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FOREWORD

A wonderfully successful NATO Advanced Study Institute on “Sulfur-Centered Reactive
Intermediates in Chemistry and Biology” was held 18-30 June, 1989, at the Hotel Villa del
Mare in Maratea, Italy. Despite the beautiful setting with mountains behind us and over-
looking the clear blue Mediterranean Sea under a cloudless sky (and with a private beach
available), the lectures were extremely well attended. While some credit can go to the
seriousness of the students, more must go to the calibre of speakers and the high quality of
their presentations. The Director, Dr. C. Chatgilialoglu, and Co-Director, Professor K.-D.
Asmus, are to be congratulated for putting together such an outstanding scientific program.
Dr. Chatgilialoglu is also to be commended for arranging an equally stimulating social pro-
gram which included bus, train and boat trips to many loa;!isim of interest.

It was particularly fitting that a meeting on the chemistry and biochemistry of sulfur
should be held in Italy since Italian chemists have made major contributions to our under-
standing of the organic chemistry of sulfur, including the chemistry of its reactive inter-
mediates. The early Italian interest in sulfur chemistry arose from the fact that Italy, or
more specifically, Sicily, was a major world producer of sulfur prior to the development and
exploitation of the Frasch process in Texas and Louisiana. More Yecently, under stimulating
guidance of the late, great Italian chemist, Professor Angelo Mangini of Bologna, studies on
the organic chemistry of sulfur and, particularly, on sulfiir-centered reactive intermediates
have received new impetus and have ﬂuonshed in Italy. Several of Professor Mangini's
scientific "children" attended the meehng and so did some of their scientific children
(Mangini's "grandchildren”). I know that he would have approved of this meeting and
believe that he was with us in spirit throughout the two weeks.™ -

The speakers and the students were mainly chemists. How.ever, their scientific back-
grounds and research interests varied enormously - theoretical chemistry, gas phase kinetics,
thermodynamics and so on, all the way to the mechanisms of enzyme catalyzed reactions.
Thi$ interdisciplinary approach, which covered the entire field of sulfur chemistry, is a
credit to the organizers of the meeting and their judgement in choosing speakers. Certainly,
it made the meeting especially valuable to all attendees. After each talk, one had learned
something new, interesting and, quite frequently, of direct relevance to one's own research
program. Because of the interdisciplinary nature of the meeting audience participation was
exceptionally strong. Long and vigorous discussion followed each presentanon and, indeed,
often continued leng into the night!

. For all scientists interested in «the chemistry and biochemistry of sulfur this book
provides a valuable and permanent record of NATO's 1989 ASI on sulfur. Please read and
enjoy the 39 papers presented by 26 scientists from 7 NATO countries and fapan.

i

5 July 1989 . K. U. Ingold
Ottawa, Canada

Sulfur-Centered Reactive Intermediates in Chemistry and Biology, Edited by
C. Chatgilialoglu and K.-D. Asmus, Plenum Press, New York, 1990



PREFACE

This book contains the main lectures given at the NATO Advanced Studies Institute on
“Sulfur-Centered Reactive Intermediates in Chemistry and Biology” held in Acquafredda di
Maratea (Italy) June 18-30, 1989. The first chapters consider theoretical aspects and give a
survey of general thermodynamic properties of sulfur functionalities in molecules. A second
larger group of articles covers the variety of experimental techniques which have most
successfully been applied for the investigation of sulfur-centered reactive intermediates. The
generation and the properties of these species, particularly radical and non-radical cations,
are extensively described in the following papers. Many interesting and important studies in
this field could not have been performed without especially tailored molecules. Conse-
quently, their synthesis is a subject covered in this book. Equally interesting will be the
other synthesis papers describing the application of sulfur-organic compounds and sulfur-
centered radicals for the preparation of new compounds and the understanding of reaction
mechanisms. The final, large section highlights the role of the.sulfur compounds and sulfur-
centered radical species in biochemistry and biology. The reader will realize how many of
the interpretations and conclusions in this “life science” oriented subject have benefited from
the fundamental knowledge described in the first part of the book.

