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Abstract

The objectives of this PhD dissertation were (a) analysing the structures of different kinds of
cyclophanes using density functional theory (DFT) and comparing with available experimental
results, aiming for the understanding of the structural phenomena as well as determining the
missing structural parameters for the known and hypothetical molecules, (b) carrying out DFT
calculations of the NMR spectral parameters and comparing them with the literature and
measured experimental results, and (c) calculating the absorption and emission wavelengths of
the [m.n]paracyclophanes, with m, n = 2 — 4. It should be stressed that the calculations have been
preceded by the measurement of NMR spectra and UV/Vis and emission spectra performed in
the Institute of Organic Chemistry and Institute of Physical Chemistry, respectively. To achieve
these objectives, the molecules considered were divided in to three sets.

The studies conducted on the first set of molecules, [2.2]paracyclophane and its derivatives,
show that the B3LYP functional is not well suited for the geometry optimization of the
paracyclophanes studied. The calculated NMR parameters were compared with the experimental
values. The results of the calculations involving only protons were compared with very accurate
chemical shifts and 2JHH and 3’JHH coupling constants determined in IChO PAN and IChF PAN.
The theoretical vicinal Jyy coupling constants in the aliphatic bridges using 6-311G(d,p), cc-
pVTZ, or Huz-1V basis sets reproduce the experimental values with an approximate rms error of
about 1.3 Hz, regardless of the basis set used.

The optimized geometries of the second set of molecules, cyclophanes with ethylene bridges
(cyclophenes), showed that only ®B97X-D/6-311++G(2d,2p) and ®B97X-D/cc-pVQZ yielded
values of the C;3C,p3 bond lengths close to the experimental data. ®B97X-D provides better
results for bond lengths but the Cy2C3C,3Cp2 torsional angles are not satisfactorily
reproduced. Contrary to the calculations of geometries, an agreement between the values of the
NMR parameters obtained using ®B97X-D/cc-pVQZ and the experimental ones is the poorest.
Taking into account that most of the results of the different calculations show the same
qualitative trends, the structural and NMR properties of the hypothetical cyclophenes are
assumed to be correctly represented by the calculated values.

For the third set of molecules [m.n]paracyclophanes, m, n = 2 — 4, the DFT calculations
satisfactorily reproduced the experimental chemical shifts, coupling constants, and absorption

and emission wavelengths. Inclusion of dispersion and long-range corrections to the functionals

il
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improves the geometry optimizations, except for the Cgu2Cy,3Cp3Cs,2 torsional angle of
[2.2]paracyclophane. Also in this case, the results of the calculations of involving only protons
were compared with very accurate chemical shifts and 2JHH and 3JHH coupling constants values

determined in IChO PAN and IChF PAN.
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Streszczenie
Celem niniejszej pracy byla
(a) analiza struktury szeregu cyklofanéw z wykorzystaniem teorii funkcjonatéw gestosci
(DFT) oraz poréwnanie uzyskanych wynikéw z dostepnymi danymi doswiadczalnymi, w
celu zrozumienia czynnikow wptywajacych na budowe tych czasteczek oraz ich
wlasciwosci, jak rowniez okreslenie brakujacych parametréw strukturalnych dla znanych i
hipotetycznych czasteczek,

(b) przeprowadzenie obliczen DFT parametréw spektralnych NMR i poréwnanie ich z

istniejgcymi wynikami doswiadczalnymi, oraz

(c) obliczenie pozioméw elektronowych [n,m]paracyklofanéw z m, n = 2 - 4. Nalezy

podkresli¢, ze obliczenia zostaly poprzedzone pomiarami widm NMR i UV/vis oraz widm
emisyjnych wykonanych w Instytucie Chemii Fizycznej PAN i Instytucie Chemii
Organicznej. Aby osiggnac te cele zbadano trzy grupy czasteczek.

