.28, respectively. The role of the bulky TBDMS is the same as for the p-quinone
system, it increases the energy of structures associated to II because of the re-

pulsion between one of the substituents and the entering oxidant.

Figure 3.27: ONIOM(Becke3LYP:UFF) optimized structure of the rate-
determining transition state for the transoid path leading to the P product, re-
lated to conformer I, in the reaction between DDQ and the dihydro[5]helicene

system with two TBDMS substituents.

The key result is that the reaction leading to the P product is favored with
respect to that leading to the M product for the reaction of the helicene with
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Figure 3.28: ONIOM(Becke3LYP:UFF) optimized structure of the rate-
determining transition state for the cisoid path leading to the M product, related
to conformer 1II, in the reaction between DDQ and the dihydro[5]helicene sys-
tem with two TBDMS substituents.

TBDMS substituents and DDQ. The computed difference in energy barriers of
4.6 kcal/mol would lead to an enantiomeric excess of 99.9% at 298.15 K in favor
of the P product. This value compares quite favorably with the experimentally

reported value fo 96%.

Taken as a whole, our calculations on the asymmetric synthesis of [5]he-
licenequinones succeed in reproducing the dependence of the identity of the
major product on the nature of the substituents at the R; position, and provide
a simple qualitative explanation. The M product is favored when R; is methyl,
and the P product is favored when R; is TBDMS. The selectivity can be ex-
plained by the direct connection between the nature of the reacting conformer

and the preferred product.

Conformer II of the reactant is always more stable because it has less con-
strains in ring A. When the R; positions are occupied by methyl groups, this
energy preference is kept in the rate-determining transition state for the trans-

fer of the first hydrogen atom, and the resulting product is M. When the R;
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positions are occupied by bulky TBDMS groups the relative stabilities of the
key transition states are inverted, because in conformer II the bulky substituent
interferes with the entering oxidant. As a result, the transition state associated

to conformer I has a lower energy, and the P product is preferred.
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Chapter 4

Guanidine derivatives as an

organocatalysts

A new method for the synthesis of quaternary aminoacids has been recently
proposed based on the enantioselective ring opening of an azlactone catalyzed
by a bicyclic guanidine derivative. The selectivity-determining step of this pro-
cess, which is described in section 1.3, is shown in Figure 4.1. In this step, one
of the nitrogen centers of guanidine abstracts a proton from a C-H bond in the
azlactone ring, and an adduct is formed between the cationic guanidinium and
the anionic derivative of azlactone. This adduct suffers then the attack of methyl

acrylate, and the configuration of the final product is defined at this point.

The attack by methyl acrylate will likely take place from the least hindered
face of the sp? carbon center in the adduct, and because of this, the structure of
this adduct is critical. The structure of this critical substrate-catalyst complex
was analyzed computationally. There are a priori two possible arrangements
between the catalyst and the substrate, and they are shown in Figure 4.2. In
the first arrangement, labeled as A, the protonated guanidine is complexed to

both oxygens of the azlactone, the terminal one and the one in the ring. In this
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Figure 4.1: Reaction between azlactone and methyl acrylate catalyzed by bi-

cyclic guanidine.

classical arrangement, the rings in the reactant and catalyst are approximately

coplanar.

In the alternative arrangement B the complexation is between the guanidine
and the azlactone enolate function. This means that the two acidic protons of
guanidinium coordinate the terminal oxygen and the associated double bond
in the azlactone ring. This arrangement forces the rings in the two fragments to

be in approximately perpendicular planes.

In the chiral guanidinium derivatives used in experiment, the two nitrogens,
and their respective protons, are not equivalent. This adds a new source of
structural complexity, and results in the four possible adducts presented in Fig-
ure 4.2. They are labeled according to the expected chirality, R or S, of the final
product. hen, there are a total of four possible complexes to study. These four

adducts are: AR, AS, BR and BS.
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Figure 4.2: FPour initial models for complexation between the guanidinium

derivative and the deprotonated azlactone.

4.1 Structure and energy of the adducts in a model

system

A first set of calculations was carried out in a model system. This model, shown
in Figure 4.3, consisted of an unsubstituted azlactone and the small guani-
dinium fragment. The guanidinium model is not chiral, and thus only the two
arrangements A and B indicated in the Figure are available. In the first one, Fig-
ure 4.3A, both subunits are in the same plane and the protonated guanidinium
interacts with both oxygens of azlactone. In the second approach, Figure 4.3B,

the subunits are in perpendicular planes, and the protonated guanidinium in-
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teracts with the terminal oxygen and the double bond in the ring closer to this

oxygen.
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Figure 4.3: The model system used in the initial study of the guanidinium-

azlactone adducts, and the two arrangements considered.

Full geometry optimizations in gas phase were done with the Becke3LYP
density functional'® 177 method as implemented in Gaussian03 package'”® us-
ing the 6-31G(d) basis set. Because of questions on the reliability of DFT for
the reproduction of hydrogen bonds, additional set of single point energy cal-
culations, also in gas phase, were carried out with the MP2 and MP4 methods.
The presence of charge separation hints to important solvation effects, and sin-
gle point energy calculations on the Becke3LYP optimized geometries were car-
ried out using PCM method. The solvent was that applied in the experimental
procedure, toluene, (¢=2.379). These PCM calculations were carried out using
different methods, Becke3LYP, MP2 and MP4, with always the same 6-31G(d)
basis set.

Figure 4.4 shows the optimized structure for the A adduct. As expected, both

fragments remain in the same plane and the guanidinium group interacts with

88



UNIVERSITAT ROVIRA I VIRGILI

QM and QM/MM STUDIES ON ORGANIC AND BIOINORGANIC SYSTEMS
Alfons Nonell i Canals
ISBN:978-84-691-8860-6/DL:T-1277-2008

4.1. Structure and energy of the adducts in a model system

f 1.016

Figure 4.4: Becke3LYP optimized geometry for the A adduct in the model reac-

tion between a guanidinium and an azalactone ring

both oxygens of the azlactone. However, in this gas phase optimized geome-
try the expected charge separation is absent. Both fragments remain neutral,
and there is a hydroxyl group on the azlactone side. In any case, this hydroxyl
group is stabilized by a strong hydrogen bond with one of the nitrogens of the
guanidinium group and the H-N distance is 1.650 A. The other nitrogen-oxygen
interaction seems to be weaker. The hydrogen remains bound to the nitrogen

(1.025 A) and the oxygen is further away (2.108 A) from the hydrogen.

Table 4.1: Bonding energies (in kcal/mol) with respect to separated reactants
for the guanidinium-azlactone adduct models A, Abis and B. Different com-

putational descriptions are applied for gas phase (GP) and toluene solvation

(PCM).
Molecule B3LYP;p B3LYPpcoy, MP2ap MP2peoys MPdgp MPdpons
Reactants 0 0 0 0 0 0
A -107.1 -42.2 -110.8 -45.7 -111.2 -46.1
Abis -103.6 -44.2 -105.7 -46.5 -105.7 -46.5
B -102.6 -42.9 -105.4 -45.9 -105.1 -45.7

The Becke3LYP bonding energy with respect to the separated reactants is -107.1
kcal/mol in gas phase and -42.2 kcal/mol in solution (Table 4.1). The bond-
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ing energy is substantially lower in solution because of the the charged nature
of the reactants. The protonated guanidinium and the anionic azlactonate are
more stabilized by the PCM calculation, and the stabilization of the reactants
decreases the bonding energy. The MP2 and MP4 results are also shown in Ta-
ble 4.1). The absolute bonding energy is slightly higher (-110.8, -111.2 kcal /mol
in gas phase; -45.7, -46.1 kcal/mol in solution), but the trend is the same as in

the Becke3LYP calculation.

2.097

;‘,,14ﬁ

Figure 4.5: Becke3LYP optimized geometry for the B approach in the model

reaction between a guanidinium and an azalactone ring

Figure 4.5 shows the optimized structure for the alternative approach B. As
expected, the interaction between the guanidinium group and the enolate func-
tion of the azlactone forces the arrangement of both molecules in approximately
perpendicular planes. In this case, the two fragments conserve the expected
charges. The protonated guanidinium group is stabilized by a strong hydrogen
bond with the terminal oxygen of the azlactone, being the distance H-O 1.455
A. This hydrogen is at 1.109 Afrom the corresponding nitrogen. The other N-H
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group is involved in a weaker hydrogen bond (2.097 A) to the sp? carbon of the
enolate functional group of the azlactonate.

The Becke3LYP bonding energy for this B adduct is -102.6 kcal/mol in gas
phase and -42.9 kcal/mol in solution (Table 4.1). The difference between the gas
phase and the PCM calculation is again in the high stabilization of the charged
reactants in solution. The computed MP2 and MP4 bond energies are -105.4,
-105.1 kcal/mol in gas phase and -45.9, -45.7 kcal /mol in solution.