Wiiile we could not cover all possible topics in the still expanding subject of sulfur-
centered reactive intermediates, an effort has been made to provide the state-of-the-art on, at
least, some key aspects in this field. We believe this book will be useful for the scientific
community as a reference work as well as an introduction to the various fields presented in
the individual chapters by authors who are top experts in their respective disciplines.

The meeting received a great impetus from the fact that scientists got together who
would not necessarily attend the same conferences, but could now discover the full value of
broad and interdisciplinary discussions. This, and also cammon interests in the many cultural
and social activities offered by our Italian hosts (including the appreciation of surprising
talents of young as well as established scientists in the game of football/soccer), were the
basis for the high spirit of this, as we feel, most successful summer school.

Our special thanks are due to NATO, Consiglio Nazionale delle Ricerche, Progetto
Finalizzato “Chimica Fine II”, Universita di Basilicata, Hahn-Meitner-Institut Berlin,
Regione di Basilicata, Azienda Autonoma Soggiorno e Turismo di Maratea, Glaxo S.p.A. and
Farmitalia Carlo Erba who kindly provided the financial support.

Finally, a word on the preparation of this book. Despite all the work which had to be
invested into collecting, reading, editing, typing, and correcting the contributions, it has been
an interesting and scientifically rewarding task. If completion took a bit longer than ori-
ginally anticipated our only excuse is that we, a small editing crew, (and all official guide-
and deadlines) totally underestimated the real amount of work coming up. Fertunately we
could count on the professional and always interested help of Mrs. Kim Kube for the typing
and Dr. Wolfgang Hoyer for the computer drawn chemical structures. They and all those who
in one, way or the other contributed to the finishing of this book deserve our sincere thanks.

K.-D. Asmus C. Chatgilialoglu
Berlin, F. R. Germany Bologna, Italy

Sulfur-Centered Reactive Intermedi in Chemistry and Biology, Edited by
C. Chatgilialoglu and K.-D. Asmus, Plenum Press, New York, 1990 il
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FORCE-FIELD AND MOLECULAR ORBITAL CALCULATIONS

IN ORGANOSULFUR CHEMISTRY

Timothy Clark

Institut fiir Organische Chemie der
Friedrich-Alexander-Universitit Erlangen-Niirnberg
Henkestrafle 42, 8520 Erlangen, Fed. Rep. Germany

Chemical structure and energy calculations! are unique among the available research
tools in that they do not require the molecule in question to have been made or isolated - or
even that it is capable of existence. Calculations are capable of delivering structures, ener-
gies and electronic properties such as dipole moments, charge distributions or ionization po-
tentials with reasonable accuracy at a fraction of the cost (both financial and in time and
effort) of comparable experimental studies. Two main types of structure and energy calcula-
tion are available: force-field (molecular-mechanics) and molecular orbital (MO) calcula-
tions. The latter can be subdivided into the semiempirical (MINDO/3, MNDO, AM1, PM3
etc.) and ab initio techniques. The object of this article is to provide an overview of the cost
(in computer time), applicability and accuracy of the various methods.

COMPUTER REQUIREMENTS

Computer requirements for the different methods differ enormously.” Simple molecular
mechanics optimizations on reasonably sized molecules can be done easily on a PC. However,
large molecular dynamics simulations, which use the same basic model as molecular mecha-
nics, may require a supercomputer. Semiempirical MO calculations can be done on PC's for
small molecules, but require a workstation or supermini for large (ca. 150 atom) molecules.
Ab initio can be performed very effectively on the better workstations, but may require
supermini or supercomputer performance for very large or very high level calculations.
Scheme 1 provides a rough overview of the situation.

Reference 1 gives a table (p. 3) of the computer times needed to optimize the geometry
of propane using the various theoretical techniques.! These vary from 0.8 seconds for
molecular mechanics to almost 5,000 seconds for an ab initio 3-31G* calculation. This is by no
means the highest practicable ab initio calculation for a molecule of this size, so that a
factor of 10,000 between computer time requirements for molecular mechanics and high level
ab initiv is not unreasonable. As a rough guideline, the computer time ratio force-field :
sexniempirical MO : ab initio is about 1 : 10 - 100 : 500 - 10,000. The last number could equally
well be infinity because the level at which ab initio calculations can be performed is open-
ended. These large differences mean that an understanding of the characteristics of each
method is essential for the effective use of computer facilities.

