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Molecular states are the real building blocks of the chemist, because the structure of a molec
change considerably as its energy and thus its electron distribution varies within the time-don
dynamic relaxation. The ever increasing use of measuring methods from the armory of phy
characterize molecules by their molecular state fingerprints and, above all, of computers to
alize both their properties and their microscopic reaction pathways, provides a wealth of inforr
for the development of chemistry. To deal with the complexity of molecular states, a quali
model based on the topology and symmetry of their structures as well as of their energies re
from the electron distribution over the respective effective nuclear potentials is presented and i
trated by examples of our own efforts to elucidate molecular state properties including time-de
ent dynamics, microscopic reaction pathways both in the gas phase and in solution, a
self-assembly of molecules on crystallization. In conclusion, a personal retrospective is sumn
and some prospects for the future are outlined.
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1. INTRODUCTORY REMARKS

1.1. Molecular State Discovery of White Phosphorus

Molecular states considerably enlarge the manifold of the approximately 10 m
chemical compounds registered in the Chemical Abstract System on the basis
topology of their structures, and by also specifying their eftef@yis essential quan
tity is responsible for the colour of compounds as well as their photochemistry, fc
structural changes of molecules during excitation as well as in redox reactions ar
helps both to classify chemical species and to analytically characterize them th
their molecular fingerprints.

A famous historical example involves the discovery of the element phosphort
Henning Brand in 1669 as depicted in the fascinating picture by Joseph Wright (F

The alchemist Henning Brand, in an attempt to discover the magic stone fc
conversion of silver to gold, evaporated golden-yellow urine to dryness, and by he
the residue containing the phosphaté'Nid;HPG;" along with organic compounds t:
a red glow, produced white phosphorysbi carbon reductich The glaring light ob-

Fic. 1
The discovery of white phosphorus by H. Brand in 1669 based on the light emitted from its
lived phosphorescent molecular state (painting by J. Wright (1734-1797); see text)
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served (Fig. 1) also provided the name for the unknown element from the Greek *
phoros”i.e. light carrier.

The subsequent tremendous development of chemistry to a natural science, hc
has been largely dominated by breath-taking synthetic achieveyaiht®ugh import-
ant general principles and numerous measurement techniques have been establ
well®. For instance, when the study of chemistry was begun in our group 99 sem
ago, no commercial NMR spectrometers (Nobel Prize 1952: F. Bloch and E. M. %u
nor advanced chromatographic techniques (Nobel Prize 1952: A. J. P. Martin anc
M. Syngé) were available and, above all, transistorized computers (1972: J. S. k
J. A. Hoerni and M. E. Hofj had not yet been developed. In other tremendous
breath-taking developments since then, numerous already known as well as
measuring methods from physics, such as photoelectron spectrbgbioel Prize
1981: K. Siegbah) or electron spin resonance spectroséeyre introduced to chem:
istry for more intense investigation of molecular states.

1.2. Efforts to Measure Molecular State Properties, Microscopic Reaction
Pathways and Self-Assembly of Molecules

The investigations of what later became the Frankfurt Group began at the Univer:
Munich in 1956 and in the field of preparative nitrogen chemistry (Fig. 2). The sta
point was to find an efficient way to produce anhydrous hydrazihe-NH,, which is
also used as a rocket fuel, and the exploration of its rea&tidnsong the derivatives
first synthesized was a new class of azo compounds, the violet azodiphosphoni
derivatived. Other reactive nitrogen-containing molecules investigated included
chloroamines NG| (H;C)NCI, and (HC),NCI, which permitted isolation of nitrogen
trirhodanidé® N(SCN); or dimethylamino azid@ (H;C),N-NNN and dialkylamination
of benzene under Friedel-Crafts conditfnkast but not least, several doors to met
organic nitrogen chemistry could be opened by reacting RWi@h Ni(CO), to yield
dialkylure@3 R;P=NH with Mo(CO} or azabutadienes RHN=CH-HC=NHR wit
Cr(CO); to prepare the respective metal carbonyl compfesr R,N-CN with
Ni(CO), to a six-membered ring trimer containing both the nitrogen electron
ny — 0 andny -t coordination to the nickel centéfsThe stoichiometric addition of
water to an otherwise anhydrous solution of Gulpyridine yielded the first tetra-
hedral copper cluster [(pyridineCu”"),(CI7)(O"%)] with six chloride bridges and ¢
central OF dianior?®. All of these and other investigations within the area of pre
rative nitrogen chemistry can be summarized as “acquisition of tools”, including
handling and the reactions of air-sensitive, sometimes poisonous or explosive
pound$§~°(Fig. 1).

It was the surprising violet colour of the new azo diphosphonic acid derivat
R,(O)P-N=N-P(O)Rthat widened our horizon to include molecular states by po:
the question: “Why are these compounds violet?” (Fig. 3). To obtain an answer, a
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Fic. 2
Preparative nitrogen chemistry at the University of Munich, 1956 to 1966, centered around the re
of the potential rocket-fuel anhydrous hydrazine, the properties of novel azo compolrkig.(3)
and of analogous phosphorus derivatives, novel products of the reactive halogen amines suc
methylamino azide or nitrogen-trirhodanide and new metal-organic nitrogen comptéxiet
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Fic. 3
Investigations 1960 to 1964 of the violet colour of crystalline tetraphenyl azodiphosphonic acic
taining only a four-center P-N=N-P chromophore by UV/VIS spectra comparison
iso(valence)electronic P/N chromophores (center), other azo compounds and numerous diff
substituted derivatives synthesized, along with an example (lower right) of ourttype Hickel
MO calculations ¢f. text)
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99 Semesters Chemistry
1981 - 1985

H. Back and R, Dammel, Angew. Chem. [P87, P9, 518-540
[ % "How Do MediumSized Molecules React?”

Fic. 4
Investigations 1981 to 1985 of pyrolyses of azides under unimolecular conditions in the gas p
illustrated by the example of methyl azide with two consecutive reaction chann€sNH -
H,C=NH - HCN, investigated by photoelectron-spectroscopic real-time gas analysis in th
paratus shown (center), accompanied by both NMR characterization of the products (right) anc
culated hypersurface (left) discussed belafv text)
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Fic. 5
Recent investigations of interactions in molecular crystals such as cation solvation, hydrogen
bonding, donor/acceptor complex formation or van der Waals attractions providing informatic
the static aspects of molecular self-organisation, studied in detail by the structural determina
lipophilically wrapped polyion aggregates discussed beldwtéxt)
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of other compounds with four-center P/N chromophores and especially with diff
substituents on the azo group, X(Y)Z-N=N-Z(Y)X, have been synthesized and
UV/VIS spectra comparédThe long-wavelength - 11" transitions of low intensity as
well as the intense- 17 transitions of higher energy both exhibited characteristic st
(Fig. 3), which could be explained by first and second order substituent (XYZ) pe
bation increments. In summary, the molecular state data suggested for the violet
phosphonic acid derivatives an only four-center P—-N=N—-P chromophore wit
electron-rich N=N center resulting from the different effective nuclear chaiyesP.
To obtain additional quantum chemical information, our firtype Hiickel MO calcu-
lations were performed on the first IBM 3080 computer of the Max-Planck-Socie
Munich using a Jacobi-type matrix diagonalization progrdmretrospect, the succes:
ful search for the origin of the azoviolet colour has taught us an unforgettable less
the rewards awaiting a preparative chemist investigating molecular states.

The three years from 1965 to 1968 were spent at the Federal Institute of Techt
in Zurich under the guidance of Edgar Heilbronner to acquire some quantum-che
experience, while coauthoring a three volume book on the “Hiickel MO Model ar
Application” (ref19). During this time also the substituent effects of trimethylsilyl si
stituents on selectehydrocarbons were investigated by mass-spectroscopic dete
nation of the first ionization energies, by polarographic measurement of the 1
potentials and by UV/VIS spectra including those of suitable donor/acceptor
plexes. The enormous electron-donating property ofthidyl group was discoveré
and any silicon-d-orbital participation could be disprdVe®ther heteroelements suc
as boron or sulfur were also elucidated. In 1969, the move to the University of F
furt provided a chance to acquire several new instruments such as photoelectron
and electron spin resonance (ESR) spectrometers and, above all, our first comf
Hewlett—Packard 11/40. We learned how to properly assign radical cation sta
quences!!and radical dublet ground state ESR pattethand also to approximate
facets of molecular dynamics and reactions by hypersurface energy calctifetio
Photoelectron spectroscopic ionization fingerprints were developed into an effe
real-time gas analysis in flow systeths

The generation of interstellar molecules on Earth such as thioformaldeh@eST
and methylene imine JC=NH or of unstable reaction intermediates such as dipt
phorus BP, ethylidene ketene RHC=C=C=0 or benzene silaisorftrieCs—N=Si,
has provided information on the gas-phase fragmentation of molecules under un
cular conditions [ = 10°° mbar). Real-time gas analysis in flow systems by photoe
tron spectroscopic ionisation fingerpritf&including their assignment through highl
correlated wavefunctions, whichce versaallowed us to identify the thermodynam
cally usually stable, but kinetically rather unstable species generated, proved to
great advantage. Using the experience gained both experimé&haaity from the ac-
companying hypersurface calculatidf)smicroscopic pathways could be tackietf.
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The first class of highly reactive and sometimes even explosive molecules selecte
alkyl azide$® such as the prototype methyl derivativgG#N; (Fig. 4) or even the
tribosensitive vinyl azide $€=CH-N; which, once isolated as a solid, explodes
melting*>. In contrast, when evaporated into a flow system under unimolecular ci
tions, there is no longer any danger. As discussed in detail (Chapter 3.1), pyr
pathways with elimination of the thermodynamically advantageousidecule as a
driving force, partly precalculated and partly explained by hypersurface calcula
yielded a wealth of data including information on the dynamic behaviour observ
the chemical activation. Altogether the investigatiéi§ which might be charac-
terized as an exercise in preparative physical chemistry (Fig. 4), illustrate what ar
ganic or organic chemist can contribute to answering the still open question: “Hc
medium-sized molecules react?”.