It is remarkable that according to these calculations the A form would be
more stable in gas phase regardless of the method, by a value between 4.5
and 6.1 kcal/mol, but the relative energies would be much closer in solution.
In toluene solution, B would be more stable than A by 0.7 kcal/mol at the
Becke3LYP level and by 0.2 kcal/mol at the MP2 level, with A being more stable
by 0.4 kcal/mol at the MP4 level.

Table 4.2: Solvation energies (in kcal/mol) of the guanidinium-azlactonate

adducts in the model system for each method
Molecule B3LYP MP2 MP4

A -6.8 71 -69
Abis -124  -129 -12.8
B -12.0  -12.7 -125

This seemingly complex set of results can be easily interpreted from the re-
sults in Table 4.1, where the solvation energies of the adducts are presented. The
solvation energy for a given adduct is quite stable with respect to the compu-
tational method. The Becke3LYP, MP2 and MP4 values for adduct A are -6.8,
-7.1 and -7.9 kcal/mol; while the corresponding values for adduct B are -12.0,
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12.7 and -12.7 kcal/mol. Adduct B is systematically more stabilized by solva-
tion, and this is because of the presence of two charged subunits in this adduct.
Things are different for adduct A, where the two subunits are neutral. One may
wonder if the optimized structure in gas phase for A would correspond to the

optimal structure in solution.

Figure 4.6: Becke3LYP optimized geometry for the Abis adduct in the model

reaction between a guanidinium and an azalactone ring

To compare how the presence of this charge separation should affect the
energy of the adduct A, a new system, Abis was computed. In this new adduct,
the distances between the terminal oxygen of the azlactone and the hydrogen, as
well as the distance of this hydrogen to the nitrogen were frozen. The distance
O-H was frozen to 1.455 A, and the distance H-N to 1.109 A. These constrained
distances were the same of the O-H-N optimized system of the B adduct.

Gas phase optimization of the constrained structure Abis produced the ge-
ometry shown in Figure 4.6. Now, both subunits remain charged, the azlactone
is anionic while the guanidinium group is cationic. The hydrogen attached to
nitrogen is stabilized by a strong hydrogen bond with the anionic oxygen of

the azlactone. The forced charge separation between both molecules reduces
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the distance between the subunits, especially the other O-H distance that now
becomes shorter, 1.840 A.

The presence of the charge separation in Abis affects the energy of the sys-
tem. The gas phase bond energy at the Becke3LYP decreases when going from A
to Abis (-103.6 kcal/mol, from -107.1 kcal/mol) because of the constrained na-
ture of the latter calculation. The same trend is reproduced in the single point
MP2, MP4 calculations on the Becke3LYP geometry. However, the trend is in-
verted in the PCM calculations in solution. In all cases, the Abis structure is
more stable in solution than A, by values between 2.2 and 0.4 kcal/mol. Sol-
vent effects, as expected, favor the structure with charge separation.

The results for the solvation of structure Abis are also consistent with those
for B (see Table ). Solvation is very similar for both structures.

The summary for the calculations on the model system is thus the following;:

e Two interaction modes exist, A and B, as predicted by the qualitative anal-

ysis, and both of them produce local minima.

e The gas phase geometry optimization produces an adduct between two
neutral fragments for structure A, but this is less stable than the ion pair

form Abis in solution.

e Abis is the most stable structure, but the other structures are sufficiently
close in energy in the model system that they are viable alternatives for

the real system, and they have to be considered.

e The Becke3LYP, MP2 and MP4 methods produce similar results, especially
in the relative energy of the different isomeric forms. Because of this, the

Becke3LYP method will be used in the next section
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4.2 Structure and energy of the adducts in the real

system

After the study on the model system, the experimental system defined by a

bicyclic guanidine and a substituted azlactonate ring was studied.

Because of the size of the system, it was very expensive to work at a pure
quantum level with the whole molecule, and a QM/MM description was ap-
plied. A hybrid method was chosen because of the size. The QM layer was de-
scribed with the Becke3LYP density functional method'® 77 as implemented
in Gaussian03'7¢ package and the 6-31+G(d) basis set.!”> ¥ The MM layer was
computed using the UFF force field'® as implemented in the same software
package. As one can see in Figure 4.7, the QM layer included the core of the
bicyclic guanidine involving its substituents up to the sulfur atom; and the core
of the azlactone, with its main ring and the phenyl substituent. The rest of
the molecule was included in the MM layer. This included the three phenyl
substituents of the catalyst and the benzyl substituent of the azlactone. This
setting was found to provide the best price/quality ratio after test calculations
with different partitions. Full geometry optimizations were carried out at the
ONIOM(Becke3LYP:UFF) level. Solvation effects with toluene were evaluated
through single point PCM calculations at the Becke3LYP level with a 6-31+G(d)
basis set.

The hybrid QM /MM ONIOM method as implemented in Gaussian03 pack-
age was used.

Due to the free rotation of the phenyl rings there are lots of different con-
formations for the bicyclic guanidine, and this required the performance of sys-
tematic conformational searches. They were carried out with the Macromodel

program.187 The conformational search was carried out with the MonteCarlo
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Figure 4.7: QM /MM partition used in the ONIOM calculation of the guani-
dinium/azlactone adduct. QM layer is is ball-and-stick and MM layer is in

tube representation.

Multiple Minimization (MCMM) method!® % as implemented in the program.
The atoms of the bicyclic guanidine and the main ring of the azlactone were
frozen to the positions similar to the computed model arrangements and the
rest was optimized. The force field applied for this conformational search was
OPLS2001."° The geometries resulting from the conformational search were

then used as starting points for the ONIOM calculations.

The two approaches discussed above, A and B were used for the starting
point of the calculations. The four proposed arrangements, AR, AS, BR and
BS (see Figure 4.2) were computed using the full experimental complex (the
CH,SCPh; disubstituted bicyclic guanidine and the CH,Ph substituted azlac-

tone).

Unexpectedly, the free optimization calculations led to a structure that was
neither A nor B, and that we labeled as C. The new type of structure is shown
in Figure 4.8. In this new approach, the guanidinium is protonated, and makes
two hydrogen bonds with the same terminal oxygen of the azlactone. The ap-

pearance of this new arrangement is likely associated to the steric strains be-
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Figure 4.8: Arrangement C for the adduct between guanidinium and deproto-

nated azlactone.

tween the substituents of guanidinium and azlactone, that preclude the A and
B approaches that were available in the model system. The defining feature of
adduct C is the presence of the two hydrogen bonds pointing towards the same
oxygen. Within this arrangement, only the two structures shown in Figure 4.8
are possible. They differ on the side towards which is tilted the azlactone plane.
As a result of this tilt, one of the faces remains less hindered, and this is why
the structures are labeled as CR and CS. In the two structures of Figure 4.8 the
benzyl substituent of the azlactone is pointing backwards. The alternative struc-
tures with the benzyl pointing forward would be equivalent because of the C’

symmetry of the guanidinium unit.

Figures 4.9 and 4.10 present the ONIOM(Becke3LYP:UFF) optimized geome-
tries for CR and CS, respectively. Analysis of Figure 4.9, which corresponds
to the CR adduct, confirms that this arrangement is neither A nor B. In this
structure, the planes of the guanidinium ring and the azlactone are not approx-
imately coplanar, as in A, and the azlactone plane is not approximately perpen-

dicular to the guanidinium C, axis, as in B. The defining feature of this struc-
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4.2. Structure and energy of the adducts in the real system

Figure 4.9: ONIOM(Becke3LYP:UFF) optimized structure for the CR adduct.

ture is the presence of two hydrogen bonds between the terminal oxygen of the
azlactone fragment and both nitrogens from the guanidine. These hydrogen

bonds are not weak, being the O-H distances 1.666 A and 1.803 A.

Other characteristic features of structures A and B are also absent from CR.
In the B approach, there is a short distance between the sp? carbon of the enolate
group of the azlactone and one of the guanidinium hydrogens. This distance is
3.487 A in CR. In a A arrangement, there must be a short distance between a
proton and the oxygen of the azalactone ring. This distance is 3.230 A in CR.

The labeling of this structure as CR can be understood from the geometry
shown in Figure 4.9. The pro-R face of the azlactone is less hindered (see blue
arrows in the Figure 4.9). Therefore this adduct will lead majoritarily to the R
product.

The discussion of the CS optimized structure, which is represented in Fig-
ure 4.10, follows similar lines. Although the starting geometry in the conforma-
tional search was closer to BS, the optimization process drove it to an interme-

diate geometry. The arrangement fits neither with the A nor with the B labeling.
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4. Guanidine derivatives as an organocatalysts

Figure 4.10: ONIOM(Becke3LYP:UFF) optimized structure for the CS adduct

In adduct CS, there are two hydrogen bonds between the guanidinium protons
and the anionic terminal oxygen of the azlactone. The distances O-H are 1.707
A and 1.765 A. Interactions of the guanidinium protons with other targets in
the azlactone ring are weaker. The shortest contact with the sp? carbon of the
azlactone enolate is 3.372 A and the corresponding value for the oxygen within

the azlactone ring is 3.162 A.