Badania pierwszej grupy zwiazkow, [2,2]paracyklofanu i jego pochodnych, pokazaty, ze
funkcjonat B3LYP niezbyt nadaje si¢ do optymalizacji geometrii badanych zwigzkéw. Wyniki
obliczen parametrow NMR poréwnano z dostgpnymi danymi doswiadczalnymi. Nalezy
podkresli¢, ze wyniki obliczen dotyczace jedynie protonéw mozna poréwnaé z bardzo
doktadnymi warto$ciami przesuni¢¢ chemicznych 1 stalych sprzezenia, ktore zostalty zmierzone
w IChO PAN i IChF PAN. Wartosci teoretyczne wicynalnych statych sprz¢zenia w mostkach
alifatycznych obliczone dla funkcji baz 6-311G(d,p), cc-pVTZ lub HUZ-IV dobrze zgadzajg si¢
z wartosciami doswiadczalnymi z przyblizonym biedem rms ok. 1,3 Hz, niezaleznie od
stosowanych funkcji.

Obliczenia optymalnej geometrii dla drugiego zestawu czasteczek - cyklofanéw z mostkiem
etylenowym (cyklofenéw) - wykazaty, ze tylko stosujac metody wB97X-D/6-311++G(2d,2p) i
oB97X-D/cc-pVQZ uzyskano wartosci dlugosci  wigzan Cy3Cgp3  bliskie  danym
eksperymentalnym. Funkcjonat ®B97X-D daje lepsze wyniki dla dlugosci wigzan, ale obliczone
warto$ci katow torsyjnych Cyp2C,3C,,3C,p2 nie sa zadowalajace. W przeciwiefnstwie do wynikow
obliczen geometrii, najgorszg zgodno$¢ pomiedzy obliczonymi i doswiadczalnymi warto§ciami
parametréw NMR uzyskano stosujagc metode ®wB97X-D/cc-pVQZ. Biorgc pod uwage, ze

stosujgc r6zne metody uzyskuje si¢ takie same jakoSciowe trendy strukturalne i wiasciwosci

v
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NMR hipotetycznych cyklofenéw, przyjeto, ze obliczone wartosci wilasciwie opisujg te
parametry dla hipotetycznych uktadéw.

Dla trzeciego zestawu czasteczek, [m,n]paracyklofanéw z m, n = 2 - 4 obliczono wartosci
przesuni¢¢ chemicznych 1 stalych sprzezenia. Obliczenia DFT w zadowalajacy sposéb
odtwarzajg eksperymentalne trendy parametréw geometrycznych i widm NMR oraz dtugosci fal
absorpcji i emisji. Uwzglednienie korekty dyspersji funkcjonaléw poprawia optymalizacje

geometrii, z wyjatkiem kata skrecenia Cg,2C3C,3Cp2 [2,2]paracyklofanu.
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Chapter 1

Introduction

Pemmn Sl — —— Sl s — —— — _ gl Sl — — — _ S~ —

1.1. Definition of Cyclophanes

Benzene and its aromatic derivatives are among the most important classes of compounds in
the world of organic chemistry. Among these, cyclophanes are molecules formed from one
aromatic part and a hydrocarbon chain connecting two carbon atoms of a ring 1 or from two or
more aromatic rings connected by either saturated 2 or unsaturated chains 3.'> Atoms such as
nitrogen and sulfur, in addition to the carbon and hydrogen atoms, may also be a part of a
cyclophane system as is the case for heteraphanes 4a with bridge heteroatom(s), heterophanes 4b
with ring heteroatom(s), and mixed hetero/heteraphanes 4c. The word “phane” is used as the
stem name for such ring compounds. Some representative structures are shown below, whereas
the detailed classifications and definitions can be found in the monograph “Modern Cyclophane

Chemistry” edited by R. Gleiter and H. Hopf.2

N O
(CHy),, (CHy), (CHy),, (CHy),
(CHy), @ @

1 2 3
S S
(CHZ)n‘/ (CHZ)n (CHZ)n‘/
4a 4b 4c
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1.2. The Beginning of Cyclophane Chemistry