Another yet unanswered question, “What crystallizes how and why?” has stimt
efforts since 1989 to crystallize molecules and to determine their structure in the 1
ing molecular crystals, in which they are present usually in their ground state
largely “frozen” dynamics (Chapter 4.1). The static aspects of molecular self-asse
therefore, can be considered to be a quite logical extension of previous studies ¢
molecular state properties (Fig. 3) and the microscopic reactions pathways of
molecules (Fig. 4). In molecular crystHlgFig. 5), the characteristic and often overla
ping interactions lie in the following sequence of decreasing energy contributior
solvation of cations, hydrogen-bridge bonding, donor/acceptor complex formatior
van der Waals attractions. All of them can be of considerable importance in ge
biochemistry, in solutions of molecular compounds or in the transition states of cl
cal reactions. The final target of this research project, however, is the self-asserr
molecules, for instance in lipophilically wrapped polyion aggregates (Chapter 4.2)
as {[(Ba’")4(Li™)3(0"F),]"t! (FOCRy),,(C,Hg0)3} (Fig. 5), consisting of an eleven
fold positively charged [octahedrane + prismane] cluster, which guarantees its th
dynamical stability and is covered by a hydrocarbon skigHgG2), which provides
both kinetic shielding and solubility in nonpolar solvents such as hexane.

The investigation of interactions in molecular crystals and, more recently, of se
ganisation phenomena such as in lipophilically wrapped polyion aggregates (Fig
still in progress. The dynamics of crystallization and especially the generation
crystal seedling are currently being studied intensely world-wide by numerous g
as indicated in the summarizing remark (Fig. 5): “Actually, everything is more cor
cated”.

2. A USEFUL MOLECULAR STATE MODEL FOR THE PREPARATIVE CHEMIST

Our own efforts to measure and to explain molecular state properties, microscoj
action pathways and the self-assembly of molecules (Chapter 1.2) should demo
what a preparative chemist, without any opportunity to study #agnby crossed bear
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experiments analyzed by laser-spectroscopy, could contribute. An indispensible
requisite for such a person in designing molecules and selecting appropriate me
ment techniques to obtain the information desired, however, is a qualitative mo
transparently rationalize the complexity of molecular states. The approach can be ¢
ageously based on the results of instrumental analyses used day by day for investig

2.1. Molecular State Fingerprints in Instrumental Analysis

Of the numerous spectroscopic methods available for the characterization of
pounds such as NMR, IR or UV/VIS, the more spezialized method of Ultrav
Photoelectron Spectroscdgy*'has been chosen for an introduction, because of
information accessible in real time for isolated molecules in the gas phase and its
parent correlation with the results of quantum calculations via Koopmans’ thec
IEY = -€5°F, or by highly correlated wave functions. For illustration, two examples
be presented, which are mainly of either academic (Fig. 6) or industrial interest (F

Numerous molecules have been detected by radio telescope screening of inte
nebuld®@such as Orion or Taurus M2; branched ones such as thioformaldes@d&
are predominantly found in Orié# For its generation on Earth, methyl sulfur mon
chloride HCSCI has been chosen because, on heating under unimolecular ¢

Fic. 6

Photoelectron spectroscopic radical cation state fingerprints for gas analysis in flow syste
The generation of thioformaldehyde, detected by radiotelescope in interstellar space, on e:
pyrolysis, HCSCl - H,C=S + HCI, under stoichiometric addition of ammonia, HCI +;NK
[NHECIE], the ionization pattern recorded and its identification by calculation of a highly correl
wavefunction ¢f. text)
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tions @ = 10°%mbar), it selectively splits off HCI, which on stoichiometric injection
ammonia into the gas flow can be deposited as an nonvolatile sgftCIRHon the

walls of a reaction bulj (Fig. 6, upper right). The gas stream resulting after optimi
tion of all the reaction parameters under continous recording of photoelectron s
contains only HC=S as proven by its ionization pattern, assigned by a highly cc
lated PNO-CEPA calculation (Fig. 6, lower right). This unequivocal identificatior
the thermodynamically stable, but according to the polymerization observed c
tempted isolation, kinetically unstable®:S, answers the Shakespearean question
measure or to calculate?” by suggesting the combination of the two as being
advantageod? In contrast to generating an interstellar molecule on Earth, the d
tion of a molecule, first generated on Earth, in interstellar space by its known n
wave spectrum has also been repofedPyrolysis of the volatile pentacarbony
chromium isonitrile complex, (OGEr(NC-C(Cl)=CHCI) under photoelectron spe:
troscopically optimized elimination of CO to non-volatile CygElds the novel penta-
atomic molecule acetylene isonitrile HC-NC, which was later identified by it:
microwave spectrum to be present in the Taurus M2 nebula, containing predomil
linear molecules.

Heterogeneously Catalyzed Bromination
of Trifluoromethane

H Bock, J. Witmann, J Russow; Angew. Chamis 1980

[y-Als04]

4F.=|:',|-|l-
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Fe. 7
Photoelectron spectroscopic radical cation state fingerprints for gas analysis in flow systems
velopment of a heterogeneous catalyst for the bromination of bromotrifluorometh@he +FBr, -
F;CBr + HBr, to bromotrifluoromethane and optimization of the reaction conditions by diverting a
tion of the resulting reaction mixture via a pressure-reducing capillary into a spectrometer con
to the reaction tube outside the heating zarfetéxt) and the pilot plant constructed based on f
PES results
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The highly efficient real-time PES gas analysis, by which thermal reactions of 1
mole quantities of compounds can be scanned over a 1 000 degree temperatur
within about six hours, also allows utilization of a change in the ionization fingerp
recorded for optimization of heterogeneously catalyzed reactions of industrial int
One of the numerous published and/or patented projects concerns the developme
catalyst for the bromination of bromotrifluoroethane (Fig. 7).

Bromotrifluoromethane fEBr is a versatile industrial product, manufactured
bromination of trifluoromethane and well-known for its fire-extinguishing effecti
ness. The thermal bromination at about 7G0requires the handling of a highly corrc
sive mixture and, therefore, lowering of the temperature by a heterogeneous cat:
of considerable advantage. To apply photoelectron spectroscopic gas affatybisth
the catalyst and the reaction parameter optimization, a pressure-reducing (7G0nioatp
capillary had to be inserted into the reaction tube outside the heated ¥&4Eigr 7,
upper left). The only partly overlapping ionization fingerprints of the bromination n
ture components and their change with increasing temperature (Fig. 7, center),
cially the intensity decrease for Band the increase for HBr, permitted development
a highly selective and persistent catalyst within a few weeks (Fig. 7, lower |
y-aluminium oxide was surface-fluorinated by heating inn@HFgas flow and both the
Ni catalyst and the Pd promotor were each analogously fluorinated on top of the c
Based on the reaction parameter optimization by PES gas analysis, the bromina
trifluoromethane was further optimized in an industrial pilot plant (Fig. 3, right).

The three examples selected(4S (Fig. 6), HEC-NC (ref'89 and RCBr (Fig. 7),
as well as numerous additional oh&s illustrate the intimate relationship betwee
preparative chemistry and the molecular state approach needed for the instru
analysis of reactions and their products. The advantage of combining the tw
proaches is obvious and poses the question of whether a more general and quz
model can be recommended, which would simplify the complexity of the molec
state manifold by transparent principles and could help the chemist in the des
experiments by selecting suitable compounds and adequate measuring methods.

2.2. Molecular State Facets: Topology, Symmetry, Effective Nuclear Potential:
as well as Electron Distribution and the Structuse Energy Relation

Molecular states, as was pointed out in the introductory remarks (Chapter 1.1), e
the manifold of chemical compounds by also specifying their ehefdye individual

states are grouped along their total energy scale (Fig. 8: A), starting from the g
state of the neutral molecule denofe@d) in the order of increasing energies its

nuclear spin and vibrational states (Fig. 8: NMR and IR) to the UV/VIS electronic
excited ones denoteg(M), each with vibrational sublevels. At higher energy, t
molecule is ionized to the dublet ground stB(&°") of its radical cation, for which
the spin distribution can be deduced from its ESR multiplet signals, as well as to
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Molecular state facets for the preparative chemist I: Schematic total energy scale for ele

ground () and excited )(i“}) states of a neutral molecule M and its radical catios & dications
M generated by ionization or oxidation and its radical anioffs ahd dianions M~ resulting from
electron insertion. In addition, the measuring methods used by the Frankfurt group are indicated, e:
UV, PES, ESR, and ENDOR spectroscopy as well as polarography (POL) or cyclic voltammetry

Qualitative Model for Molecular States

Connectivity Arrangement Afomic Nuclei
 (Topology] (Symmeky) , " (Poleniics]
N v
Dynamics

Fic. 9
Molecular state facets for the preparative chemist Il: Qualitative model based on topology, sym

effective nuclear potentials and electron distribution and emphasizing the structemergy relation
as well as molecular dynamics as an essential prerequisite in discussion especially of gas-phe

tions (f. text)
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tronically excited states as reflected in the PES ionization pattern. Still higher en
or oxidation in a stabilizing solvent can generate a dication by expelling another ele
and so forth. On the negative total energy side relative to the ground @@tée the
molecular radical anions and polyanions such as the rubrene tetraanion, gener
aprotic THF solution by reduction at a sodium metal mirror and structurally chs
terized as a solvent-shared contact ion quinttp]@HsCg),HsCls - (Na"THF,),].