Table 4.3: Energy difference (kcal/mol) between the CR and CS adducts com-
puted at different levels. A negative value corresponds to CR being the most

stable species.

Method Geometry OM energy MM energy Total energy
ONIOM(B3LYP:UFF) ONIOM(B3LYP:UFF) -2.5 -0.5 -2.9
Becke3LYP ONIOM(B3LYP:UFF) -1.8 - -1.8
Becke3LYP + solvent ONIOM(B3LYP:UFF) -3.4 - -3.4
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4.2. Structure and energy of the adducts in the real system

Table 4.3 collects the energy difference between the CR and CS adducts at
different computational levels. The CR adduct is more stable in all cases, in
agreement with the experimental observation of the R product. The energy dif-
ference is 2.9 kcal/mol in the ONIOM(Becke3LYP:UFF) calculation. The value
is lowered to 1.8 kcal/mol in the full QM Becke3LYP single-point calculation.
The value increases to 3.4 kcal/mol when solvent effects are introduced. The
difference between the ONIOM and the full QM calculation is probably related
to the fact that the UFF force field is not perfect, but it was the only available in

the program used.

Solvation is significant for both structures, but quite similar in value (-12.3
kcal/mol for CR; -10.6 kcal/mol for CS). The charge separation between the
two subunits explains this important absolute value, even in such a low polarity
solvent as toluene. This result was already found in calculations on the model
system. However, solvation is similar for both isomers, and the net result is a

total energy of 3.4 kcal/mol in favor of the CR adduct.

The computed energies are clearly in favor of the R product, and this is in
agreement with experiment. However, the energy difference is excessive. If one
assumes that the Boltzmann distribution of the adducts at 195 K rules the se-
lectivity, the values presented in Table 4.3 would lead to enantiomeric excesses
of 99.9% in the PCM calculation, 99.8% in the ONIOM calculation and 98.1%
in the Becke3LYP calculation. These numbers are notably higher than the ex-
perimentally reported value of 87%. There are however a number of causes
that can explain this numerical disagreement. The discrepancies between the
ONIOM(Becke3LYP:UFF) and pure Becke3LYP hint to possible inadequacies in
the force field, which is used in the geometry optimization. The most critical
source of error is however probably in the assumption that the energy of the

adduct can rule the enantiomeric excess. This should be more directly corre-
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4. Guanidine derivatives as an organocatalysts

lated with the energy of the selectivity determining transition states.

Since the MM energy difference between both optimized geometries is only
0.5 kcal/mol (CR is more stable than CS), the main energy difference in the
ONIOM calculation provides the QM layer (2.5 kcal/mol). Comparing both
ONIOM(B3LYP:UFF) optimized geometries, CR and CS one can see that the
distances between the azlactone and the bicyclic guanidine are lower in the CS
structure than in the CR geometry.

In summary, the combination of MM, QM and QM /MM techniques has al-
lowed us to reproduce the experimentally observed selectivity in the ring open-
ing of real systems are quite different from those that could be predicted a priori
in model systems. The relative stabilities of these adducts, which are at the ori-
gin of enantioselectivity, depend on a subtle combination of steric and electronic

factors in the interaction between the two subunits of the adduct.
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Chapter 5

Selenoproteins

51 QM study of the catalytic mechanism of FDHh

To understand the effect of selenocysteine in a selenoprotein, the catalytic mech-
anism of the Formate dehydrogenase H (FDHh) was studied. This enzyme cat-
alyzes the oxidation of a formate anion to carbon dioxide with release of one

proton and two electrons.

5.1.1 Catalytic cycle

In 1997, when the crystal structure of this protein was resolved and published,'>?
the authors suggested a possible catalytic cycle for the enzyme. This catalytic re-
action would begin with coordination of a formate anion molecule to the molyb-
denum central atom. Then, the formate anion is oxidized to carbon dioxide
releasing the hydrogen to the selenium atom, which later will transfer the pro-
ton to a nearby histidine, and two electrons to the central metal atom, which
changes its oxidation state from Mo"’ to Mo’V. Finally, molybdenum is reoxi-

dated (in two steps) to the initial oxidation state (+6) to restart the reaction. A
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5. Selenoproteins

catalytic cycle based in this proposal will be presented in this thesis. It consists
of six steps, and is schematically shown in Figure 5.1.

The cycle begins in A, where a molecule of the substrate (formate anion)
is coordinated to molybdenum. The first step is the oxidation of this formate
anion to carbon dioxide. This oxidation implies a transfer of the hydrogen to
selenium and two electrons from the ligand to the molybdenum center, which
is formally reduced from MoV’ to Mo’". The result of this reaction is complex B
where the carbon dioxide product remains associated to the active center. Next
step is the release of the product, carbon dioxide leaving the enzyme, producing
system C.

Afterwards, the enzyme has to be regenerated to restart the catalytic reaction
with a new formate anion. In C, the selenium is protonated while the molybde-
num is reduced. The first step to recover the original enzyme is the transfer of
the proton to an imidazole ring of the topologically close histidine (His'*') ob-
taining D. In D, the selenium has already been deprotonated but molybdenum
remains reduced.

The regeneration of the oxidation state of the molybdenum atom follows a
two step mechanism,'”! where the release of the first electron yields intermedi-
ate E, with and unstable Mo". Then, a second electron leaves the active center
of the enzyme while a hydroxyl is coordinated to the molybdenum atom and
stabilized by a hydrogen bond with the protonated histidine. A new catalytic
cycle can start when this system, F, releases a water molecule and a new formate

anion joins the system.
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5. Selenoproteins

These six steps can be classified in two blocks: the oxidation of the formate
anion and the regeneration of the enzyme. The process from A to B represents
the oxidation of the formate anion. The transformation from C to F corresponds
to the regeneration of the enzyme. This regeneration can be divided in two
steps: deprotonation of selenium, from C to D; and reoxidation of molybde-

num, from D to F.

5.1.2 Computational details

All calculations were carried out at the QM level using a model of the active cen-
ter of the protein (see Figure 5.2). Although it is generaly acknowledged that the
protein environment is critical for catalysis typically through the role of electro-
static interactions,'! the use of a small model system in this study is justified, as
we are mainly interested in the differential electronic effects of Cys and Sec. The
size of the model was adjusted to include all necessary atoms for the reaction,
while keeping the calculations feasible. Because of that, the model includes the
central metal molybdenum atom, four sulfurs from both MDG cofactors, the
selenium atom and a methyl which represents the selenocysteine (Seci4¢) side-
chain and an imidazole ring from the histidine;4;. The starting point for geom-
etry optimizations was taken from the PDB (Protein Data Bank), file accession
code 1FDLI. It corresponds to the oxidized form of the formate dehydrogenase
H, published in 1997 by Boyington and co-workers.'>?

All minima and transition states of the catalytic cycle (section 5.1.1) were
computed. In each step a free geometry optimization was carried out with the
Becke3LYP density functional’®!%177 as implemented in the Gaussian03 pack-

¢ using the LANL2DZ basis set'®? for molybdenum, selenium and sulfur,

age!”
and the 6-31+G(d) basis set'””!® for other atoms. A d polarization shell was

included for selenium and sulfur.'”® To simulate the effect of the solvent, single
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5.1. QM study of the catalytic mechanism of FDHh

Figure 5.2: QM model for the active center of FDHh

point energy calculations were carried out using the PCM method'** with each
optimized geometry. A solvent with a dielectric constant e close to 40 was used,
this solvent was acetonitrile (€=36.64). This choice of ¢ was made to simulate the
effect of the hydrophilic region near the surface of a protein®!>2

To better evaluate the role of selenocysteine, an extra set of calculations was

carried out replacing selenium by sulfur. In this way, the role of selenocysteine

could be compared with that of cysteine.

Benzyl viologen

As mentioned above, the catalyzed reaction releases two electrons, is a redox
reaction. The wild type enzyme has a sulfur-iron box (Fe,S,) as a primary elec-
tron acceptor. Computation of this kind of molecules is not easy, and they were

not used in our study. Instead, this electron acceptor was replaced by another

105



UNIVERSITAT ROVIRA I VIRGILI

QM and QM/MM STUDIES ON ORGANIC AND BIOINORGANIC SYSTEMS
Alfons Nonell i Canals
ISBN:978-84-691-8860-6/DL:T-1277-2008

5. Selenoproteins

one, easier to compute, which is also applied in biochemistry. It is benzyl violo-
gen (1,1’-dibenzyl-4,4"-bipirydine). This is in fact used as final electron acceptor
and also as indicator of the activity of the enzyme in experimental studies with

this enzyme.!71-173

Figure 5.3: Bicationic form of benzyl viologen

Benzyl viologen (Bv) is an organic molecule which is used experimentally
as an electron acceptor, especially in biochemistry. This molecule has different
oxidation states, as neutral (Bv), cationic (Bv") and bicationic (Bv?+). We com-
puted the energy of each oxidation state and the energy differences between
them were estimated as the necessary energy to remove one electron from our
model of the active center. These energies are summarized in Table 5.1. Then,
we will assume that the first electron that leaves the system (from D to E) is
used to convert the bicationic form of benzyl viologen into the monocationic
form, and that the second electron (from E to F) is used to convert the monoca-

tionic benzyl viologen into the neutral form.