Even though the actual structure was only realized more than 150 years after its discovery,*’
the first cyclophane prepared was [1.1.1]orthocyclophane 5 by Cannizzaro in 1854.° Pellegrin
reported the synthesis of frans-[2.2]metacyclophane 6 in 1899.” In 1949 Brown and Farthing
reported in a short communication the synthesis of [2.2]paracyclophane 7 from para-xylene 8
and its X-ray structural alnalysis.8 Two years later Cram and Steinberg synthesized and reported
the same cyclophane along with its higher homologues, [m.n]paracyclophanes 2, which opened
the era of cyclophane chemistry.'! In addition to the molecules with saturated bridges,
cyclophanes with unsaturated bridges, for example 9, were also prepared.’ Later on, numerous
other cyclophanes have been synthesized. The most interesting of these was superphane 10 (first
synthesized by Boekelheide in 1979)° which has six ethylene bridges connecting the two

benzene rings.

D / 14 7::8 240 16
12 11
5 6 7
10
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1.3. Properties of Cyclophanes

D. J. Cram' began his studies of [m.n]paracyclophanes, with m, n = 2, 3 because of the close
distance between the m-electron clouds in molecules with small bridges. In these molecules, the
aromatic rings are nonplanar and aromatic hydrogen atoms lie significantly out of the plane of
the C1, C2, C3 and C4 carbon atoms of one benzene ring, bent toward the other benzene ring.
These deformations from the ideal benzene geometry reflect the strong ©-7 electron repulsions
between the two benzene rings resulting in an increased m-electron density on the outside faces
of the rings. Such unusual structures departing from that in benzene are worth studying.

Substitution of hydrogen atoms of benzene by other substituents such as alkyl (for example
dialkylbenzene 11) leads to negligible changes to its ring planarity. Similarly, connecting two
carbon atoms of a ring by a long alkyl chain (for example in [10]paracyclophane 12) has also
negligible effect on the ring planarity. However, shortening of the chain connecting two carbon
atoms of a ring (for example in [8]paracyclophane 13'°) results in a nonplanar deformation of the
ring. Similarly, in [6.6]paracyclophane 14 the rings are nearly planar,'' whereas in 7 they are
considerably deformed from planarity. For example, C1 and C4 of 7 are bent out of the plane of
C2, C3, C5 and C6 toward the second ring by about 0.168 A (14°) at 291 K.'*"* In general, for
paracyclophanes with shorter aliphatic chains, the aromatic rings are considerably deformed
from planarity compared to the standard aromatic molecules making them interesting with

respect to their structures and the influence of their nonplanar distortions on the properties of the

cyclophanes.2’3’14'20
(CH,),CH; @
(CHy)e (CHy)e
(CHZ)n
(CH,),CH, 12,n=10
11 13.n=8 14

In a review paper by D. J. Cram and J. M. Cram' it was noted that the most important
structural features of 7, which also correlate with its unusual physical and chemical properties,

are the stretched C,p3Cq,3 bonds, the bent benzene rings, the abnormal bond angles, and in

3
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particular the small distance between the two benzene rings. The shortest distance between the
two benzene rings (C1...C7 and C4...C10) of 7 is 2.780 A, which is not only considerably less
than the separation distance between the stacked aromatic molecules but also less than the sum
of two carbon atoms van der Waals radii, ca. 3.4 A. Moreover, the distance between the
corresponding carbon atoms of the two aromatic rings in 10 (2.620 Ay is considerably shorter
than that in 7. Its C,,2Csp3 bonds are out of the planes of the aromatic rings by ca. 20°. The data
on the symmetry of 7 are equivocal; it is not clear whether the molecule has an eclipsed D, or
twisted D, equilibrium geometry. In the latter case the mutual twist of the benzene rings is
combined with a twist around the C13C14 and C15C16 bridges. The X-ray structure of 7
reported by Brown”' in 1953 and by Lonsdale ez al.'? in 1960 resulted in the latter structure with
disorder. However, the latest reported X-ray data (2003) by Lyssenko et al.** measured at 100 K
unequivocally favor the former structure with no twist and no disorder. The origin for these very
different X-ray results for [2.2]paracyclophanes are the very low energy difference between the
two conformers (0.2 kcal/mol as calculated by Grimmezz) and even smaller, quite unreliable,
value in Ref. 30 and the significant temperature dependence of the structural parameters. For
instance, the Cg,3C,p3 bridge bond length was found to be longer than 1.558 Aat93 K, 1.579 A
at 100 K,* and 1.630 A'* and 1.569 A at 297 K.”>