Sulfur-Centered Reactive Intermediates in Chemistry and Biology, Edited by
C. Chatgilialoglu and K.-D. Asmus, Plenum Press, New York, 1990 1
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Scheme 1. . A schematic view of the suitability of different types of computer
(dark lines) to different chemical applications (grey boxes).

FORCE-FIELD METHODS

Force-figld, or molecular mechanics, methods!?2 are based on a simple mechanical
model of molecules. Bonds between atoms are considered to behave like springs that obey a
modified version of Hooke's law. Similarly, bond angles have preferred values from which
they can be deformed according to a potential that depends on the square of the deformation
plus higher terms. Torsional potentials (1-, 2- and 3-fold) are used for each pair of vicinal
bonds and compound terms tha: depend both on the bond lengths to a given atom and to the
angles between the two bonds (stretch-bend terms) are also used. Steric interactions are taken
into account by considering van der Waals interactions between individual atoms. Van der
Waals interactions between geminal atoms are not usually considered because they are
accounted for by the angle-bending and stretch-bend terms. The sum of these potentials is
known as the force-field. Force-fields are parametrized by varying the preferred lengths and
angles and the force constants governing the individual potentials until as good a fit as
possible to experimental values (usually heats of formation and geometries) is obtained.
Because there are any number of different force-fields that can give a good fit to a given set
of experimental data, the individual energies (stretching, torsional, van der Waals etc.) do
not have any physical meaning and should not be used to interpret experimental findings.



Because force-field methods are parametrized to fit experiment, the quality of the
results depends heavily on the quality and quantity of the parametrization data-set. Thus,
the most accurate force-fields are available for the alkanes, for which a large body of
experimental data exists. Molecular mechanics for alkane heats of formation and structures
can be of experimental quality or better. Structural elemdnts for which less data are
available, such as sulfur-containing groups, do not give results of such high accuracy, but are
nevertheless well treated. The two great weaknesses of force-field calculations are their
inability to deal with unusual electronic effects, which are not included in the thegretical
model, and the fact that they are limited to stable equilibrium geometries because the
parametrization data-sets can only include such species. Clearly, they cannot deal with
reactions in which bonds are made and broken without an extra parametrization for this
process, but they may also give poor results for the activation energies of processes such as
conformational interconversions, in which no bonds are made or broken.

Force-field programs for simple molecular mechanics optimizations range from
Allinger's MM287 (available from the Quantum Chemistry Program Exchange, QCPE) to the
commercially available "molecular modelling" packages that provide color graphic input
and output facilities. Care should be taken with such packages that the force-field being
used really is what it is supposed to be. This can be checked by comparing resulis for some
test molecules with the original literature. ’

SEMIEMPIRICAL MOLECULAR ORBITAL METHODS

Although there are many different semiempirical MO-methods, the best known and
most widely used are those developed by Michael Dewar and his school. MINDO/3, the
first such method to gain general acceptance, is now outdated and has been replaced by
MNDO,? AM14 and PM35 These are all NDDO-based methods and the latter two (which
differ only in the parameter sets used) were developed to eliminate some of the known weak-
nesses of MNDO. Two programs that incorporate these methods, MOPAC and AMPAC, are
available from QCPE. Vectorized versions that provide very.high performance on superminis
and supercomputers are available for some machines. Scheme 2 shows the elements for
which MNDO, AM1 and PM3 have been parametrized.