Including this electron acceptor, the overall net reaction becomes:

HCOO™ + OH™ + Bv*™ — CO, + H,0O + Bv (5.1)
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5.1. QM study of the catalytic mechanism of FDHh

Table 5.1: Computed energy (in kcal/mol) of the different oxidation states of
benzyl viologen.
Molecule Energy Difference
BvZt -360757.5 -
Bv ™ -360853.6 -96.1
Bv -360927.9 -74.2

5.1.3 Overview of energy profiles

Figure 5.4 presents the energy profile (in kcal/mol) of the computed catalytic
cycle (Figure 5.1) with selenium. The relative energies of intermediates and
transition states are given with respect to intermediate A, where the formate
anion is coordinated to the molybdenum atom. All energies are the PCM ener-
gies of the gas phase optimized structures.

The first remarkable thing is the exothermicity of the net reaction (eqn. 5.1)
which is -26.4 kcal /mol, it is an exothermic reaction. According to the catalytic
cycle shown, there are three barriers in this profile. They correspond to oxida-
tion of the formate, deprotonation of selenium and reoxydation of the molyb-
denum atom. The barriers for oxidation of formate and reoxidation of molyb-
denum are moderately high, 25.3 kcal/mol and 13.7 kcal/mol, respectively. In

contrast, the deprotonation of selenium has a very small barrier of 0.1 kcal /mol.

The barrier to oxidation of the formate is characterized by the transition state
connecting A and B. Characterization of the barrier to reoxidation of molybde-
num is more subtle. It corresponds to the energy of the high energy intermedi-
ate E in the path from D to F. This is because we assume the electron transfer
processes from molybdenum and the electron sink to be barrierless. The raw

data for the reaction with selenium suggest the oxidation of formate to be the
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Figure 5.4: Computed energy profile (in kcal/mol) for the catalytic cycle of
FDHh with the selenium system.

rate-determining step with a barrier of 25.3 kcal/mol (the energy of TS(A-B) mi-
nus that of intermediate A) compared with the 13.7 kcal /mol of the reoxidation

of molybdenum (the difference between E and D).

The analogous catalytic cycle for the system where selenium is replaced by
sulfur is shown in Figure 5.5. The overall pattern is similar. There are two
moderately high barriers for the oxidation of formate (22.6 kcal/mol) and reox-
idation of molybdenum (19.8 kcal/mol), and a very low barrier for the depro-

tonation of sulfur. In this case the barrier from C to D is formally negative (the
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Figure 5.5: Computed energy profile (in kcal/mol) for the catalytic cycle of
FDHh with the sulfur system.

energy of transition state is below the of C), but this is a computational artifact
due to the fact that the geometry optimization is carried out in gas phase and
the final energy includes environmental effects through PCM. A more refined
calculation would be necessarily to properly evaluate this barrier, but it has not
been done because this seems to have little relevance for the problem under
discussion.

When we compare the raw computed values for the two main energy bar-
riers for the two systems, we see that for each system the highest barrier corre-
sponds to oxidation of the formate, and that the value for this barrier is higher

for selenium than for sulfur. This is completely at odds with the experimen-
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Table 5.2: Computed relative energies (kcal/mol) for minima and transition
states involved in the catalytic cycle of FDHh with both the selenium and sulfur

models.
Molecule AEgs. AEg Difference (Se-S)

A 0 0.0 0.0
ts 253 226 2.6
B -1.3 95 8.2

-49 -12.6 7.7
ts -4.8 -14.1 9.3
D -26.6 -324 5.8
E -129 -12.6 -0.3
F -23.2 -279 4.6
A’ -264 -264 0.0

tal observation that the reaction is orders of magnitude faster with selenocys-
teine than with cysteine. In spite of this seemingly disagreement the results are
however very informative. For this, one has to take into account the relative
accuracy of the calculations. It is quite reasonable to assume a similar accuracy
in the description of the behavior of the selenium or sulfur systems in a given
step, either formate oxidation or molybdenum reoxidation. Mostly because of
the cancelation of systematic errors, which will be essentially the same. How-
ever, things are different when we compare the barriers for formate oxidation
and molybdenum reoxidation for the same system. The difference between the
two steps are evident, and so systematic errors may affect the numeric result in
different directions. Because of this, we interpret the observation that the bar-
rier for molybdenum reoxidation is lower for selenium as an indication that is
the key step of the process. Selenocysteine exists thus in this particular enzyme

because if favors the reoxidation of molybdenum, although it hinders the step
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5.1. QM study of the catalytic mechanism of FDHh

where formate is oxidized.
A detailed study of each step will be shown in what follows, and the differ-

ential effect of selenium and sulfur in each of them will be analyzed.

5.1.4 Oxidation of formate

This first step begins with intermediate A, where the central atom, molybdenum
is Mo"’. Besides the four cis-dithiolene sulfurs of the MGD cofactors, two more
anionic ligands are coordinated to molybdenum. One is Me-Se~, wich repre-
sents the selenocysteine of the real system, and the other one is the substrate of
the reaction, a formate anion (OCHO™). This formate anion is coordinated to
molybdenum through one of its oxygens.

The product of this step, B, is the complex between the enzyme and the
product of the oxidation of the formate anion, a molecule of carbon dioxide. In
the transition state the hydrogen atom from the formate ligand is transferred to
the selenium center. Carbon dioxide is produced and the molybdenum center
of the enzyme is reduced to oxidation state +4.

Figure 5.6 collects the structures involved in this step for the selenium model.
The Figure presents intermediate A, the transition state from A to B, and inter-
mediate B. The structure A is the enzyme-substrate complex, where the sub-
strate (formate) is coordinated to molybdenum. B is the enzyme-product com-
plex, where formate is already oxidized to carbon dioxide.

Intermediate A, the enzyme-substrate complex, has short bond distances be-
tween molybdenum and both both the methylselenolate and formate ligands:
2.497 A for Mo-Se and 2.032 A for Mo-O. The Mo-Se distance increases in inter-
mediate B, up to 2.689 A. This increase of 0.192 A is due the lower capacity of
the ligand Me-Se-H (in B) to coordinate to molybdenum with respect to that of
the ligand Me-Se™ (in A).

111



UNIVERSITAT ROVIRA I VIRGILI

QM and QM/MM STUDIES ON ORGANIC AND BIOINORGANIC SYSTEMS
Alfons Nonell i Canals
ISBN:978-84-691-8860-6/DL:T-1277-2008

5. Selenoproteins

The transition state shows a typical situation for hydrogen transfer. The Mo-
Se and Mo-O distances increas with respect to A, up to 2.539 A and 2.166 A,
respectively. The formate anion, which in A has the hydrogen oriented to the
opposite side of selenium, is reoriented. In the transition state, the hydrogen is
placed between the selenium and carbon atoms, with distances of 1.689 A and

1.475 A, respectively.

Figure 5.6: Minima and transition states for oxidation of formate in the FDHh
model with selenium. The structures are: minimum A (bottom left corner),

transition state (top) and minimum B (bottom right corner). Distances are in A.
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Also, in the transition state, the intramolecular C-O distances within the for-
mate subunit are more similar than in A. In A the distance between the carbon of
the formate the carbonylic oxygen is 1.215 A and carbon-oxygen distance with
the oxygen coordinated to molybdenum is 1.324 A. These distances decrease to
1.163 A and 1.176 A, respectively, in B, where the carbon dioxide is formed with
the typical symmetrical linear structure.

Another remarkable feature of structure B is the reorientation of the histi-
dine fragment. In this structure the aromatic nitrogen is oriented towards the
protonated selenium. The N-H distance is 2.144 A, while the Se-H distance is

1.497 A. The N-H-Se arrangement is almost linear.

Similar structures can be observed in the system where sulfur replaces sele-
nium. They are shown in Figure 5.7. As expected, the main change with respect
to the model with selenium is in the distances directly involving the selenium
or sulfur atoms. They become, in general, shorter in the model with sulfur. This
is logical because of the different atomic radius (115 for selenium and 100 for
sulfur, see Table 1.1).

In A, the Mo-S distance is 2.362 A. The value in intermediate B is 2.586 A,
an increase of 0.224 A. In the transition state, the hydrogen is situated between
sulfur (at 1.588 A) and carbon (at 1.439 A). The S-H distance is reduced to 1.374
A in B. Like in the model with selenium, the imidazole ring in B is oriented to
receive a hydrogen bond from the protonated sulfur atom, with a N-H distance

of 2.058 A.