In the explanation of individual molecular states and of their properties mea:
(Fig. 8) or calculated by highly correlated wavefunctions (Fig. 6) and their compatr
essential for the preparative chemist in series of chemically related or
iso(valence)electronic compounds (Fig. 3), a simplifying qualitative model prove
be quite usefdl(Fig. 8). Two of its components, the topological connection of
centres within a molecule and their spatial arrangement as denoted by symmetry,
sent the molecular structure. The other two components are the effective nuclear
tials within the molecular skeleton and the resulting electron distribution, which pe
approximation of the relative energy of the respective molecular state. Together
establish the fundamental relation between the structure and energy of molecule
ergy differences, which affect the given electron distribution within a molecule
change its structure. To cite just a few of the numerous molecular distortions obs
in spectroscopic studi&son - 1T excitation of ethylene, its molecular halves twi
linear acetylene bends and there are molecular states in which water becomes li
carbon dioxide non-linear. One of the chemical consequences is that any oxidat
reduction of a compounde. removal or uptake of electrons, will necessarily char
the product structure relative to that of the precursor.

The qualitative molecular state model (Fig. 9) is recommended for day-to-day use
laboratory both in the design of experiments and in discussion of their results, bec
can be easily parametrized and/or calibrated by available measured data rangin
structural parameterda spectroscopic or electrochemical energy differences to kn
substituent perturbation effeétdn addition, it can be supported by quantum chemi
calculations ranging from semiempirioah ab initio and density functional to correlate
ones. All of them advantageously start from structural data, depending on the appr
tion chosen, provide valuable information on total energies of various molecular :
(Fig. 6) or their charge distribution. In particular, the results calculated for a sp¢
variation of the molecular topology, symmetry or potentials (Fig. 9) reveal the elect
and/or the dynamic flexibility of the ensemble studied. Hypersurface calculation
selected molecular degrees of freedom assist in understanding perturbation effe
provide some insight into certain aspects of molecular dynafdido further illustrate the
applicability of the qualitative molecular state model (Fig. 9) and to demonstrat
usefulness, the following examples are selected to portray the individual facets.

Topology(Fig. 10): The about Y&ompounds registered in Chemical Abstracts :
stored in its Database in terms of incidence matrices specifying all bonds throug!
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nectivities between individual centres. For the ensempl; Selected and for carbot
coordination numbers up to four, altogether 217 potential topological isomers ar
dicted, which include known molecules such as cyclic benzene or linear diacetyle
well as numerous unknown ones. Because their structures can be optimized qt
chemically and enthalpies of formation calculdf&dthe advantage of a preliminar
computer screening for potential products of a novel reaction is obvious. In adc
the topology of molecules leads to specific eigenvalue patterresdatyclic or linear
system&® which can be parametrized by molecular state measuremene.dafar
polysilaneg®®:¢ and thus permit comparison of known compounds and even predic
for unknowns onés Furthermore, topological definitions such as the more general
of alternancy can be very helpful in understanding otherwise unexpected experir
results such as the identical ESR spectra measured for radical cations and radical
of alternatingr-hydrocarbon$-2°¢ Summarizing, molecular topology is an appropri
facet of a qualitative molecular state model for the chemist.

Symmetry(Fig. 11): Topological graphs for chemical compounds are by defini
only two-dimensional and, therefore, the characterization of the spatial arrangem
three-dimensional molecules also requires knowledge of its symmetry. In close ar
to topology, it also represents a rather general quantity with numerous additional
cations for molecules, ranging from the varying overall symmetry during struc
changes to the notation of vibrational modes or of radical cation states by irred
representations. For a transparent example, the thermal decarbonylation o
bis(methylthio)cyclobutene-1,2-dione to bis(thiomethyl)acetylene is chtsavhich
has been optimized by PES gas analysisKigs 6 and 7). Two preferred conform:
tions are conceivable, @,,-symmetric one with coplanar CS bonds or on€pgym-
metry, in which they are perpendicular to each other. A one-dimensional er
hypersurface as a function of the torsion anglé S—C=C-SC) predicts the (nearly)
conformer with an 86torsion angle to be thermodynamically more stable, a quant
chemical result that can be confirmed by correlation of the angle-dependent eige!
pattern with the ionisation energies of the pairwise almost degenerate six lowest r
cation states measured PE spectroscopféatnd also by an independent electron d
fraction determination of the molecular structure in the gas pHase

Effective nuclear potentiald-ig. 12): In substituent perturbation effects, those of firs
ordef® are largely determined by the effective nuclear potentials of the adjacent'cel
Within the Slater concept, they can be approximated by the atomic ionisation pote
Z.« = (IE,, %/ 13.§Y2, of the electrons of principal quantum numheand provide useful
shielding constant®\ = (Z — Z), of the respective nuclear chaigéy electrons below anc
within the valence shell. The often tremendous changes in molecular state properties dt
differences in the effective nuclear charges are convincingly demonstrated by co
ing the photoelectron spectra of the six-atomic molecules ethane and dbsilgne
which each contain the C or Si centers connected to each other (Fig. 12): Both i
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Fic. 10
Topology as an essential facet of a qualitative molecular state model for chemists is exempli
the computer-predicted 217 isomers of the ensemble; €r carbon coordination numbers up t
four, which comprise well-known molecules such as cyclic benzene or linear diacetylene as
numerous ones that are either unknown or could only be synthesized with stabilizing substifue
text for other applications of topology)

Fe. 11
Symmetry as an essential facet of a qualitative molecular state model for chemists is illustra
the thermal decarbonylation of bis(thiomethyl)cyclobutene-1,2-dione to bis(thiomethyl)acetylen
C,-symmetric conformation of which is predicted by a one-dimensional energy hypersurface ce
tion for varying torsion angle)(CS—C=C-SC) and confirmed by correlation of the angle-depend
eigenvalue pattern with the PE-spectroscopic ionisation energies for the six lowest and pair
most degenerate radical cation statfs text for a more general application of symmetry)
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Potentials: |

Fic. 12
Effective nuclear potentials as an essential facet of a qualitative molecular state model for ct
are demonstrated by the tremendous ionisation energy decrease of the radical cation states wi
nantagg; and 2g; contributions in the photoelectron spectra of the iso(valence)electronic mole
ethane and disilane, which further confirm the sequence of SlateZtypalues deduced from the
ionisation potentials of the respective atorof {ext)

Spin{Charge)-Distribution

— dR=1780 E-

Fe. 13

Electron distribution as an essential facet of a qualitative molecular state model for chem
visualized by the different Birch reduction protonation products of the iso(valence)electronic
bis(trimethylsilyl)- or 1,4-bigtbutyl)benzene derivatives: ESR spectra of their radical ani
demonstrate the presence of differing spin distributions with a nodal plane only in;tg $Rb-
stituent axis and, assuming an analogous charge distribution in the dianions generated b
reduction, their NI%XEr guenching expectedly yields either only cyclohexadiene-2,5- or only -
derivatives ¢f. text)
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tion energies to the radical cation stategXHXH,)"" with dominant contributioneyy
or ns are drastically lowered by 3.0 eV or 3.6 eV (!), respectively. The shift aidhe
PES band out of theg;,, ionisation hill to IE = 10.5 eV, separated by more than 1.5 eV fr
the next radical cation state and indicating why doped polysilanes are electric cc
torst'® is specially remarkable. There are numerous other consequences of the
low effective nuclear charge of Si centers, such as the powerful electron donor eff
B-trimethylsilyl groups, which allows adequately substituteldydrocarbons to be oxi-
dized in AICL/H,CCl, solution to their radical catiofs!1%12

Electron distribution(Fig. 13): Obviously, the electron distribution in a molect
over the effective nuclear potentials in its framework must be an essential face
qualitative molecular state model for chemists (Fig. 9). From the uncountable rel
examples, the reduction of 1,44Eiutyl)- and 1,4-bis(trimethylsilyl)benzenes to the
radical anions and dianions is chosen, because it demonstrates the day-to-day
ness of the model in laboratory work. To begin with, the ESR spectrum of the
methylsilyl substituted radical anion exhibits a quintet for the four phenyl hydrog
further split by the 18 methyl hydrogens. In contrast, tthetyl substituted specie:
exhibits larger coupling, but no additional multiplet splitting, which suggests a
nodal plane along the substituent axis and higher spin density at the unsubstituted
carbon centres. Based on the often, but not akfgaystified assumption of a spin-like
charge distribution even in the molecular dianion, a Birch reduction with sodium in |
ammonia has been performed and the reaction mixture quenched by adding amn
chloride. The expected protonation at different phenyl carbon centers is indeed ob:s
the silylated dianion yields exclusively the corresponding cyclohexadiene-2,5 de
tive, whereas only the cyclohexadiene-1,4 product is isolated from the alkylated diar

Examples have been selected to illustrate useful applications of the qualitative molecul
model for chemists (Fig. 9): faopologythe prediction of the 217 isomers in the ensem
CeH; (Fig. 10), forsymmetrithe gas phase structure of{@5—CGC-SCH, predicted by
hypersurface calculation and confirmed by its ionisation fingerprint (Fig. 11¢ffemtive
molecular potentialshe tremendous differences in ionisation energies observed fo
iso(valence)electronic molecules;G+CH; and H;Si—SiH; (Fig. 12), and forelectron
distributionboth the different ESR spectra of iso(valence)electronf€,dd RSi substituted
benzene radical anions as well as the different structures of their Birch reduction pr
(Fig. 13). All of them demonstrate convincingly the prediction and explanatiol
various molecular state properties.