Computational studies on the structure of 7 have also been reported. The discussion of the
results obtained in several computational studies'******® is blurred by the fact that in 2004*
Grimme cited results that todate remain unpublished by Stalke measured at 19 K obtained for a
different crystal structure (present below 50 K*) than that studied by Lyssenko et al® The
Grimme paper is then cited by theoreticians as the experimental one.'*”® Walden and
Glatzhofer™ reported a twist angle of 3.9° using the hybrid Hartree-Fock/gradient-corrected DFT
B3LYP/4-21G(d) method, whereas Henseler and Hohlneicher’*?’ obtained 21.8° using MP2/6-
31G(d). Bachrach'* also reported varying twist angles based on the functional applied; 18.5°
using M06-2X, 9.9° using B97-D, and 15.4° using ®B97X-D. The results reported by Grimme?*
also showed that the calculated twist angle of 7 is dependent on the type of functional used;
where only the B3LYP functional results for the C1C13C14C7 twist angle of the D5, structure
agree with the latest experimental result reported by Lyssenko et al.® Details of these issues are

presented in the introductory parts of Chapters 5 and 7.
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In addition to several calculations on [2.2]paracyclophanes'****>?%%3! priefly discussed
above, a few calculations for the structure of other cylophanes have also been reported.'*!'>%3%%3
The proton and carbon chemical shifts in 7 were calculated by Caramori er al.,** while Bifulco
and Malngoni34 analyzed 'H-'H scalar couplings across the two stacked aromatic rings in
derivatives of 7. A combined experimental and theoretical NMR study of 15 was also reported
by Dodziuk et al."” Studies about the absorption of 7 have also been reported. Among these,
Canuto and Zerner’ analyzed the inter-ring separation of the lowest excited and ionized states of
7 on the basis of SCF (STO-3G) calculations. Shen and co-authors® studied the fluorescence
excitation spectra of 7 in supersonic jets and carried out calculations allowing them to explain

1.3 also

the extensive vibronic structure in the lowest-lying electronic transitions. Shirai et a
reported the excited-state optimized structures of 7 and 15 obtained from time-dependent density
functional theory (TD-DFT). A combined experimental and computational study of UV/Vis and
magnetic circular dichroism (MCD) of 7 together with other cyclophanes with small bridges
reported by Dodziuk er al.”” is also among the recent studies.

In solution paracyclophanes with n > 2 exhibit conformational flexibility. For example,
[3.3]paracyclophane 15 exists in solution as a mixture of trans-15 and cis-15. The analysis of its
NMR spectra by Dodziuk er al.”’ indicates a cis:trans conformations ratio of 2:1 with the
Arrhenius parameters Ex = 12.29 kcal/mol and kpq0 = 9.6 X 10'% 5! for the conversion of cis-15 to
trans-15." Interestingly, although the former conformer is more stable in solution, 15
crystallizes in the frans conformation,'’ favored by the crystal packing forces. 14 is also so

flexible that not only can the bridges have different conformations but also one of the aromatic

moieties can rotate, resulting in more conformers.

cis-15

The proximity of the rings and the structural abnormalities also change the spectroscopic

parameters of the molecules. Among these, NMR chemical shifts and spin-spin coupling

5
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constants as well as UV spectral parameters are very sensitive to the molecular structure. For
instance, the complexes of 2 with tetracyanoethylene have different colors for different bridge
lengths.”® Depending on the m, n values, the complexes are yellow, purple, deep blue, orange and
redform=n=4,m=3,n=4,m=n=3;m=3,n=2and m =n = 2, respectively. Another
factor influencing the properties of [m.n]paracyclophanes for small m # n, which has not been
studied in detail previously, is a nonparallel arrangement of the rings such as that in 16.

Due to their interesting physical and chemical properties, cyclophanes have attracted the
attention of both experimentalists and theoreticians. Detailed discussions of their interesting
properties are included in the introductory parts of the chapters discussing the cyclophanes

studied in this PhD dissertation.