Table 5.3 summarizes the energies, for selenium and sulfur of this step of

formate oxidation. The exothermicity of the reaction is lower for selenium than
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Figure 5.7: Minima and transition states for oxidation of formate in the FDHh
model with sulfur. The structures are: minimum A (bottom left corner), transi-

tion state (top) and minimum B (bottom right corner). Distances are in A.

for sulfur. The reaction is practically thermoneutral for selenium, where B is 1.3
kcal/mol below A. In contrast, with sulfur, the exothermicity of the reaction is
larger, and B is 9.5 kcal/mol below A. The barriers follow the same trend as the
exothermicity. The barrier is lower for the model with sulfur (22.6 kcal/mol)
than for the model with selenium (25.3 kcal /mol).

The energetics of the process can be easily correlated with the relative basic-
ities of selenium and sulfur centers and, ultimately, with the atomic electroneg-

ativities. Sulfur is more electronegative than selenium. As a result, sulfur cen-
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Table 5.3: Computed relative energies (kcal /mol) for the species involved in the

step of formate oxidation in FDHh.
Molecule AEs. AEg Difference (Se-S)

A 0 0.0 0.0
ts 253 226 2.6
B -1.3 95 8.2

ters are more basic, and because of this they attract protons more easily. This
explains why this step should be more favorable for a modified system with

cisteine than for the original FDHh enzyme with selenocysteine.

5.1.5 Deprotonation of selenium/sulfur

This step consists in the transfer of the proton from the selenium atom to the
imidazole ring representing the histidine aminoacid.

This step begins in C which differs from B in the fact that the carbon dioxide
molecule has already left the active center of the enzyme. The departure of
carbon dioxide reduces steric crowding near the metal center and allows the
hydrogen bond of the protonated selenium with imidazole to become stronger.
In structure C, shown in figure 5.8, the Se-H distance is 1.568 A, and the N-H
distance is 1.697 A. The Mo-Se distance is reduced from 2.689 A in B to 2.617 A
in C. Removal the carbon dioxide from the active center of the enzyme (the step
from B to C) stabilizes the system by -3.6 kcal/mol with the selenium model.

Figure 5.8 presents the minima, C and D, and the transition state involved in
the deprotonation of selenium. The Se-H-N arrangement is linear in the three
structures, but the proton moves from selenium to nitrogen. In D, N-H and
Se-H distances are 1.051 and 2.335 A, respectively. A strong hydrogen bond re-

mains in D because selenium has a formal negative charge, and the imidazole is
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Figure 5.8: Minima and transition states for deprotonation of selenium in the
FDHh model with selenium. The structures are: minimum C (bottom left cor-

ner), transition state (top) and minimum D (bottom right corner). Distances are

in A.

protonated. A side effect of the transfer of the proton from selenium to the imi-
dazole ring is a reduction in the distance between selenium and molybdenum.

The distance is reduced from 2.617 A in C to 2.507 A in D.

The transition state is very similar to intermediate C. which can be explained
by the very low barrier of this step that will be discussed below. When going
from C to the transition state there is a little increase of the Se-H distance, from
1.568 A to 1.574 A; and a decrease of the H-N distance from 1.697 A to 1.676 A.

Structures for the corresponding step in the systems with sulfur (Figure 5.9)
reproduce the same trends. Again, the distances which involve the selenium or
sulfur atom are shorter for the latter. There is a minor difference in the orienta-

tion of the imidazole ring which seems to have little chemical significance. In
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lk.()ll

}.011

Figure 5.9: Minima and transition states for deprotonation of sulfur in the FDHh
model with sulfur. The structures are: minimum C (bottom left corner), transi-

tion state (top) and minimum D (bottom right corner). Distances are in A.

D, the non-reacting nitrogen is oriented upwards for the selenium model, and

it is oriented downwards for the sulfur model.

Table 5.4: Computed relative energies (kcal/mol) for minima and transition
states involved in the selenium deprotonation step of the FDHh catalytic cycle

with selenium.
Molecule PCM energy Gas phase energy Difference (PCM-GP)

C 0.0 0.0 0.0
ts 0.1 0.01 0.09
D -21.7 -12.7 -9.0

The energetics for the selenium/sulfur deprotonation step are summarized

in Tables 5.4 and 5.5. This deprotonation step is quite exothermic, D is 21.7
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kcal/mol below C for the selenium system, and 19.8 kcal/mol below for the
selenium system. Histidine is thus a sufficiently strong proton acceptor for the
catalytic cycle to proceed. The barrier for the process is very low, as corresponds
to acid /base reactions: 0.1 kcal/mol for selenium and -1.5 kcal/mol for sulfur.
The presence of a formal negative barrier for the sulfur system deserves some
comment. The proton transfer generates a charge separation in intermediate D,
which as a result is stabilized with respect to C by the PCM single point en-
ergy calculation. This is shown in Tables 5.4 and 5.5, where gas phase relative
energies are also presented. The effect of the application of the PCM method
is remarkable, and it can be seen comparing the energy of D relative C in gas
phase, -12.7 kcal /mol for selenium and -6.7 kcal /mol for sulfur; and with PCM,
-21.7 kcal/mol for selenium and -19.8 kcal/mol for sulfur. The gas phase barrier
is also reduced, and as a consequence the value for the sulfur system becomes
negative in the single-point PCM calculation on the gas phase optimized geom-

etry.

Table 5.5: Computed relative energies (kcal/mol) for minima and transition

states involved in the sulfur deprotonation step of the FDHh catalytic cycle with

sulfur.
Molecule PCM energy Gas phase energy Difference (PCM-GP)
C 0.0 0.0 0.0
ts -1.5 1.4 -2.9
D -19.8 -6.7 -13.1

The low barrier for the step indicates little kinetic relevance, and because of

this the comparison of selenium and sulfur here is not significant. It is however
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worth mentioning the exothermicity of the step, that is likely irreversible in

biological conditions.

5.1.6 Reoxidation of molybdenum

Once the selenium has been deprotonated and this proton transferred to the
acceptor (at the moment, towards the imidazole ring of a near histidine), sele-
nium becomes negatively charged while molybdenum remains with oxidation
state +4. It is the situation in the intermediate D. Molybdenum has to return to
the initial oxidation state +6 in order to restart the catalytic cycle. This process
of reoxidation of the molybdenum has two steps and in each one an electron
leaves the molybdenum. There is an intermediate, E, where the metal has the
oxidation state +5.

The process starts with the transfer of the first electron to the external elec-
tron acceptor. In the real system, this electron acceptor is a sulfur iron box, but,
due the difficulty in computing this kind of systems, an organic molecule called
benzyl viologen was used, as discussed in section 5.1.2. This first transfer leads
to intermediate E, containing MoV

Figure 5.10 shows the structures involved in this oxidation process for the
system containing selenium. In E, due the loss of one electron, the central metal
atom binds more strongly to the coordinated selenium. The Mo-Se distance
decreases from 2.507 A in D to 2.445 A in E. In turn the Se-H distance between
the selenium atom and the protonated imidazole increases from 2.335 A to 2.544
A. At the same time, the H-N distance decreases to 1.031 A.

In the next step of the reoxidation of the molybdenum process, a second
electron leaves the system, and the final Mo"/ oxidation state is obtained, in
intermediate F. The departure of the second electron is coupled with the entry

of a hydroxyl group, necessary to produce the experimentally observed resting
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1.012

Figure 5.10: Minima for reoxidation of molybdenum the FDHh model with se-
lenium. The structures are: minimum C (bottom left corner), minimum E (top)

and minimum D (bottom right corner). Distances are in A.

state. This hydroxyl group is coordinated to molybdenum, the distance Mo-O
is 2.956 A. It is furthermore stabilized by a hydrogen bond with the protonated
histidine (O-H, 1.533 A), and this induces a new increase of the N-H distance
to 1.081 A. In structure F the increase in the metal oxidation state brings a new
shortening of the Mo-Se distance, to a value of 2.499 A already very similar to

the distance in A (2.497 A).

As was the case for the other reaction steps discussed in previous sections,
there are no important differences in the structures with the selenium model
and the sulfur model. The latter are collected in Figure 5.10. All distances

around sulfur are a little bit shorter, but there are not any outstanding changes.

The process of reoxidation of the molybdenum center (see Table 5.6) is an
endothermic reaction. F is 3.4 kcal/mol above D in the selenium system and 4.6

kcal/mol in the sulfur system. We are not able to compute the transition states
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Figure 5.11: Minima for reoxidation of molybdenum the FDHh model with sul-
fur. The structures are: minimum C (bottom left corner), minimum E (top) and

minimum D (bottom right corner). Distances are in A.

for this step because we are considering neither the real iron sulfur box that acts
as electron sink nor the path through which the electron reaches this sink. We
will use the energy of intermediate E as an estimate for this barrier. E has an
energy distinguishably higher than the other minima, D and F. The loss of the
tirst electron (from D to E) implies an increase of energy of 13.7 kcal/mol for
the system with selenium and 19.9 kcal/mol for the system with sulfur. There
is thus a sizeable barrier difference favoring the reaction in the system with

selenium.