There are several important points to consider when calculating sulfur compounds -
especially with MNDO. The first is that there are two sets of MNDO parameters for sulfur
and silicon. The original parametrizations for these elements were not as successful as had
been hoped and were later repeated and new parameter sets introduced. Care should be
taken when using older programs that the correct parameter set is installed. MNDO-
calculations should not be used for sulfones and sulfoxides or other "hypervalent” sulfur
compounds, for which they give very large errors. This was originally thought to be due to
the fact that MNDO uses only s- and p-orbitals and that d-orbitals are necessary in order
to describe sulfones and sulfoxides correctly. However, Stewart included hypervalent com-
pounds in the parametrization set for PM3 and was able to obtain satisfactory results for
sulfones and sulfoxides. - Dewar's AM1-parameters for sulfur are also able to treat sulfones
and sulfoxides adequately.

Care should be taken when using MNDO because it does not reproduce hydrogen bonds.
For applications where this is important, AM1 or PM3 should be used. These two methods
are comparable in performance, although PM3 is probably more widely applicable and AM1
has the edge if rotation barriers in conjugated systems, such as peptides, are important.

Generally, semiempirical MO-methods offer a zood compromise between efficiency and
accuracy for questions that cannot be answered by force-field calculations. This includes all
problems in which electronic effects are important as well as reactivity problems. Molecular
mechanics is probably more useful if purely conformational problems are of interest.
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Scheme 2. Elements for which MNDO, AM1 and PM3 parameters are available
(Nov. 1989). Lithium and magnesium were parametrized for MNDO
by groups other than that of Prof. Dewar.

Semiempirical calculations can now be done for many experimental compounds and are
being used for increasingly larger systems, such as enzyme models, as computer hardware
becomes more sophisticated. A RISC-workstation dedicated to semiempirical calculations is
a very powerful research tool indeed.

AB INITIO CALCULATIONS

Ab initio molecular orbital theory® is the most computationally demanding of the three
techniques covered here. That does not always mean that it is the most accurate. Ab initio
calculations that are too large to allow the use of a reasonable basis set or that cannot be
fully optimized are likely to be less reliable than (far cheaper) AM1 or PM3 calculations on
the same system. If, however, the molecules being studied are small enough for a full ab
initio investigation at an adequate level of theory, the best results can almost always be
expected from the ab initio calculations.



One major difference between ab initio and semiempirical techniques is that the level
at which the calculation is performed can be varied using ab initio theory. There are two
major ways to vary the level of the calculation via the basis set and the level at which
electron correlation is treated. The smallest basis sets (the atomic orbitals that are combined
to give the molecular orbitals) are known as minimal bases because they contain only enough
orbitals per atom to accomodate the electrons of the neutral atom and to maintain spherical
symmetry. Thus, a minimal basis for carbon consists of 1s, 2s, 2p,, 2p, and 2p, orbitals,
and for hydrogen only 1s. STO-3G is probably the best known minimal {msns set. The acro-
nym means Slater Type Orbitals simulated by 3 Gaussian functions. Gaussian functions are
used rather than Slater orbitals because integrals between Gaussian functions are easier to
calculate than those between Slater functions. Minimal basis sets are, however, poorly suited
for sulfur calculations. Split-valence bases are more sopisticated. Their valence orbitals are
split into compact (inner) and diffuse (outer) components. Linear combinations of inner and
outer components give a range of orbital size in the MO's and thus provide more flexibility
than a minimal basis. The most widely used split-valence basis is probably 3-21G (3
Gaussians for the core orbitals, 2 for the inner and 1 for the outer valence orbitals), which
was developed for fast geometry optimizations. A variation of 3-21G is 3-21G(*) (sometimes
written as 3-21G*), which has an extra set of d-functions for second row elements. A more
satisfactory, although more expensive, solution is to use d-functions on all non-hydrogen
atoms in a polarization basis set such as 631G*. In most moleculds, the role of the d-
functions is to polarize the p-orbitals, rather than to act as valence orbitals. This effect is,
however, very important. Geometry optimizations at 6-31G* reliably predict structures and
relative energies of sulfur compounds.