1.4. Why are Cyclophanes Worth Studying Today?

Cyclophane chemistry is an old and well-established field. For more than sixty years,
cyclophanes have been the subject of intense experimental and theoretical research.”**® The
interest in their study is directly related to the close distance between the benzene rings which
makes their m-electrons interact and causes the nonplanarity of the benzene ring(s) as discussed
in the review paper by Cram and co-workers.' In addition; the structural, chemical and
spectroscopic properties of the molecules as a consequence of the unusually deformed benzene
ring(s) are also reasons for the broad interest in these compounds by researchers.” As already
mentioned before, cyclophanes with nonplanar arrangement of benzene rings offer another
possibility to study the interaction of their m-electron clouds, which has not been explored

previously.
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Nowadays, cyclophanes are used in materials and in several related areas such as asymmetric

19,39,41,45,46

synthesis,” supramolecular chemistry,** polymer chemistry, anti-bacterial efficacy,"’

47-50

inhibitors of HIV proteinase,48 catalysis and sensors. Due to these emerging prospective

. . . . . . 4.14-
applications and their unusual structures, cyclophanes remain subjects of numerous studies.”

16,28,37,46,51,52

1.5. The Major Objectives of the Dissertation

The NMR measurements were carried out at the Institute of Organic Chemistry of the Polish
Academy of Sciences by Prof. Dr hab. Stawomir Szymanski, Prof. Dr hab. Jarostaw Jazwinski
and by Dr Mariusz Pietrzak at the Institute of Physical Chemistry of the Polish Academy of
Sciences. On the other hand, the UV/Vis experiments were carried out at the Institute of Physical
Chemistry of the Polish Academy of Sciences in the group of Prof. Dr hab. Jacek Waluk. In
addition to these experimental measurements, DFT calculations of NMR parameters were carried
out within this PhD dissertation to achieve the following objectives:

1. Structural analysis

As highlighted, cyclophanes with short bridges are structurally interesting due to their

geometrical abnormalities. Comprehensive and detailed structural analysis of

[m.n]paracyclophanes (m, n = 2 — 4) using density functional theory, DFT, combined with

available experimental structures is rare and/or difficult to find in the literature. There are

also open questions about the symmetry of 7. Therefore, the first objective of this PhD
dissertation was to study the geometry of [m.n]paracyclophanes (m, n =2 — 4) as well as that
of derivatives of 7 and its higher homologues with unsaturated bridges.

2. Variable temperature NMR studies

Detailed NMR studies, especially calculated NMR parameters, of paracyclophanes with short

bridges as well as of those with unsaturated bridges are also scarce in the literature.'>”'>*
Variable temperature NMR studies of cyclophanes, of which only one earlier study for 15
has previously been reported,'” facilitate the understanding of the dynamic phenomena taking
place in the bridges of paracyclophane. Hence, static and variable temperature NMR studies
of [m.n]paracyclophanes with short bridges combined with DFT calculations was undertaken

as the second major objective of the PhD study.
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3. UV/Vis spectroscopic studies
The UV/Vis study of [m.n]paracyclophanes (m, n = 2 — 4) using both experimental
measurements and DFT calculations helps the understanding of the electronic interactions
between the rings, manifested significantly by the different colors of their complexes with
tetracyanoethylene3 ® mentioned earlier, which therefore was set to be the third major
objective of the PhD study.

4. Density functional theory (DFT) is a reliable standard tool for the theoretical treatment of the
structures as well as NMR and UV/Vis absorption spectra of typical organic molecules. It
simplifies the interpretation of the spectra and contributes to the understanding of the
phenomena taking place during molecular motions. Here, cyclophanes with small bridges are
used for testing the performance of different functionals when applied for the study of
strained molecules with n-x electronic interactions. Therefore, analysis of the performance of
some DFT methods for highly strained cyclophanes has been the fourth objective of this PhD

dissertation.