We think that the presence of a significant energy difference of 6.2 kcal/mol
in favor of the selenium system suggests that this is the rate-determining step
for the overall process in the biological environment. This hypothesis is fur-
thermore strengthened by the fact that this behavior can be easily explained by

a qualitative reasoning. Selenium is less electronegative than sulfur, and will
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Table 5.6: Computed relative energies (kcal/mol) for minima involved in the
molybdenum reoxidation step of catalytic cycle of FDHh with both the selenium

and sulfur models.
Molecule AEs. AEg Difference (Se-S)

D 0 0.0 0.0
E 13.7 199 6.2
F 34 4.6 1.2

thus have a more covalent bond with molybdenum. Molybdenum will have
more electron density when bound to selenium, and the removal of electrons

associated to reoxidation will be easier in this case.

5.1.7 Incorporation of a new formate anion

It is the last step of the catalytic cycle that allows to restart the process. The last
step discussed above, the reoxidation of the molybdenum, ended in F, where
molybdenum had recovered the starting oxidation state +6 and a hydroxil anion
was coordinated to the enzyme active center.

This last step, from D to A’, implies the exit of a water molecule and the
entry of a new formate anion. The higher affinity of the proton (from the pro-
tonated histidine) to the hydroxil molecule generates a water molecule which
leaves the system at the same time that a formate is coordinated to molybde-
num. Since both F and A were involved in previous steps, there are no new
intermediates involved in this step. Moreover a transition step of this process
was not searched because it seems a simple ligand replacement process.

Structures for the selenium system are summarized in Figure 5.12, and for
the sulfur system in Figure 5.13. The Mo-Se distance is practically unchanged,
0.002 A shorter in A than in F; with sulfur, the Mo-S distance varies by only
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Figure 5.12: Minima for incorporation of a new formate anion in the FDHh
model with selenium. The structures are: minimum F (left), minimum A (right).

Distances are in A.

0.008 A. Besides this negligible change in Mo-Se/S distances, the exit of the
water molecule with the incorporation of a new formate provokes a movement
of the imidazole ring. This ring had one of its nitrogens involved in a hydrogen
bond, either as acceptor or as donor (when protonated), throughout most of the
catalytic cycle. This caused a linear Se(S)-H-N arrangement from intermediates
B to F. This hydrogen bond disappears in A, and the imidazole is only loosely
connected to the system.

The replacement of hydroxyl by formate does not bring important energy
changes. The process exothermic with selenium by -3.2 kcal /mol and endother-

mic with sulfur by 1.5 kcal/mol.

51.8 Summary

The geometrical structures of minima and transition states are quite similar for
our computed models containing either selenium or sulfur. But the differences

in energy barriers are remarkable. For both elements there are two main bar-
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1.013

Figure 5.13: Minima for incorporation of a new formate anion in the FDHh
model with sulfur. The structures are: minimum F (left), minimum A (right).

Distances are in A.

riers, related to formate oxidation and molybdenum reoxidation. For the sele-
nium system, the computed barriers are 25.3 and 13.7 kcal/mol, respectively.
For the sulfur sytem, they are 22.6 and 19.9 kcal/mol, respectively

The highest barrier is that for the step concerning oxidation of the formate
substrate. The most simple explanation would thus say that this is the rate-
determining step. However, the reaction is favored (by 2.6 kcal/mol) in the
case of sulfur. And this result is in absolute contradiction with the experimental
evidence that the reaction is 300 hundred faster with selenium than with sulfur.
On the other hand, the reoxidation step is favored by 6.2 kcal/mol for the sele-
nium system. This would fit well with the experimental preference of selenium
over sulfur.

Confronted with this discrepancy, we decide to trust more the comparison
between our results with selenium and sulfur for a given step than the com-
parison between our results for both steps with a given calchogen. There are

a number of systematic errors in our computational approach that are likely
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mostly cancelled when replacing the element, but much more difficult to trans-
late to the comparison between two such different steps.

Therefore, we conclude that the rate-determining step ought to be the metal
reoxidation. Once this is accepted, the reaction is more favorable with seleno-
cysteine, in agreement with experiment; and the preference can be easily ex-

plained in terms of the lower basicity of selenolate with respect to thiolate.
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5.2 QM study of the catalytic mechanism of W-FDH

It has been discussed in the introduction chapter (section 1.4.3) that most for-
mate dehydrogenases contain molybdenum in the active center. However, in
some cases, this central metal atom can be different. This is the case of the
tungsten-containing W-FDH formate dehydrogenase from Desulfovibrio gigas.
Apart from the replacement of molybdenum by tungsten, the active center of
this enzyme is similar to that of the previously discussed FDHh, sharing the
same general features of the active center of different formate dehydrogenases.
In addition, W-FDH is also a selenoprotein.

The catalytic mechanism of this tungsten-containing W-FDH formate dehy-
drogenase was computed in order to compare with that computed above for the

FDHh from Escherichia coli (section 5.1).

5.2.1 Catalytic cycle

In agreement with all experimental observations, we will assume that the cat-
alytic cycle of W-FDH is similar to that of FDHh. The reaction begins with the
coordination of a formate anion to the central tungsten atom. Then, this formate
is oxidized, transferring a hydrogen to selenium and reducing the central metal
from tungsten +6 to tungsten +4. Afterwards, the reoxidation of the metal will
recover the functional form of the enzyme to restart the catalytic cycle with a
new formate molecule.

The catalytic cycle for W-FDH is shown schematically in Figure 5.14. The
only difference with that of FDHh is the absence of intermediate C, that will be
discussed below. In any case, to make the comparison easier, the same labels

were conserved.
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5.2.2 Computational details

Minima and transition states of the proposed catalytic cycle were computed
at QM level using a model of the active center of the enzyme similar to that
used previously for FDHh. This model includes the central tungsten atom co-
ordinated by four sulfur atoms from the two MGD’s, the selenium from the
methylselenolate representing selenocysteine and an oxygen of the formate sub-
strate. The system also includes imidazole ring which acts as proton acceptor.
Figure 5.15 shows this model. The starting point for geometry optimizations
was taken from the Protein Data Bank (PDB), accession code 1HOH, published

by Raaijmakers and co-workers in 2001.1”

Figure 5.15: QM model for the active center of W-FDH.

All minima and transition states of the proposed catalytic cycle were com-
puted. In each step a geometry optimization was carried out with Becke3LYP
density functional'®*'7” as implemented in the Gaussian03 package'”® using
the LANL2DZ basis set'®? for tungsten, selenium and sulfur, and 6-31+G(d) ba-
sis set!”180 for other atoms. The basis set for selenium and sulfur was com-
pleted with a d polarization shell. To simulate the effect of the solvent, single

point energy calculations were carried out using the PCM method (e=36.64) on
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each optimized geometry. e close to 40 was used, this solvent was acetonitrile
(e=36.64). Again, benzyl viologen was used as electron acceptor.

As for FDHh, to better evaluate the role of selenocysteine, an extra set of
calculations was carried out replacing selenium by sulfur. In this way, the role

of selenocysteine could be compared with that of cysteine.

5.2.3 Overview of energy profiles

Figure 5.16 presents the energy profile (in kcal/mol) of the computed catalytic
cycle (figure 5.14) for W-FDH with selenium. The relative energies of interme-
diates and transition states are given with respect to intermediate A, where the
formate anion is coordinated to the tungsten atom. All energies reported are the
PCM energies of the gas phase optimized structures.

The only qualitative difference between the computed cycle for W-FDH and
that previously reported for FDHh is the absence of intermediate C in the sys-
tem with tungsten. In the FDHh cycle it was possible to compute this inter-
mediate, although it was separated by a transition state with very low barrier
from the next species D. In the cycle with W-FDHh the suppression of the car-
bon dioxide molecule (present in the intermediate B) leads directly to the trans-
fer of the proton from selenium to imidazole ring representing the histidine
aminoacid. The barrier for this step was chemically irrelevant, and the absence
of this step has thus a neglectable effect on the overall reactivity of the system.

Apart from this detail, one can see that this profile follows the same pattern
of the previously computed system with molybdenum. There are two main
barriers in the process, corresponding to the oxidation of the formate (from A
to B) and to the reoxidation of the metal, now tungsten, (from D to F).

The numeric value of both key barriers changes significantly with respect to

the molybdenum system. The barrier for formate oxidation increases to 33.7
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Figure 5.16: Computed energy profile (in kcal/mol) for the catalytic cycle of
W-FDH with the selenium system.

kcal/mol (from 25.3 kcal/mol), and the barrier for reoxidation of the metal

(from D to E) decreases to 9.4 kcal/mol (from 13.7 kcal/mol).