2.3. Time-Scale and Molecular Dynamics

Molecular state phenomena and their measurement are often classified as being eithel
or adiabatic with a border-line of about 1 between the two: Vertical processes occul
time intervals of about 1&s or shorter and consist exclusively of electron movements
as excitation or ionisation of molecules as well as the accompanying changes
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charge distribution. In contrast, adiabatic processes are observed at afftaibi@nger
time intervals and are characterized by the onset of vibrational molecular dynamics,
causes changes in the molecular structure and allows relaxation or dissociation in
cular states of excessive energy. The schematic time scale for molecular states a
changes (Fig. 14), shows for microwave or radiowave excited molecules that mols
rotations as well as spin resonance phenomena can be observed and, for in
proton or electron transfer, followed at larger time intervals by chemical transformati

Reviewing the molecular state properties already discussed (Chapters 1.2, 2.1 ai
time scale and molecular dynamics play an important réle: To begin with the ve
ionisation of molecules to their various radical cation states in the femtosecond
(Fig. 14), fast electron expulsion leaves the radical cation with a “frozen” structure ¢
neutral molecule. Because of the absence of structural changes, photoelectron spec
can be assigned through the eigenvatj€s of uncorrelated quantum chemical calculatic
via Koopmans' theorem, M&=-€3°F. In contrast, ESR spectra recorded in solution
microwave irradiation, exhibit molecular dynamics at least at higher temperatures, wh
rigid matrix becomes a liquid and the necessary activitation energies can be supplied.

Under adiabatic conditions, numerous and temperature-dependent molecul
namics phenomena in molecular radicals and radical ions have been observed. A
cially lucid example is the dithiolane radical ca#dr(S,(CH,),)’": It contains a
five-membered ring with two connected sulfur centers, whose pseudoration and
tivation can be observed in ESR experiments at various temperatures (Fig. 15)
addition, can be simulated by a quantum chemical hypersurface calculation (Fig.

Reactions: Time-Scale

BIG ,ma(2U) 1d1h 1min 1eec tiefa) PLANCK
BANG ! Pl st sy TIME
1 Lie L

MOLECULAR SPECTROSCOPY

,m_ = — e

(Phosphomgcsncs 420 Fluoroscance - Dectakn)

Fc. 14
Schematic time-scale for molecular states and their changes (in seconds, the approximate tin
val between human heart beats as well as the resolution of stimuli by the eye)
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Molecular Dynamics:
Five-membered Ring Psevdorotation (Measured)

Fic. 15
1,2-Dithiolane Radical Cation: (A) Generated by oxidation with Ai€IH,CCl, solution at 180 K,
the two different hydrogens of the two,& groups flanking the SS center each gives rise to a
ESR signal pattern consisting of a triplet of triplets, which changes as a result of activation
ring pseudorotation above 200 K to a quintet for the dynamically equivalent four hydrogens at

Molecular Dynamics:
Five-membered Ring Pseudorotation (Calculated)

The dithiolane pseudorotation depicted schematically and an approximate CNDO hypersurface
has been calculated by overlapping the two dominant vibrational modes of ring twisting and b
in theN = 11 center molecule with altogetheX 3- 6 = 26 degrees of freedortf.(text)
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Pseudorotation of five- and six-membered rings is a fascinating and thoroughl
died molecular dynamics phenomenon of considerable complexity. The simp
scheme depicted (Fig. 16, left) is based on the topological enumereitiiig( 10) of
six different conformerS, which can be transformed into each other either by rota
within the ring (Fig. 16, left, periphery) or by swinging the respective ring ce
through a planar intermediate (Fig. 16, left, center). This rather drastic simplificati
the altogether 8 — 6 = 27 degrees of freedom for tNe= 11 centre molecule 1,2-dithio
lane, however, permits calculation of the total energy hypersurface (Fig. 16, b
right), which exhibits two minimum valleys for out-of-plane bending anglest50°,
in which the molecule “swings” with variation of the torsion an@leThe activation
barrier calculated for both dynamic modes of each about 10 k3 ahmlost coincides
with the experimental value of about 8 kJ mMddr the radical cation, determined fror
Arrhenius plots Irk/(1/T) of the temperature-dependent ESR signal p&it€Fig. 15).

There are several lessons to be learned here: Molecular dynamics makes an e
contribution to molecular state phenomena investigated under adiabatic conditio
complexity especially in larger molecules with many degrees of freedom can on
approximated for certain geometrical situations. Topological conformer enuméta
or symmetry analysis of dominant vibrational modes are helpful to specify pos
reductions in the number of degrees of freedom. As discussed below in detail f
thermal fragmentation of methyl azide under unimolecular conditions (Chapter 3.1), |
cular dynamics, above all, play an essential réle in chemical reactions.

3. MICROSCOPIC REACTION PATHWAYS OF MEDIUM-SIZE MOLECULES

In the introductory remarks (Chapter 1.1) it was emphasized that molecular sta
specific energy (Fig. 8) are the real building blocks of the chemist. Therefore a
exemplified by photochemistry, the reactivity of molecules will usually differ with tt
energy-dependent electron distribution, which also changes the potential frami
structure (Fig. 9). In addition and especially for larger molecules Mitentres and
3N — 6 degrees of freedom, molecular dynamics (Chapter 2.3) may be important
obvious for thermal fragmentations in the gas phase.

Microscopic reaction pathways of smaller molecules have been intensely in
gated over many yearsf( e.g the Nobel Prize 1986: D. R. Herschbach, Y. T. Lee ¢
J. C. Polanyi) and, using femtosecond laser spectroscopy, transition states hav
been experimentally visualiz&d For medium-size molecules, however, and in spite
impressive efforts in both measurements and quantum chemical calculations, the
plexity of their microscopic pathways still provides a considerable challenge. Ca
preparative chemist contribute at all to solving at least parts of the molecular re:
puzzle? Guided by facets of the qualitative molecular state approach (Figs 8 a
both the design of interesting precursor molecules and the optimization of re:
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conditions are feasible for future time-dependent studies using the measuring
niques of molecular physics.

In the following, examples are presented for the gas-phase fragmentation of re
molecules under unimolecular conditions (Chapter 3.1) and for redox electron tre
in aprotic solutions accompanied by contact ion formation (Chapter 3.2). In these |
tigations either the vertical radical cation state fingerprints of photoelectron sp
(Chapter 2.1) or the adiabatically recorded ESR multiplet signal patterns (Fig. 13)
been used to trace facets of the respective microscopic reaction pathways.

3.1. Pyrolysis of Organic Azides under Unimolecular Conditions

Alkyl azides RHC—N; of medium size are ideal precursor molecules for thermal fi
mentation studies in the gas phisén contrast to their tendency as liquids to violent
explode when ignited ie.g heavy metal-catalyzed decomposition, they can be he
in flowing systems under unimolecular conditions without daligd@ihe temperature-
controlled elimination of Mas a thermodynamically advantageous leaving molec
selectively generates alkyl nitrenes {RE+N} as both thermodynamically as well &
kinetically unstable intermediates. Their rearrangements, which can be followe
adequate molecular fingerprints such as the PES ionisation patterns (Chapter 2.