1.6. Outline of the Dissertation

The dissertation is divided into eight chapters. In addition to Chapter 1 presenting
introduction to the problems under study, Chapter 2 describes the quantum chemical treatment of
NMR parameters. Chapter 3 briefly presents the density functional theory methods used in this
PhD dissertation together with the calculations of electronic levels using time-dependent density
functional theory allowing one to interpret UV/Vis spectra. Chapter 4 describes the experimental
and computational methods applied in this PhD study. In Chapter 5, the results obtained for the
structures, chemical shifts and spin-spin coupling constants of [2.2]paracyclophane 7 and its
derivatives: phenyl-[2.2]paracyclophane 17, benzene[2.2]paracyclophane 18, and trans-
[2.2]naphthalenophane 19 are presented. Chapter 6 presents the results obtained for the structural
parameters, chemical shifts and spin-spin coupling constants of cyclophanes with small bridges
with unsaturated bridge(s): [2.2]paracyclophan-13-ene 20, [2.2]paracyclophan-13,15-diene 9, 13-
vinyl-[2.2]paracyclophan-13-ene 21, [2.2.2](1,2,4)-cyclophan-15-ene 22, [2.2.2](1,2,4)-
cyclophan-17-ene 23, [2.2.2](1,2,4)cyclophan-13-ene 24, [2.2.2](1,2,4)cyclophan-13,15-diene
25, [2.2.2](1,2,4)cyclophan-13,17-diene 26, [2.2.2](1,2,4)cyclophan-15,17-diene 27,



Structure and NMR and UV Spectra of Strained Cyclophanes with Small Bridges

[2.2.2](1,2,4)cyclophan-13,15,17-triene 28, and of the results for [2.2]paracyclophane 7 and
[2.2.2](1,2,4)cyclophane 29 added for the sake of comparison. Chapter 7 describes the results
obtained for the structural, NMR and UV/Vis spectroscopic studies of [m.n]paracyclophanes (m,
n =2 — 4) with varying lengths of the bridges: [2.2]paracyclophane 7, [2.3]paracyclophane 16,
[2.4]paracyclophane 30, [3.3]paracyclophane 15, [3.4]paracyclophane 31, and
[4.4]paracyclophane 32. Finally, Chapter 8 presents the summary and general conclusions of the

findings in the study.
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Chapter 2
Quantum Chemical Calculations of NMR Parameters

P Sl — — — g St — —— — St e — —_— e e

2.1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is the most commonly used technique to
study the interaction of nuclei with electromagnetic radiation. It provides detailed information
about the structure and properties of atoms or the molecules in which they are contained. The
external applied magnetic field influences the electron density, decreasing or increasing the
magnetic field experienced by a nucleus, which is known as shielding or deshielding of the
nucleus. In practice, this measurement is reported as the chemical shift, which is the resonance
frequency of a nucleus relative to a standard. For instance, tetramethylsilane (TMS) is used as a
standard for 'H and "*C. The magnetic interactions between non-equivalent NMR-active nuclei,
called spin-spin coupling, is another property of nuclei in the molecule. The interactions
occurring when a molecular system is placed in an external magnetic field are schematically
shown in Fig. 1, presenting the shielding of a nucleus and the electron-density-mediated spin-
spin coupling of two nuclei. The quantum-chemical treatments of these two NMR parameters are

discussed in the following sections.

B Chemical shielding

T

Spin-spin coupling

Fig. 1. Schematic representation of the phenomena taking place in NMR spectroscopy: chemical
shielding and spin-spin coupling. Adapted from the courtesy of S. Komorovsky of CTCC, UiT -
The Arctic University of Norway

11
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2.2. The NMR Spin Hamiltonian

The nuclear spin operator, I, , and the nuclear magnetic dipole moment, g, , are related

through the equation:

where 7, is the magnetogyric ratio, a constant characteristic of the particular nucleus of interest

and £ is Plank’s constant. If the nucleus is placed in a magnetic field, the spin of an NMR active
nucleus will be quantized with a small number of allowed orientations with respect to the applied
magnetic field. Hence, the energy of the particular energy level (during the interaction of the

nucleus with a magnetic field) is given by

where B is the strength of the magnetic field at the nucleus. All isotopes which contain an odd
number of protons and/or of neutrons have an intrinsic magnetic moment and angular
momentum, in other words a nonzero spin which makes them NMR active. On the other hand,
all other nuclei with even numbers of both protons and neutrons have a total spin of zero and
they are NMR inactive. Hence, the most commonly studied nuclei in organic chemistry are those
of 'H and "*C with the spin equal to 1/2. Therefore, the difference between their energy levels