Normally, geometry optimizations are performed at the self-consistent fieid (SCF), or
Hartree-Fock (HF) level. In this approximation, the electron-electron repulsion is calculated
by considering the repulsion between a given electron and the mean field of all the others.
Because, however, the individual electrons tend to avoid each other, this mean field
approximation calculates a repulsion energy that is too high. Additional corrections must be
applied to take the correlated motions of the electrons into agcount. This electron correlation
is often not important for geometry optimizations, which are usually carried out at the SCF-
level, but has important energetic consequences. Therefore, energy calculations are often done
on the SCF-geometries with some sort of correlation correction. This may be by means of
configuration interaction (CI), in which many electronic configurations are allowed to mix, or
by perturbation theory. The best known perturbational techniques are the Maeller-Plesset
methods. Meller-Plesset corrections can be calculated to second, third or fourth order (MP2,
MP3 and MP4, respectively). Fourth order corrections may include only single and double
excitations (MP4sd), singles, doubles and quadruples (MP4sdq) or singles, doubles, triples and
quadruples (MP4sdtq). Although energies are usually quoted at the last level, MP4sdq is the
default level for the Gaussian programs, so that the exact MP4-level of a given calculation
should be checked carefully. Hehre, Radom, Schleyer and Pople® give a useful overview of
ab initio techniques.

Ab initio programs are more complex than their semiempirical counterparts, and
therefore often more expensive. The best known are the Gaussian series of programs from
Gaussian Inc. The most recent version is Gaussian 88, but Gaussian 86 is still the most modern
version available for some types of machines. A very useful (and much cheaper) alternative
to the Gaussian programs is Monstergauss from the University of Toronto. Although not as
versatile as Gaussian 88, Monstergauss is far less machine-dependent and can easily be
adapted to most computers. For vector computers (superminis and supercomputers), Cadpac is
usually much faster than Gaussian 88, especially for MP2 optimizations and frequency-
calculations and for molecules of high symmetry. Cadpac is available from the University of
Cambridge. Older ab initio programs, such as HONDO or Gamess, are still in use for
specialized applications.



SUMMARY

The three types of calculations described here provide a wide range of useful appli-
cations in sulfur chemistry. Force-field methods are cheap and well suited to conformational
problems or those in which the relative stabilities of a series of stable molecules are of
interest. Semiempirical MO-calculations are less accurate but far more flexible and can now
be applied routinely to experimentally accessible molecules including sulfoxides and sulfones.
Ab initio calculations at adequate levels are well suited to accurate studies on small
molecules and for basic research into the electron properties of sulfur-containing moieties.
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ELECTRONIC TRANSITIONS IN SULFUR-CENTERED RADICALS

BY MEANS OF MSXa CALCULATIONS

Maurizio Guerra

I. Co. C. E. A.
Consiglio Nazionale delle Ricerche
40064 Ozzano Emilia (Bologna), Italy

Highly reactive sulfur-centered radicals, which play an important role in air pollution
and in biological systems, are usually idientified by their UV/visible absorption and/or ESR
spectra. Spectral information are sometimes insufficient for an unequivocal characterization
of the transient species. Their identification could be achieved by comparing the optical ab-
sorption spectra with the energy and intensity of electronic transitions computed using quan-
tum mechanical methods. The MSXa method! has proved to be a powerful tool for assigning
. optical transitions in radicals,2 and is used to assign the spectral bands of transient sulfug-
centered radical species to specific electronic transitions.?

CALCULATIONS OF THE ELECTRONIC TRANSITIONS IN RADICALS BY MEANS OF
THE MSXa METHOD

The MSXa Method

The MSXa method is a “first principle” and basis set independent method based upon
an approximate potential. The statistical treatment of the exchange interaction reduces the
N-electron Schrodinger equation to a set of one-electron differential equations. (in atomic
units)

[F1/2V2 + Ve(1) + V. DI¥ M) = e¥ (1) . (1

The first two terms represent the kinetic and Coulombic potentials, respectively, and

V,c is a local potential which takes into account both of the exchange potential and electron

rrelahon The simplest and most widely utilized exchange-correlation potential is related
to the local electronic charge density, p, and a scaling factor a:

Voo = —6al3p(r)/8x]'/3 . (2}

The multiple scattering procedure allows an effective solution of the monoelectronic
equations. The' coordinate space of the molecule is partitioned into three regions, as shown
for the methyl radical in Figure 1. In the atomic regions (I) which are inside the spheres
centered on the atoms and in the extra-molecular region (III), which is outside the outer-
sphere surrounding the entire molecule, the potential is assumed to be spherically symmetric
and the electronic wavefunction is expanded in real spherical harmonics. In the intersphere

Sulfur-Centered Reactive I i in Chemistry an. Biciogy, £ ed by
C. Chatgilialoglu and X.-D  Asmus, Plenum Press, New York, 1990
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Fig. 1. Division of space in the MXo. method into atomic (I), intersphere (II), and
extramolecular (III) regions for the methyl radical.

region (II), which is the region between the atomic spheres and the outer-sphere surrounding
the entire molecule, the potential i taken to be a constant, determined by the volume
average of the potential, and a multicgnter expansion of the wavefunction is used. The
expansion coefficients are determined by solving a set of homogeneous linear equations under
the condition that the wavefunction and its first derivative are continuous at the sphere
boundaries. - ) .

The Transition State Concept for Computing Electronic Transitions

In the Xt ‘theory the orbital eigenvalues ¢, are related to the Xa statistical total
energy, <Ey,>, as the first derivatives of the total energy with respect to the orbital occupa-
tion number n;:

g = 0<Ey,>/on ’ 3)

The eigenvalues g are then equal to the slope of the total erergy function rather than
the difference between two values of the total energy as in Hartree-Fock theory (Koopmans’
theorem).* Consequently the energy variation occurring in an electronic transition can be
obtained by performing calculations on a state (transition state) where the occupation number
of the orbitals are halfway Between those of the initial and final electronic states.> For an
excitation from the i-th to the j-th orbital

AE, ,; = (g -¢), + third orderterms (4)

' Efficiency

The MSXa approach has a number of advantages over the more traditipnal LCAO-SCF
method for assigning optical absorption spectra in radicals. The radial flexibility of the
wavefunction which can efficiently account for both single center and multicentér charge dis-
tribution, allows both the valence and Rydberg states to be treated at the same level of accu-
racy. Some of the pitfalls of using an atom-centered LCAO expansion for describing Rydberg
states are thus avoidea. The existence of an excited state depends on the potential and #t on
the basis set. Imaginary oxcited states which are computed in LCAO approaches with split-
valence basis sets do not occur. The transition state method, used to evaluate the transition
energies, takes into account the electron relaxation occurring during the excitation as in the
ASCF approach. The transition state procedure has, however, two advantages over the more
traditional ASCF approach. .Transition energies are evaluated as the difference of
eigenvalues and not as the difference of the total energy of separate calculations. Errors in
numerical procedure are thus avoided. The variational collaps of higher excited states on



the lowest excited state of the same symmetry which complicates calculations of the corres-
ponding transition energies does not occur. Obviously the best theoretical tool for assigning
the absorption spectra is to perform large scale CI calculations, however, the MSXa method
has the advantage of requiring limited computer resources so that large polyatomic systems
can be easily investigated. Furthermore, higher atomic number elements can be treated by
including scalar relativistic corrections. For example, electronic transition energies were com-
puted for systems as large as triphenyl-silyl, -germyl and -stannyl radicals. For the latter
radical scalar relativistic calculations were performed. :

Reliability

The best procedure for computing optical transitions in radicals with the MSXa method
was established by performing different types of MSXa calculations on alkyl and HM® (M =
Si, Ge) radicals. In highly symmetric radicals R,X*®, vertical transition energies to Rydberg
orbitals were reproduced with an accuracy comparable to that obtained with CI calculations
employing large basis sets. The deviation from experiment is about 2000 cm~! both for CI and
the MSXa method. The valence transitions have not been experimentally determined for
these radicals, but the difference between MSXa and CI valence transition energies is less
than 1000 cm~. In asymmetric radicals valence transitions are described with the same accu-
racy as found with highly symmetric radicals, whereas the Rydberg transitions are described
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Fig. 2. ‘MSXa eigenvalues, €, of the ground state for sulfur-centered radicals.
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