Fe. 17
Flow system apparatus for investigating the thermal fragmentation of molecules and their inte
ates at various temperatures in the gas phase under unimolecular conditions starting at the p
cooling trap, passing the first temperature-controlled reactor with a connected cooling trap for
mediate isolation; the second reactor is connected to the final product isolation trap and is a
to a photoelectron spectrometer, whose turbomolecular pump generates the flow
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vide hints of a possible microscopic decomposition pathfvan optimum apparatus
for the studies (Fig. 17) consists of a cooling trap for the precursor molecule to :
its vapor pressure, a temperature-controlled first oven zone for tlsplidoff con-
nected to a second cooling trap for liquid nitrogen condensation of intermediates
second thermal reactor to initiate further fragmentation at higher temperatures.
nected to a third cooling trap for final product isolation. The two reactor/three cot
trap-flow system is attached to a photoelectron spectrometer, whose turbomol
pumps are used for evacuation and to generate the gas-flow. Above all, the contin
recorded PE spectra of the temperature-dependent gaseous product mixtures allc
follow the individual reaction steps. The spectroscopic assignment and identificati
the components can be readily accomplished by comparison with their preregi
PES band patterns or by calculating the unknown ones quantum chemically (Chapte
Vinyl azide is an especially dangerous compound, because tribo-compressi
melting the solid can trigger its violent explosianBecause of the preparative effo
needed to synthesize vinyl azide in millimole quantities and to handle it in a vac
line without freezing, elaborate quantum chemical precalculations have been perf
in relation to potential expectations from its thermal fragmentation: For the ense

.H] Unimolecular Reactions
)

U

L=Cl,| Gasphase-Pyralysis of Vinylazide

g paonasee, | N

Fic. 18

The pyrolysis of vinyl azide in the gas phase under (nearly) unimolecular conditionsnfial) via
N, split-off and consecutive, temperature-dependent rearrangewiardid-azirine to acetonitrile: (a)
Quantum-chemical precalculations both for the ensemblC{N} including vinyl nitrene and its
potential isomerization products, partly projected onto a two-dimensional total energy hypers
using angular coordinates (left-hand side). (b) Thermadplt-off in a two oven-apparatus (Fig. 17
with 2H-azirine isolated in a cooled trap beyond the first heating zone and the products above
N, and H,C-CN, characterized by their overlapping PE spectra (right-hand cidext)
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{H3C,N} resulting on N split-off to the presumably unstable vinyl nitrene,d+CH-N},
the topological isomers have been enumeratéd-ig. 10) and the total energies of the
geometry-optimized structures have been semiempirically approxineht&ig( 18, upper
left). Accordingly, acetonitrile represents the global minimum, followed by ketenir
H,C=C=NH < acetylene amine HC-NH, < 1H-azirine H,C(N)CH and — energetically
rather improbable —H-azirine HC(NH)CH. A two-dimensional hypersurface, appro:
mated by selecting out of th&3- 6 degrees of freedom the bonding anglelCC and
the torsion anglextHC—-CN), suggests a shallow local minimum for vinyl nitrene (Fig.
lower left) with a lower activation barrier tdH2azirine and a higher one to acetonitril
Rewardingly, all of the semiempirical predictions were fulfilled on synthesizing v
azide and decomposing it at various temperatures in the two oven/three coolin
apparatus (Fig. 17): On heating to 620 K in the first reactor, thazine could be
trapped at about 100 K by cooling with liquid nitrogen and characterized by bo
PES ionisation pattern recorded on re-evaporation and by its NMR sp&tt@mre-
moving the cooling and heating to above 650 K in the second oven-zone, the ca
ously registered PE spectra exhibited both the ionisation bands of,tkeaWning
molecule as well as the known ones of the final thermal decomposition product
tonitrile (Fig. 18, bottom right).

The thermal N-elimination from vinyl as well as other alkyl azideis obviously a
complex process which, even when the individual molecular dynamics (Chapte
are disregarded, raises numerous questions: Will short-lived nitrenes be formed ir
and if so, in their excited singlet or in their triplet ground states? Do they reart
rapidly to the imine derivatives, which can often be isolated (Fig.H&Zrine) or are
the latter formed in an energetically favored synchronous preizesag closure (Fig. 18)
or a 1,2-hydrogen shift (Fig. 19) coupled to thedXtrusion? Will imines always be
intermediates in thermal alkyl azide fragmentations?

The gas-phase pyrolysis of the parent alkyl azidg&€-H\,;, under unimolecular con-
ditions provides additional informatiéh For vinyl azide (Fig. 18), two consecutiv
reaction channels are observed PE spectroscopically; in the first,aaelMninated to
form methanimine HC=NH, which also can be isolated (Fig. 4), and in the second
H, is eliminated to form hydrogen cyanide HC (Fig. 20, left, top equation). Exten
sive quantum chemical calculations have been performed for ffextNision, the
overall results of which satisfactorily correlate with the experimentaftafa begin
with, due to the large energy difference of about 600 kJ'hetween the triplet anc
singlet statesX(*A,) andA(‘E), of the nitrogen molecule expelled and because of
spin conversation principle, a singlet methyl nitren®€HN should be formed as th
other pyrolysis product with an approximate activation energy of 220 k3.nidle
second step in this asynchronous reaction sequence, the 1,2-hydrogen shift to n
imine, is calculated to be exothermic by about —400 kJ'm@f.*). In contrast, the
synchronous reaction pathway of a 1,2-hydrogen shift coupled withxixusion should
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Fic. 19
Title page of Angewandte Chemie June 1987 presenting the semiempirically approximated re
pathway for a synchronous,Mlimination of methyl azide to yield methane imine: About 20 str
tures calculated along the total energy valley on passing over the saddle point are projected o
each other, visualizing the change of the methyCQHto a methylene (}C) group, the hydrogen
shift CH - NH and the shortening of the single bond C-N to a double bond C=N. Necess
however, the accompanying molecular dynamics is neglecfetekt)

Unimolecular Gasphase Reactions:
Cflemicuf Activation

Fic. 20
Experimental evidence for the chemical activation of methane imine in its gas-phase generatio
methyl azide by Btelimination: For the second consecutive reaction chang€zNH - HC=N + H,,
only a 50 K higher temperature of 770 K is needed. In contrast, if methane imine is prepal
dehydrochlorination oN-chloromethylamine, isolated and evaporated, then a 500 K higher tempe|
of 1300 K must be employed for the dehydrogenation to hydrogen cyanide (left-hand side). The
diagram along the reaction coordinate for the consecutiveahll H-elimination from methyl azide
(right-hand side) suggests that no additional activation energy is required for the second cha
contrast to the Kelimination from re-evaporated methane imine, which needs to be fully activa
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require an activation energy of only about 170 kJ~tdl can be visualized by the
stroboscopic projection on top of each other of about 20 structures (Fig. 19), calc
for moving the HC—N; molecule along its total energy valley and over the saddle-p
of a three-membered ring. The 1,2-hydrogen shift from th€ Bubstituent, trans-
formed into a methylene J& group, to the nitrogen and the accompanying shorter
of the single C—N bond to a double C=N bond are clearly recognizable; the extrud
molecule leaves in a curved trajectory. Although the stroboscopically presented
dimensional hypersurface calculation provides a rationale for a synchronous p
H;C-N; - H,C=NH, + N,, it has to be pointed out, however, that the semiempir
approach (Fig. 19) necessarily neglects all molecular dynamics.

The important réle of molecular dynamics is best demonstrated experimental
the consecutive second reaction channel of thelifhination from methane imine
H,C=NH - H-C=N + H,, to hydrogen cyanide (Fig. 20, left-hand side): If the meth.
imine is generated by methyl azide pyrolysis, this requires only a 50 K higher tem
ture of 770 K. In contrast, if #£=NH is prepared by dehydrochlorinationfchloro-
methylamine, isolated and re-evaporated, a 500 K higher temperature of 1 300 K
needed to split off Flunder comparable conditions in the very same flow system (Fig.
This surprising “chemical activation” of methane imine observed can be rationalize
its different origin: The excess energy stored in a molecule generated by a che
reaction cannot be dissipated under unimolecular conditions in a gas stream due
low collision frequency, whereas the isolated and re-evaporated compound requit
full activation energy to be supplied to enter the respective reaction channel. Accc
to the enthalpy diagram along the reaction coordinate of the consecytiand H-
eliminations from HC—N; via H,C=NH to H-GN (Fig. 20, right-hand side), the methar
imine formed in the first reaction channel should be “chemically activated” by app
mately 340 kJ mol.

The gas-phase pyrolysis of alkyl azidfeas well as of other reactive molecuiés
— provided that the necessary precautions are taken! — proves to be not only a
method for the preparation of otherwise not readily accessible compounds or an
tration of the advantagous PE-spectroscopic gas analysis, but in addition is partic
suitable for studying the still largely unknown microscopic reaction pathways of
dium-size molecules with numerous degrees of freedom. And especially the p
formation of “chemically activated” intermediates should be of interest to othe
search groups with access to time-resolved measurement techniques.