(the transition energy) can be obtained from:

In molecules, the electrons surrounding the nuclei modify the interaction of the magnetic

moment of an NMR active nucleus with the applied magnetic field. >

In experiment, these
interactions are interpreted in terms of an effective NMR spin-Hamiltonian; the electrons do not
appear explicitly and the nuclei are represented by their intrinsic spins and the associated

magnetic moments. Hence, the total effective NMR spin-Hamiltonian is given by55

12
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NMR

A L - - 1 _ N _ N
H =-YB'(-6)hyld, + EZh;/KI,f(DKL + K DAY, oo, (4)
K

K#L

where B is the applied external magnetic field, o, are the nuclear magnetic shielding tensors of
nucleus K, Dk, are the classical dipolar interactions which describe the direct couplings of the
nuclear magnetic dipole moments through space, K,, is the reduced indirect nuclear spin-spin
coupling tensor which describes the indirect couplings of the nuclear dipoles mediated by the
surrounding electrons. For isotropic samples, the direct spin-spin coupling constants D,,

vanish, whereas the indirect coupling constants remain. Then, for a rotating molecule in an

isotropic medium, the NMR spin-Hamiltonian simplifies to

This spin Hamiltonian contains all the information needed for the representation of a high-
resolution NMR spectrum.”>° The isotropic shielding constant and the reduced indirect nuclear

spin-spin coupling constant are then expressed as traces of the corresponding tensors:

1
oy = g{O'KM FOx 1 FOx e (6)
Ky = —{Ki t Ky K e, (7)

However, the NMR spin-Hamiltonian is usually expressed not in terms of the reduced indirect
spin-spin coupling tensors Kx;, which are independent of the nuclear magnetogyric ratios, but
rather in terms of the indirect spin-spin coupling tensors Jki. The indirect spin-spin coupling
constant is the most commonly used term and is related to the reduced indirect spin-spin

coupling constant by

13
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Yk Vo
J., =h ) QO PUUPRRPUUPURRPPPRPPRN 8
KL o K ®)

In practice, chemical shifts are measured from the NMR spectra of the molecules relative to a
standard, which is defined as the difference between the shielding constant of nucleus K of

interest and the nucleus of a standard reference molecule,

Oi = O) —Oh ettt )

2.3. Spin-Hamiltonian Parameters as Energy Derivatives

The NMR parameters can be expressed using perturbation theory. If a perturbation x

modifies the molecular electronic system, then the total molecular energy can be expressed as”’

1
E(x) =E%+ EVx + ExTE<2>x oo e ettt e ettt (10)

assuming a small perturbation x. The coefficients of this energy expansion are characteristics of
the molecular system and are called molecular properties. For time-independent static

perturbations, these molecular properties can be calculated as energy derivatives:

oE
ox

E(Z) —

m _
EY = : =
0 ox

In the case of an unperturbed system, the electronic energy is given as E(x) = <0 | H | O>. In

58,59

non-degenerate time-independent perturbation theory the first- and second-order molecular

properties are expressed by the following equations, where the derivatives are taken at x = 0:

0> .............................................................................................................. 12)

14

on
ox,

JE(x) _
o <0

l
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where the first-order property is the expectation value of the first-order Hamiltonian (the

Hellmann-Feynman theorem). For the second-order molecular property:

oH oH
0) — 2) ———— s (13)

0’H
ox,0x;

E —E,

n

IEMX) _ 0
ox,0x;

which also contains a sum-over-states term having contributions from each excited state. For

magnetic properties, the expectation-value contribution to the second-order property is known as
the diamagnetic part and the sum-over-states contribution is referred to as the paramagnetic
part. 5557