The analogous catalytic cycle for the system where selenium is replaced by
sulfur is shown in Figure 5.17. The overall pattern is similar. There are two
moderately high barriers for the oxidation of formate (32.0 kcal/mol) and reox-
idation of molybdenum (10.2 kcal/mol). The change from selenium to sulfur in
W-FDH is the same reported above for FDHh. The barrier for formate oxidation

decreases, and that for metal reoxidation increases.

The relative energies of all stationary points presented in this section are col-

lected in table 5.7. The disparity between the barriers for formate oxidation and
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metal reoxidation is even larger than for the molybdenum systems. The raw
data thus point out again to formate oxidation as the rate-determining step.
Again, this would suggest cysteine as a more efficient aminoacid than seleno-
cysteine. Because of the same reasoning exposed for FDHh on relative accuracy
of calculations, we suggest that the rate-determining step is instead the metal

reoxidation also for W-FDH.

Table 5.7: Computed relative energies (kcal/mol) for minima and transition
states involved in the catalytic cycle of W-FDH with both the selenium and sul-

fur models.
Molecule AEgs. AEg Difference (Se-S)

A 0 0.0 0.0
ts 33.7 32.0 1.7
B 14.5 9.0 5.5
D -152 -19.3 4.1
E 58 9.1 3.3
F -26.5 -264 -0.1
A’ -264 -264 0.0

Comparison of the energetics for FDHh and W-FDH shows that the barrier
for formate oxidation is higher in W-FDH, but the barrier for metal reoxidation
is lower. The only explanation we can find therefore for the existence of W-FDH
is that it should be more efficient in more reducing environments, where metal
reoxidation is intrinsically more difficult. Another aspect of the comparison be-
tween both systems concerns their sensitivity to the selenium/sulfur substitu-
tion. The difference in barriers is smaller for the tungsten system (1.7 kcal /mol

for formate oxidation, 0.8 kcal/mol for metal reoxidation), thus suggesting a
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smaller sensitivity to the nature of the aminoacid in the case of tungsten.
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Figure 5.17: Computed energy profile (in kcal/mol) for the catalytic cycle of
W-FDH with the sulfur system.

A detailed study of each step will be shown in what follows, and the differ-
ential effect of selenium and sulfur in each of them will be analyzed, as well as

the difference between molybdenum and tungsten.

5.2.4 Oxidation of formate

The reaction begins in intermediate A where the central atom, tungsten, has an
oxidation state of +6. Besides the four cis-dithiolene sulfurs of MGD cofactors,

two more anionic ligands are coordinated to tungsten. They are Me-Se™ and the
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formate anion (OCHO™). The product of this step, B, is the complex between
the enzyme and the product of the oxidation of the formate anion, a molecule of
carbon dioxide. In the transition state the hydrogen atom the formate ligand is
transferred to the selenium center. Carbon dioxide is produced and the tungsten

center of the enzyme is reduced to oxidation state +4.
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Figure 5.18: Minima and transition states for oxidation of formate in the W-FDH

model with selenium. The structures are: minimum A (bottom left corner),

transition state (top) and minimum B (bottom right corner). Distances are in A.

Figure 5.18 collects the structures involved in this step for the selenium
model. The reaction implies an increase of the distance W-Se, from 2.514 A in A

to 2.667 A in B. Me-Se-H is obviously a worse ligand than Me-Se~. The coordi-
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nation sphere around tungsten changes from an octahedral shape in A, typical
of hexacordinated transition metals systems, to a square pyramidal shape in B.
This square pyramid shape is already present in the transition state from A to

B.

Figure 5.19: Minima and transition states for oxidation of formate in the W-
FDH model with sulfur. The structures are: minimum A (bottom left corner),

transition state (top) and minimum B (bottom right corner). Distances are in A.

The formate anion being oxidized experiences obviously substantial geo-
metrical changes. In A, one of its oxygens is coordinated to tungsten, with a

W-O distance of 1.912 A; the carbonyl oxygen is oriented towards one of the
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MGD sulfurs, and the hydrogen points towards the basic nitrogen atom of im-
idazole, with a N-H distance of 2.340 A. In the transition state the hydrogen is
between carbon and selenium with C-H and Se-H distance of 1.654 and 1.624
A, respectively. In B the formate has already been oxidized to carbon dioxide
which remains in the active center of the enzyme. The protonated selenium is
stabilized by the imidazole ring which has been reoriented to maximize the N-
H interaction. In B, the Se-H distance is 1.499 A and the N-H distance is 2.136
A.

Structures with sulfur follow a similar pattern and one can appreciate the
same changes from selenium to sulfur than for FDHh. The increase of the W-
Se(S) distance in this reaction step is larger with sulfur than with selenium, be-
ing 0.196 A with sulfur (from 2.365 A in A to 2.561 A in B). A seemingly re-
markable feature of the A intermediate in this system is in the position of the
imidazole ring. The basic nitrogen is at similar distances from the formate hy-
drogen and the selenium center. Alas, these distances are quite long, 3.636 and
4578 A, respectively. Therefore, this is just one of the possible conformations,
of likely similar energy for the arrangement between imidazole and the ligands
organized around the metal. In the transition state, the hydrogen being trans-
ferred is logically closer to sulfur (1.501 A) than it was to selenium, but the H-C
distances are very similar. (1.654 A for Se; 1.635 A for S). In the enzyme-product
complex, intermediate B, the S-H unit is also stabilized by a hydrogen bond
with the most basic nitrogen of imidazole, which is placed at 2.039 A from H

(the S-H distance is 1.377 A).

From an energy point of view, the oxidation of formate in W-FDH is clearly
an endothermic reaction. B is 14.5 kcal/mol above A in the model with sele-
nium; and the difference is 9.0 kcal/mol with sulfur. The barriers follow the

same trend as the exothermicities, both in the comparison between selenium
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and sulfur for W-FDH and in the comparison between FDHh and W-FDH. The
difference between sulfur and selenium in W-FDH can be explained by the same
reasonings exposed above for FDHh. As for the comparison between FDHh and
W-FDH, that is, between molybdenum and tungsten, we can appeal to the dif-
ferent redox potentials, related to electronegativities of the metals. Tungsten has
a lower electronegativity, attracts its electrons with less strength, and has thus a
lower reduction potential. Oxidation of formate requires reduction of the metal,

and tungsten is simply less likely to reduce than molybdenum.

Table 5.8: Computed relative energies (kcal/mol) for the species involved in the

step of formate oxidation in W-FDH.
Molecule AEs. AEgs Difference (Se-S)

A 0.0 0.0 0.0
ts 33.7 32.0 1.7
B 145 9.0 55

5.2.5 Deprotonation of selenium/sulfur

This step consists in the transfer of the proton from the selenium atom to the
imidazole ring representing the histidine aminoacid.

This step has an important qualitative difference with the calculations re-
ported for the molybdenum FDHh system in the previous section. A species
as C, where the proton stays on selenium after the departure of carbon dioxide
does not exist as a local minimum. As a result, only the two structures shown in
Figure 5.20 are significant for the W-FDH system. B is the product-enzyme com-
plex, with selenium protonated and a W-Se distance of 2.667 A. There is already
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a hydrogen bond between the protonated selenium and the basic nitrogen of

imidazole, with a N-H distance of 2.136 A.

2. 1‘56

1.499 3 417
1 16

1.177
2667' ." 2.560

W@%

Figure 5.20: Minima involved in deprotonation of selenium in the FDHh model

with selenium. The structures are: minimum B (left) and minimum D (right).

Distances are in A.

When the carbon dioxide is removed from the system, the proton moves
spontaneously from selenium to the imidazole nitrogen, resulting in interme-
diate D. This intermediate has a significant charge separation between the two
subunits, the positively charged protonated imidazole and the negatively charged
metal unit. The W-Se distance is 2.495 A in this structure, significantly shorter
than that in B. The loss of the proton increases the affinity of selenium for the
metal. Of course, there is also a strong hydrogen bond in D. The involved dis-
tances are: Se-H, 2.360 A; N-H, 1.048 A.

Once again, the structures with the sulfur model (Figure 5.21) follow the
same pattern, with all distances involving sulfur being shorter than the corre-
sponding ones with selenium. For instance, in D the W-S distance is 2.362 A
and the S-H distance is 2.219 A.

The step is clearly exothermic: 29.7 kcal/mol for the selenium system, 28.3
kcal/mol for the sulfur system. Following the general trend the sensitivity

to the selenium/sulfur replacement is smaller for W-FDH than for FDHh. It
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Figure 5.21: Minima involved in deprotonation of sulfur in the FDHh model
with sulfur. The structures are: minimum B (left) and minimum D (right). Dis-

tances are in A.

is worth mentioning the substantial effect of the environment in the exother-
micity of the step, the gas phase values for selenium and sulfur are 14.2 and
14.3 kcal/mol, respectively. Due to the charge separation in D, this structure is
strongly favored with respect to B by the introduction of a dielectric constant in

the environment.