3.2. Reduction of Quinones in Aprotic Solution

In exothermic reactions in solution, the reaction enthalpy stored as vibrational,
tional and translational energy of the resulting molecules is generally quickly dissi
by frequent collisions especially with solvent molecules. But in the network of ec
bria, for instance, in redox reactions, which include electron transfer, ion solve
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contact ion formation and aggregatiyrother observations enables contributions to
made to the largely unknown microscopic reaction pathways of medium-size mole
For a brief characterization of the numerous possible projects, classes of comp
types of reactions, measurement technicgtes the example of the reduction of 2,f
bis(trimethylsilyl)p-benzoquinone without or with added lithium tetraphenylborate .
studied by both cyclic voltammetry and ESR spectroscopy (Figs 8 and 13) is selected (F
The reduction of 2,5-bis(trimethylsilyp-benzoquinone in aprotic DMF solutiog,{ <
0.1 ppm) exhibits surprising changes on addition of the soluble SdBA(CsHs),]: Its
second, reversible half-wave potential is lowered by 0.6 V (!) and simultanec
becomes irreversibté (Fig. 21: CV). The presumed microscopic reduction pathway
the presence of excess lithium cation, which, owing to its small ionic radius 60 pm),
possesses a high effective ionic charge 4/ is supported by independer
ESR/ENDOR measuremetisn THF (Fig. 21: ESR): A 1 : 2 : 1 triplet is observed f
the solvated radical anion*® due to the two equivalent quinone hydrogens. The initiz
formed contact ion-pair radical [NLi"]" exhibits a decrease in symmetry fr@y, to
C, due to the “docking” of the Liion and thus displays a doublet of doublets, |
signals of which are each split into quartets by fhienuclear spin ( = 3/2). In the
finally resulting triplet radical cation [EM*FLi"]"", the quinone hydrogens are aga
equivalent and the two docked"Lions cause additional septet splitting. In this s
vated contact triple ion, the final product, which will be the dilithium salt of 2,5-bis
methylsilyl)hydroquinone, is already preformed and, therefore, the second ele
transfer takes place irreversibly at a dramatically lower reduction potential (Fig. 21: (

Microscopic Reaction Patﬁway in Solution:
Reduction via Contact.lon Multiples

Fic. 21
Electron transfer and contact ion multiple formation on reduction of 2,5-bis(trimethyjsibd)izo-
quinone in aprotic solution by addition ofEiLBE'(CGHS)4], discovered by cyclic voltammetry (CV)
due to the tremendous decrease in the half-wave reduction potential and the contact ion m
studied by the ESR multiplet signal pattero§ {ext)
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The investigations have included other contact ion pairs of 2,5-bis(trimethy|sily
benzosemiquinone with larger and, therefore, more loosely coordinated counter’,cz
such as K (ro = 138 pm). Additional approximate energy-hypersurface calculafio
surprisingly suggest that the”kcounter cation should “fluctuate”: To reach the sado
point 380 pm above the geometry-optimized six-membered ring of the quinone r:
anion, an activation barrier of only approximately 30 kJ¥nwbuld have to be sur-
mounted. The predicted dynamics of the ontact ion pair can be confirmed by ES
spectroscopydf. Fig. 15): At 210 K, the expected doublet of doublets is measurec
the nonequivalent quinone hydrogens, whereas at 295K tiplet indicates that,
owing to K” fluctuation, the quinone protons become equivalent on the ESR time
of 107s (Fig. 14).

Altogether the CV and ESR/ENDOR d#tain combination with the quantum
chemical hypersurface calculations, as exemplified for 2,5-bis(trimethylpHy&nzo-
quinone, thus provide some insight into the pathway of a consecutive two-ele
reduction, although solvent effects are still neglected. The partially dynamic conta
pairs discovered in the investigation could be of interest both bioinorganically be:
of their carrier properties and industrially as molecular switches.

4. SELF-ASSEMBLY OF MOLECULES ON CRYSTALLIZATION

4.1. The Molecular State Approach to Molecular Structure

Radical cation ground-state characterization by ESR multiplet signal fingerprints (F
also permits proof of the formation of radical ion pairs and multiples in aprotic solt
by the metal counter-cation couplings obseM¢g®ig. 21). ENDOR and especially
ENDOR TRIPLE measurements, through which the electron/nuclear spin interac
and the signs of the coupling constants are acces$ibteveal even finer details (Fig. 2:
left-hand side): Complex ESR multiplet signal patterns such as recorded for ‘the
contact ion pair of 1-aminoanthraquinone radical anion are resolved into line pairs
centred around the usually well-separated Larmour frequencies of the respective
Additional TRIPLE experiments allow the different up-field and down-field line int
sities to be employed to determine a positive sign fofiNa coupling and a negative
one for the'H-coupling, suggesting that, as a consequence of necessary spin tr
via polarisation, the counter-cation must be located outsidewhedal plane of the
radical anioR® For a general proof of this structural consequence deduced fror
spin transfer mode as laid down in the frequently applied Hirota’rutesfirst radical
ion pair ever has been crystallized and its structure deterfi{€ey. 22, right-hand
side): From fluorene, selected for the large difference between its first and seco
duction potentials, the radical anion was generated in aprotic DME solution
argon through contact with a sodium metal mirror promoted by ultrasonic sound
on diffusing hexane into the solution for 20 h at =80 red needles with a metalli
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cluster crystallized. The structure determination in a cooledldw revealed the
presence of a radical ion-pair dimer with two-fold DME-solvated, six-fold O-coo
nated N& counter-catiorS®,

The successful crystallization of the first radical ion pair (Fig. 22), based on pre
molecular state measurements and mastering all the experimental difficulties inv
in the preparation and handling of an extremely air- and moisture-sensitive comp
opened a third research area for the Frankfurt group: After studying gas-phase re:
using ionisation fingerprints (Chapters 2.1 and 3.1) and after investigating radica
including their dynamics and complex formation in solution using the ESR/ENL
signal patterns (Chapters 2.3 and 3.2), the structure determination of interesting
cules and their molecular ions, designed according to the molecular state moc
scribed (Chapter 2.2), turned out to be a rather fascinating chafléfgeor such a
project, the molecular state point of view proves to be especially advantageous f
chemist, because the structures of most molecules including spatially overcrowde
as well as structural changes in their reactions can be predicted either from re
measurement data (Figs 22 and 23) or by approximate energy hypersurface calct
(Fig. 24).

A transparent example for a measurement-predicted structure determination b
tron diffraction in the gas phase is triisopropylamine, in which severe spatial

Contact lon Multiple [Fluorenon:-© Na®(DME,],

T EAEAT » |:.]]}
21 = CiHip — 20K
) 200

Fic. 22
Proof of contact ion-pair formation in solution by ENDOR and by crystallization: ENDOR TRIF
spectrum of [Na(l-aminoanthraquinor']@)] in aprotic THF solution (left-hand side) and crysta
lization as well as structure determination of the radical ion pair [(fluoréﬁmau(dimethoxy-
ethane)], (right-hand side), a dimer with six-fold coordinated“Nabunter-cationscf. text)
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ANGEWANDTE

103 2

Fic. 23
Structure determination of triisopropylamine by electron diffraction in the gas phase confirn
(nearly) planar gN skeleton as suggested by previous molecular state measurements compris
extremely low first vertical ionisation potential (PES), a reversible first oxidation potential (CV)
an exclusively N-centred spin population (ESR), and the title page of Angewandte Chemie, Fe
1991 showing a graphic representation of the precalculated space-filling strudtuest]

. . Precalevlation and Realty  ¢=>
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Fic. 24
Structure of the tetraphenylethylene dianion on the title page of Angewandte Chemie, Dec
1989 (right-hand side), crystallized as a polymer string of contact ion tripqld§C2]j2CE'—E'C
(CgHs)»(Na”(O(C,Hs),),Na"] connected by benzene sodium sandwich links, and exhibiting mols
lar halves twisted relative to each other around tie“C single bond and predicted by quantun
chemically calculated torsion potentials for ethylene, its radical anion and its dianion (left-hanc
cf. text)
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crowding of its three bulky alkyl groups enforces a nearly planil skeleton with
anglesy CNC of 119 (Fig. 23}% The compound can be prepared in a difficult thr
step synthesis only in low yield, because the introduction of the third isopropyl st
tuent requires methylation by a solvent-free Grignard reaction at low tempéfat
The molecule ((HC),CH)3N exhibits an usually low first vertical ionisation potenti
of 7.18 eV (!), can be reversibly (!) oxidized at a cyclovoltammetrically determi
potential of +0.71 V and the ESR spectrum of the resulting radical cation cor
exclusively of a nitrogen 1 : 1 : 1 triplet with, = 1.934 mT and line widths of only
0.367 mT (Fig. 23). All the measurement data suggested a plagiirgReleton, which
was further confirmed by additional MM2 force field as well as AM1-SCF calculati
The electron diffraction structure with the experimentally determined CNC angle
119, on the other hand, stimulated additional hypersurface calculiovisich repro-
duced the expected shallow double minimum potential for the nitrogen inversiol
flecting another important facet of molecular dynamics (Chapter 2.3).

The structures of most molecules and especially of their molecular ion salts are
erentially determined by X-ray diffraction of single crystals, which contain the ta
species in the respective molecular ground state close to or even inside the glol
ergy minimum and with largely “frozen” molecular dynamics. An analysis of cry
structures with negligible packing effects, therefore, provides an advantageous s
point for the discussion of numerous molecular properties and their quantum-che
calculation. On the other hand, although the final crystal packing still cannc
general, be anticipatétl the charge perturbation in structures of molecular ions relativ
the precursor molecules is readily accessible by SCF geometry optimization on various
of sophistication. For instance, the initially surprising cyanine distortion of ethy
dianions or dications with their molecular halves twisted around the resu@iRe¢/C< or
>CU-PC< single bonds is predicted even by semiempirical torsion potentials (Fig
left-hand side): The neutral,B=CH, within a steep potential well iB,,-symmetric,
while the shallower well for lC-2CH, agrees with experimental average twistil
anglesw(R,C—CR,) of about 20 for substituted ethylene radical anitesnd the unex-
pected prediction of an almosténgle for BC°"-"CH, stimulated preparation, crys
tallization and structural analysis of the two-fold reduced tetraphenyl derivative (Fic
right-hand side): Its (kCy),C" halves are found twisted by 5&round the 149 pm long
single C-C central bose® The dianion is the essential subunit in the almost bl
polymer string of contact ion triples [£Bg),C™-EC(CgHs),(Na”(O(C,Hg),),Na ..,
which are connected unexpectedly by intermolecular dibenzene sodium sandwich
The tetrakis(dimethylamino)ethylene dication, prepared by chlorine oxidation, ext
a twisting anglaw(N,C'-PCN,) of 76° around a 152 pm long™G”C single bonéf®.
Both the dianion and the dication can be rationalized by cyanine distortion due to
calization of the even number of four electrons over the odd number of three ¥en
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Another example concerning amtramoleculardibenzene sodium sandwich in tk
contact ion pair of tetraphenylallyl anion, K€),C—C(H)-C(GHs)5Na~(O(C,Hs),],
prepared by reduction of tetraphenylallene with proton transfer from the solvent (Fi
left), is presented in this introduction to the molecular state approach to mole
structure (Fig. 9). It is select¥tl to further illustrate the well-established assumpti
that the calculated minimum of total energy represents the optimum charge distril
(Fig. 25, center and right-hand side): The analogous structure of the only dip
substituted model complex can be readily generated by MNDO geometry optimiz
using the Fletcher—Powell-subroutine programs (Fig. 25, center). Additional er
hypersurface calculations starting with theé’Naunter-cation close to one of the neg
tively charged 1,3-allyl anion centers results in its barrier-free movement into the
ter between the two phenyl rings which, according to an MNDO charge distrib
analysis, is surrounded by ten ring-C-centers with a sum of —0.51 negative chaaimEsit
30% more than supplied by a single allyl anion-C-center. Even with cautious reserv
concerning the parametrization of the semiempirical MNDO method, this unambig
result from the enthalpy hypersurface approach supports the structergergy relation

Intramolecular Dibenzenesodium Sandwich

AHFIMNDO)] = -540k!/Mol

q
e - : -

‘e %0 i | :
L § FEIL]

i ‘..

e W -
vl # Minimum of
. Total Energy
. Optimum of
Charge Distribution

Fic. 25
Sodium metal mirror reduction of tetraphenylallene in diethyl ether solution and subsequent c
lization yields the contact ion-pair tetraphenyl anion—sodium—diethyl ether (right), for which
structure determination revealed amramolecular dibenzene sodium sandwich, which also can
quantum-chemically calculated for the diphenyl substituted model compound (center). Additional el
hypersurface calculations suggest that & Naunter-cation placed at one of the allyl anion cent
moves barrier-free to a position between the two phenyl rings of highest surrounding negative
(cf. text)
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based on the charge distribution as do numerous other structures of conta
multiples experimentally determined and rationalized by more elaborate density functior
culations®.

The four examples from more than three hundred structure determinations I
Frankfurt group since 1990 have been chosen to demonstrate the advantageous
lar state approach for the design of interesting molecules and molecular ions guic
relevant measurement data (Figs 22 and 23) or by quantum-chemical calculations (
and 25). In addition to the preparation of compounds, the “art of crystallization”, w
was the most widely used method to purify compounds in the last century anc
partly abandoned, had to be acquired as did experience in structure determinatior
air- and moisture-free conditions at low temperatures. After two years of learni
wider research project on interactions in molecular crystals could be started.

4.2. Interactions in Molecular Crystals

At the present time, the Cambridge Structural Database contains well vediti@ual
structures of organic compounds ranging from medium-size ones to large polyme
including examples of unexpected molecular distortions, novel materials or biomc
lar aggregates. Numerous books covering general as well as detailed aspects ha
published! as have an ever increasing number of special feature reviews in va
journals. The question posed, therefore, has been whether the molecular state f
view outlined for the design of new molecules or those of still unknown structure
based on measurement data or quantum-chemical calculations (Chapter 4.1) cou
tinue to add valuable new facets. The Frankfurt group has embarked on studies c
often dominant interactions in and between molecules (Fig. 26), which in the orc
decreasing energy contributions involved might be termed cation solvation > hyd
bridge bonding > donor/acceptor complex formation > van der Waals attractior
repulsion. Necessarily, the compounds had to be designed in such a way that nc
nant interaction would obscure weaker ones that might be of interest in the resp
study. Above all, methods had to be improved or developed to achieve — ofter
patience and tenacity — the crystallization of the molecular single crystals require
suitable for X-ray diffraction. With altogether 130 publications covering about
structures, obviously no complete overview can be accomplished within this col
but essential facts will be outlined emphasizing particularly the molecular stat
proach to the molecular structures proposed (Chapter 4.1).

Cation solvation The thermodynamically favourable wrapping of cations by suite
solvent molecules is of essential importance for numerous processes from geol
biology, because the multi-dimensional equilibria netwaelg of electron transfer,
contact ion-pair formation and cluster aggregation are all decisively affected by séfva
Our studie¥ are represented by the contact ion triple [perylé(féa”’DME),] in which the
Na” counter-cations are eagli-coordinated on the opposite side of tikaodal plane.
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When the number of oxygens is increased from 4 (two dimethoxyethane) to 5
tetraglyme), the Nais withdrawn from the perylene surface and becoptesoordi-
nated at a single C center of its periphery and with 6 coordinating oxygens
18-crown-6) completely solvent-separated, leaving the then “naked” perylene dianic
hind®?2 To study the respective phenomena in more detaif, ddainter-cations have
been selected and their solvent-separated salts with large, well-delovedatidal anions
crystallized, which no longer form contact ion pairs. Based on the structural data,
isodesmic calculations for the solvent complexes with and withotit Hdae yielded
enthalpies of solvation, which are valuable to the chemist in designing optimum conc
for solvent-dependent reactid#s More recently, the structure of the first orgamitetra-
anion has been reported, crystallized as a contact ion quitijplerené==5(Na'THF,),].
Hydrogen bridge bondingtn spite of well over 10 000 entries in the Cambrid
Structural Data Base, numerous novel aspects of hydrogen bonding in single crys
main-group element molecules are still being discovered world-wide. The studies
Frankfurt group comprise both new preparative methods, aimed especially at hi
unknown hydrogen-bridged molecular aggregates as well as double minimum pof
calculations, predominantly to evaluate cooperative effecthe first contribution

( Weak) Interactions in Molecular Crystals:
"What" Crystallizes "How 2" and "Why 2"

Fic. 26

Single crystal structure research program of the Frankfurt group in 1992-1996 aimed at spec
teractions in molecular crystals such as (in order of decreasing energy contribution) cation so
> hydrogen bridge bonding > donor/acceptor complex formation > van der Waals attractions ¢
pulsions and represented (from left to right) by: the perylene dianion contact ion triple with L
solvated sodium cations, the flattening of the tetrakis(2-pyridyl)pyrazine by intramolecular hyd
bridges, the Bradduct of 1,2,4,5-tetrakis(thioethyl)benzene or sterically overcrowded hexaki:
methylsilyl)disilane ¢f. text)

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



Review 33

(Fig. 26, second structure from left) reported on the “chemical mimicry” (ability
animals to adjust in colour and/or shape to their environment) of the diprotonated
(2-pyridine)pyrazine dication which, on replacement of the topotactiveHCibridge
acceptors in its di(hydrochloride) by non-protonable tetraphenylborate anions, is
tened by intramolecular short H-bridges and, therefore, turns dark yellow in €8élo
Nitro-substituted organic molecules provide new facets as expected from subs
perturbation (Fig. 9): For instance, diphenylnitromethane can be crystallized as a
nitro dimer containing a chair-like eight-membered ring with two.O®l bridges,
for which an about 40% cooperative effect is quantum-chemically calctiatdtbre
recently, the shortest CHO bridge found so far with a.CO distance of only 293 pm
has been discovered in the double trinitromethane adduct to dio>
(O,N)5CH...O(CH,CH,),0...HC(NO,),, crystallized by careful purification of the ex
plosive from dioxane solutid#c.

Donor/acceptor complexe§his most recent one of our research proféatarted
with single crystal growth of mixed-stack complexes, in which donor and acce
components interact with each other in stoichiometric ratios. Based on the useful
ria of same skeletal symmetry anaverlap area, 21 complexes betweetonors such
as alkyl or amino substitued benzene derivatives, pyrene or perylena-agiteptors
such as tetrahalogemmbenzoquinones or nitro/cyano substituted benzene deriva
have been crystallizé® None of the structures determined for the deeply coloL
compounds, however, showed any significant geometry change of the componer
to t-stacking with interplanar distances of around 340 pen,the doublert van der
Waals radius of 170 pm and quantum-chemical calculations based on the crystal
ture data did not reveal any doner acceptor polarization effects at all in the grou
staté*® Turning to smaller-size acceptors such ag Rith the fully substituent-per-
turbed, electron-rich donor 1,2,4,5-tetra(thioethyl)benzene black blocks crystal
which surprisingly consist of tetrathiobenzene layers interconnected alternating
bromine sticks (Fig. 26, second structure from right). Relative jorBfecules in the
gas phase, the Br—Br distance is elongated from 227 to 240 pm, providing evider
S - Br charge transfer from the sulfur donor centfeshich, according to density
functional calculations, amounts to about —0.25 chaffek the meantime, for the
redox disproportionation, 2,1- 1Y + I5, in the presence of a thiocarbonyl ligar
R,C=S, both the final product [(R=S),I"][I5] as well as the intermediate donor/a
ceptor complex {RC=S...1,} could be crystallized and their structures determiffed