5.2.6 Reoxidation of tungsten

Once the selenium has been deprotonated and this proton transferred to the
acceptor, selenium becomes negatively charged while tungsten remains with
oxidation state +4. This is the situation in intermediate D. Tungsten has to re-
turn to the initial oxidation state +6 in order to restart the catalytic cycle. This
process of reoxidation of the molybdenum has two steps and in each one an
electron leaves the molybdenum. There is an intermediate, E, where the metal
has the oxidation state +5, and the product of this step, F, contains W(VI). The
optimized structure for D, E, F are shown in Figure 5.22.

The first part of this tungsten reoxidation step consists of the transfer of the
first electron to the external electron receptor, resulting in intermediate E. When

going from D to E the W-Se distance decreases by 0.05 A, indicating that coor-

139



UNIVERSITAT ROVIRA I VIRGILI

QM and QM/MM STUDIES ON ORGANIC AND BIOINORGANIC SYSTEMS
Alfons Nonell i Canals
ISBN:978-84-691-8860-6/DL:T-1277-2008

5. Selenoproteins

1.618 o

0.971
2.025

2.506

Figure 5.22: Minima for reoxidation of tungsten in the W-FDH model with se-
lenium. The structures are: minimum D (bottom left corner), minimum E (top)

and minimum F (bottom right corner). Distances are in A.

dination of the formally negative Me-Se™ ligand is stronger to WY than to WV
The distance Se-H increases from 2.360 A in D to 2.564 A in E, indicating a weak-
ening of the hydrogen bond. In the three structures considered, the protonated
imidazole system is always involved in hydrogen bonds.

In the step from E to F a second electron leaves the system, and the oxidation
state of tungsten increases from +5 to +6. As happened for FDHh, the departure
of the second electron is coupled with the entry of a hydroxyl group.

The most remarkable thing in this step is the entry of a new molecule into
the active center of the enzyme. This molecule is an anionic hydroxil which is
coordinated to tungsten by its oxygen being the W-O distance, 2.025 A. This
new negative ligand causes a rearrangement of the position of the imidazole

ring. The distance H-O is 1.618 A.
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Figure 5.23: Minima for reoxidation of tungsten in the W-FDH model with sul-
fur. Minimum D (bottom left corner), minimum E (top) and minimum F (bot-

tom right corner). Distances in A.

Once again, one cannot see important changes in the structure of the inter-
mediates with sulfur (Figure 5.23), apart of the general decrease of the distances
involving the sulfur atom.

The tungsten oxidation process from D to F is an exothermic reaction, by 11.3
kcal/mol with the selenium model, and by 7.1 kcal/mol with the sulfur model.
The barrier for the reoxidation process can be estimated as the energy difference
from D to E, as was done in the case of the FDHh. E is not a transition state,
but we can assume that the electron transfer transition states separating it from
other minima will have very low barriers. The barrier for tungsten reoxidation
computed in this way is 9.4 kcal /mol for the selenium system and 10.2 kcal /mol
for the sulfur system.

As was the case for FDHh, we think that the difference of 0.8 kcal/mol for
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Table 5.9: Computed relative energies (kcal/mol) for minima and transition
states involved in the tungsten reoxidation step of catalytic cycle of W-FDH

with both the selenium and sulfur models.
Molecule AEs. AEg Difference (Se-S)

D 0.0 0.0 0.0
E 94 10.2 0.8
F -11.3 71 4.2

the system with selenocysteine suggests that this reoxidation is also the rate-
determining step for W-FDH. The explanation is again based on the low elec-
tronegativity of selenium compared to sulfur. It is also worth mentioning that
the barrier for this step is remarkably lower for the tungsten system than for the
molybdenum counterpart. This can be explained again by the reduction poten-
tial of the metals. Tungsten has a lower reduction potential and it is thus easier

to oxidate than molybdenum.

5.2.7 Incorporation of a new formate anion

It is the last step of the catalytic cycle that allows to restart the process. The pre-
vious step discussed above, the reoxidation of the tungsten, ended in F, where
tungsten had recovered the starting oxidation state +6 and a molecule of hy-
droxyl was coordinated to the enzyme active center. The last step of the cat-
alytic cycle is the first one of a new process. This step completes the enzyme
regeneration and a new cycle is started from intermediate A’ In the transforma-
tion of F into A’, a water molecule leaves the system and a new anionic ligand
is coordinated to the metal center.

In intermediate F (Figure 5.24, the oxidation state of tungsten is +6. The

high affinity of the proton (from the protonated histidine) to the hydroxyl anion
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1618 o

0.971
2.025

2.506

Figure 5.24: Minima for incorporation of a new formate anion in the W-FDH
model with selenium. The structures are: minimum F (left), minimum A (right).

Distances are in A.

generates a water molecule, and from there the water can be replaced by a for-
mate anion. There are minor changes in the position of imidazole, but they have
little relevance on the overall energetics. The structures where sulfur replaces

selenium (Figure 5.25) show a similar pattern.

Figure 5.25: Minima for incorporation of a new formate anion in the W-FDH
model with sulfur. The structures are: minimum F (left), minimum A (right).
Distances are in A.

This step has no important energy changes associated, neither for sulfur nor
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for selenium; neither for molybdenum not for tungsten.

5.2.8 Summary

The main difference between the computed energy profiles for FDHh and W-
FDH is that with tungsten, the barrier corresponding to the oxidation of formate
is higher, and the barrier corresponding to metal reoxidation is lower. On one
hand, this is hardly surprising because high oxidation states are more stable in
the case of tungsten, therefore making more difficult for this metal the transition
from +6 to +4, and easier the transition from +4 to +6. However, this result can
be also related to the characteristics of the bacteria where the two enzymes are
present, and ultimately to the biological features of the two metals.

FDHh is present in Escherichia coli and W-FDH is present in Desulfovibrio gi-
gas. Both Escherichia coli and Desulfovibrio gigas are mesophilic organisms. This
means that they grow better in a medium with moderate temperatures, between
15°C and 40°C'. The main difference between them is that the second one is an
anaerobic organism, it grows better in absence of oxygen. The absence of oxy-
gen is associated to a more reductive environment, where reductions are eas-
ier, and oxidations are more difficult. The presence of tungsten in the enzyme
would be thus an advantage only in the case of reducing environments.

In fact, this behavior can be related with the general biological role of molyb-
denum and tungsten. Both metals are relatively scarce in nature, being in the
position 54th and 53rd, respectively, in the ranking of relative abundance of the
elements in earth.””1% However, their abundance in live organisms is quite
different. Molybdenum is present in a wide range of metalloenzymes'” in bac-
teria, fungi, algae, animals and plants. In contrast, the presence of tungsten
in metalloenzymes is restricted to a limited range of bacteria,'®® many of them

anaerobic and hyperthermophilic (living at high temperature) bacteria.'®®1%%200
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The presence of tungsten-based W-FDH in (Desulfovibrio gigas) seems there-
fore better suited for an anaerobic environment, which was majoritary in earlier
stages of earth evolution. The current stage of the planet, with high atmospheric
content of oxygen is better suited for molybdenum-based formated dehydroge-

nases, as W-FDHh.
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Chapter 6

Conclusions

After the QM and QM /MM studies of the different organic and bioinorganic

systems, we have reached the following conclusions.

e The thermal stability of [4]helicenes is directly correlated with the com-
puted interconversion barrier between the M and P forms. This barrier
depends on the nature of the substituents. The main effect of the R, and
R functional groups is steric, while the R, substituent has an electronic

effect.

e There are two possible paths for the synthesis of [5]helicenequinones from
phenantrenes. These two paths, I and II, differ in the conformation of a
dihydro[5]helicene intermediate. Il is the most stable conformer, and leads
to product M. This is the preferred path in absence of steric effects. If there
are steric constraints hinder the attack of the oxidating agent, the reaction
goes through conformer I, leading to the P enantiomer of the product.

This steric effect can come from either the substituents on helicene.

e The enantioselectivity in the ring opening of azlactones by esters catalyzed

by guanidine derivatives can be correlated with the computed stabilities
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of the adducts between guanidinium and the deprotonated azlactone. The
structure of these adducts is ruled by the combination of hydrogen bonds
and steric effects, and is completely different from those that can be com-

puted for the simplest model systems.

There are two critical energy barriers in the catalytic cycle of formate de-
hydrogenase H. The first of them is in the the formate oxidation by the
molybdenum-containing catalytic center, and the second one is the reox-
idation of the metal. Replacement of cysteine by selenocysteine increases
the barrier for the first step, and reduces that of the second one. Metal
reoxidation is thus the critical step that requires the presence of selenocys-

teine instead of cysteine.

The energy profiles for the catalytic cycles of formate dehydrogenase en-
zymes containing molybdenum and tungsten follow the same pattern.
Tungsten reduces the differences between the behaviors of selenocysteine
and cysteine, and seems to be better suited for more reducing environ-

ments.
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