Van der Waals interactionsBulky tris(trimethylsilyl)silyl and tris(trimethylsilyl)-
methyl substituents, ((€);Si);Si— and ((HC);Si);C—, are well-suited to design modk
compounds with spacers of different lengths between their half-shells, which p
study ofintramolecularvan der Waals interactions. In hexakis(trimethylsilyl)disila
(Fig. 26, structure at the right-hand side) due to steric crowding, the SiSi bond is ¢
ated to 240 pm and the molecular skeletoyBiSiSiSi of Dy symmetry unexpectedly
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exhibits two different dihedral angles of°4&8nd 77, an appropriate criterion for steri
crowding. In addition, C.C van der Waals distances of only 352 pm between som
the methyl groups are observed shortened by 12% relative to the sum of the v
Waals HC radii of about 200 pm, as a result of their cog-wheel meshing in the int
of the moleculg®® Extensive studies have dealt with the structures of polymor,
conformers of single molecules; this is already widely documented in the litétatt
The Frankfurt group added several new facets such as monoclinic and triclinic m
cations of tetraisopropyp-phenylenediamine, in which the nitrogen electron pairs
either perpendicular to the benzene ring plane withriyfi-delocalization or are co-
planar, due to van der Waals repulsion between phenyl and isopropyl hydfige
Crystal packing energy calculations predict the latter, monoclinic modification to b
more stablé®®. For 2,2-pyridylamine, in addition to the triclinic and orthorhomb
modifications, a third monoclinic polymorph has been discovéfednd the phase
transitions of the trimorphic system were analyzed by additional differential the
analysis measuremeni$

In summary, the preparation and crystallization of compounds and the stru
characterization of numerous novel molecular single crystals by a team of highly
vated coworkers (Fig. 5) fully substantiated the usefulness of the molecular state
for chemists (Chapter 2.2). Structural analysis, complemented by quantum che
and later by crystal packing energy calculati§bdisclosed interesting details of intel

‘.Molecuhr Self-Organisation in Lipophilically Wrapped Clusters|
[BasLizO2{OR)11 (OR2)4]

Cluster — Core:
[BaBLISO,] 1

|'|:Jwar — Skin:

([SOCICHslsly [OCHgld® |

Fic. 27
The single-crystal crystal structure of the barium—lithium—oxygen polyion aggregafei {83
surrounded by elevertbutanolate anions and three THF solvent molecules, which was crystal
from a THF solution and is the first example for the Frankfurt group of molecular self-organis
in lipophilically wrapped clusterscf, text)

110
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actions in or between molecules in solids and, together with the wealth of inform
accumulated in the Cambridge Structural Database, revealed multifaceted aspe
crystallisation as a phenomenon of molecular self-organisétion

4.3. Lipophilically Wrapped Polyion Aggregates

Our first lipophilically wrapped polyion aggregate, an (octahedrane + prism
polyhedron [(B&")g(Li")5(0%F),]1 " within an oxygen-containing hydrocarbon sk
{CseH13014 (Fig. 27), was discovered by serendipity: Barium metal was dissolve
t-butanol with butyllithium added to react with the water expected frbatanol dehy-
dration and the resulting precipitate was dissolved in THF, from which colou
prisms crystallized. Relativistic density functional calculations demonstrated
presence of an ionic cluster core withTdianions both in the (B&') octahedron and
in the (B&"),(Li"); prismane. The next was the hexameric sodium salt of te
phenoxiimidodiphosphate crystallized from toluene soldiynin which the
[Nag(0¥),,] cluster core is surrounded by a lipophilic skin with 24 phenyl rings or
outside, which permits dissolving of the “inorganic salt” in nonpolar solvents. In &
tion, by employing the well-established statistics based on the centroid/centroi
tances of the phenyl substituents and the dihedral angles between them, the rath

| Molecular Self-Organisation in quphiﬁcaﬂy meped_(?f_:{si‘ers |

Sodium-{Tetraphenoxy)imido-Diphosphate

Cluster — Core:
[NaZ0, ;%

| Cluster — Skin: o
| {[EN[POIOCHglolof>¢

Fic. 28
Single crystal structure of the hexameric sodium (tetraphenoxy)imidodiphosphate WitE@lj]RPa
core and altogether 24 phenyl substituents on the outside of its lipophilic periphery, which p
solubility in apolar solvents such as toluene and from which the rather small contribution of tt
drocarbon skin to the enthalpy of formation dominated by the Coulombic interactiohs %3
could be estimatedcf, text)
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contribution of the lipophilic skin of about 50 kJ mblo the enthalpy of formation
could be estimated, which is predominantly due to the Coulombic interaci
Na"...0% within the cluster core and, according to quantum-chemical calcule
based on the structural data, amounts to about 5 000 k3. tBommarizing, lipophil-
ically wrapped polyion aggregates are formed due to the thermodynamic stability «
cluster core and their hydrocarbon skin supplies both kinetic shielding and the
bility in nonpolar solvents such as hexhe

Numerous other lipophilically wrapped polyion aggregates could be crystallizec
structurally characterized in the meantif€and others containing transition met
ions and sulfur as well as selenium ligal¥der alkali metal cations witho#f° or with
oxygen ligand¥°have been found in the literature — with many more presumably 1
stered in the Cambridge Structural Database. Those that can be crystallized fron
tion add to the phenomenon of self-recognition and self-assembly of mole
currently being studied world-wid& Evidently, inorganic salts with spatially partl
shielding organic ligands (Figs 27 and 28) are formed readily due to their thern
namically favourable cluster core and they could possibly be designed in the f
according to precalculated interactions and optimum arrangements within the mol
state model presented, although their crystal packing cannot yet be prédicted

For the sake of illustration and because of its potential relevance to protein stru
in NaCl-containing solutions, another and completely different lipophilically wrap

Molecular Self-Organisation in Lipophilically Wrapped Clusters
2,4,6-Tripyridine-1,3,5-Triazine-Tetrahydrochloride- Octahydrate

.
'i-:t

"
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n
)

-
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Cluster = Core:
[CIS{H,Olel4

Cluster - Embu:_in‘l’ng: |
(CNAHCNIHELPA |

Fic. 29
Single crystal structure of the tetrachloride—octahydrate aggregate in the intermolecular cavity
protonated 2,4,6-tripyridine-1,3,5-triazine cations showing a variety of different hydrogen bonds s
N"H...0, N...HO and N'H...CI® fixing the cluster core to the cavity as well as .08 and OH..0
within the core connecting the fourThnions by c#...HOH...CI? and CF...HOH...HOH...CIF sub-
units (f. text)
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polyion aggregate is depicted (Fig. 29): The tetrachloro-octahydrate in the intermc
lar cavity of four protonated 2,4,6-tripyridine-1,3,5-triazine cations exhibits a com
hydrogen-bonded network, which is currently being analyzed by density functiona
culations®based on the experimentally determined structural data.

5. SUMMARY AND FUTURE PROSPECTS

The essence of the molecular state approach for the preparative chemist (Figs 8
based on the topology (Fig. 10), the symmetry (Fig. 11), the effective nuclear pote
(Fig. 12) and the electron distribution (Fig. 13) and including the structuenergy
relation coupled by molecular dynamics (Chapter 2.3) can be summarized by a vi
the periodic table of the elements through a magnifying glass revealing various pro|
of the molecules synthesized, characterized and reacted daily in the laboratory (Fi
“What will one profit from looking at molecular states?” The multi-faceted exam|
selected from our own investigations and illustrating the usefulness of the mole
state fingerprints recorded in instrumental analysis as well as of quantum-chemic
culations at various levels of sophistication suggest “more, presumably, than c
imagined” (Fig. 30).

Future prospects for the molecular state approach, which greatly assists in expl
the properties of molecules, their microscopic reaction pathways and also intera

What will the Preparative Chemist Profit from Looking
at Molecular States? ‘

More, presumably
than he imagines . . .

Fic. 30
Periodic table of the elements examined by a simplifying molecular state magnifier for the ct
emphasizing topology, symmetry, effective nuclear potentials and electron distribution as es
facets of molecules, and, above all, the structurenergy relation coupled by molecular dynamic
which help to elucidate molecular properties, microscopic pathways of reductions and also do
interactions in molecular crystalsf(text)
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in and between molecules in their crystals, are promising, especially in connect
future advances: First, the computer, an indispensable tool in modern chemist
calculation speed and its memory capacity are increasing at a breath-taking pac
the progress in software development can be exemplified by the rapidly spreadir
of density functional calculations. In addition, novel methods of measuremen
added every year to the armory of physics. Unavoidably, these development
broaden the applicability of molecular state models and, thereby, remove some o
present weaknesses such as the handling of multidimensidnal63degrees of mole-
cular freedom. Potential targets for investigations are like “fishes in the ocea
chemistry and range from the design of ever more sophisticated experiments ail
novel materials and processes to increasing insight into complex geochemical eqt
networks or the functions of biochemical macrosystems such as receptor sites or |
folding.

In conclusion, however, it must be pointed out that, in all probability, there wil
always more questions than answers, or as stated in the foreword of a Ph.D. Tt
the University of Frankfurt “actually, everything is more complicated”.

The superb contributions of competent and highly motivated coworkers are deeply appreciate
slides have been designed by R. Utermark, Hoechst Corporation.
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