In the presence of an external magnetic field and nuclear magnetic moments, the

electronic energy is represented as

E(B,u) = Ey+ E"B + Y E{ 1, +%BTE(2°)B + > BES 1, + z URES U, ... (14)
K K

K#L

The corresponding energy derivatives are then given as

g0 _ OEW,.B) (15)
T F
E® = aEf_;‘K’B) ...................................................................................................... (16)
ﬂK Hi=o-B=0
2
g = 2 E;;f’; S, 17)
Hg—,B=0
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2

A Y| (18)
0Bau, s B0
J’E(u,B

L (19)
a’uK a'uL Hi =g >Hy=0-B=0

The two first-order terms vanish for closed-shell systems (vide infra), whereas those higher than
second-order terms often are neglected due to the smallness of the perturbations. The comparison
between the NMR spin-Hamiltonian given in equation (4) and the energy expressed in the
presence of an external magnetic field and nuclear magnetic moments in equation (14) shows

that the "'V term is related to the nuclear shielding tensor and the E®* term with the spin-spin

coupling tensor:™
O’E(uy. B)
T e et ettt ettt (20)
o, 0B s B0

When the direct Zeeman interaction between the nucleus and the magnetic field is added, the

shielding tensor can be written as

9’E(u,,B)
o, 0B

Hyg=B=0
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The reduced indirect spin-spin coupling constant of nuclei K and L can be written as the second
derivative of the total electronic energy of the molecular system with respect to the magnetic

moments of nuclei K and L:>"’

O | (22)

a'uKaluL M =0,M ;=0

KL

2.4. The Molecular Electronic Hamiltonian

The determination of the dependence of the electronic Hamiltonian on the magnetic
induction B and the nuclear magnetic moments, (i, is important in order to arrive at the explicit
expressions for the nuclear shielding and spin-spin coupling constants.” The perturbations that
in this case interact with the electrons arise from: (a) the orbital motion of the electrons and (b)

the permanent magnetic moments of the electrons

In the presence of these magnetic perturbations, the non-relativistic molecular electronic

Hamiltonian may be written in atomic units as>

: —l 2 _ tot _ Z_K l i l ZKZL
H(B,p)y=3 27 = B (r) ;rK+22 +22_RKL

i T izj K#L

=Y Mg B RO AD Dy s (25)
K

K>L

17



Chapter 2 Quantum Chemical Calculations of NMR Parameters

The operator for the kinetic momentum is given by

7w, =—iV,+A"(r)

tot

where A" (r;) is the vector potential at the position of electron i, constructed in such a way that its

curl reproduces the magnetic induction B"(r;) arising from the external field and the NMR active

nuclei:

Bmt(}';.) — ViXAmt(,;)

In the presence of a static magnetic field B and nuclear moment py, the vector potential and
the magnetic induction may each be decomposed into separate contributions from the external

field and from each nucleus:

A1) = AJE)F D T AL(E) oo (28)

BY(1E) = B+ Y By(5) covveieeeeeeiseseeesesseeis e (29)

The vector potential A,(ri) for a homogeneous external magnetic field represented by a constant

magnetic-induction vector B is written as
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where the subscript O indicates that the vector potential vanishes at the origin of the vector
potential O, known as the gauge origin. The vector potential associated with the nucleus is

written as

where o is the fine structure constant (equals 1/137). Unlike for the external vector potential
Ao(ri), there is a preferred gauge origin (the position of the nucleus) for the nuclear vector

potential Ag(r;).

2.5. Interaction Terms

The first-order interaction terms appear in the paramagnetic contributions to shielding and
spin-spin coupling constant, whereas the second-order interaction terms are the diamagnetic
terms. These properties can be derived from the derivative of the Hamiltonian with respect to the

.. . . . 55,57
magnetic induction B at zero field and zero magnetic moments as™™

aa—I; R I e (32)

The first term couples the external field to the orbital motion of the electron by means of the

orbital angular-momentum operator which can be written as

het = %Zlm = —%Zirmei ........................................................................................... (33)

1
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The second term couples the external field to the spin angular-momentum operator and can be

written as

B = =D 0 =D 8 e (34)

On the other hand, differentiating the Hamiltonian with respect to the magnetic moments at zero

field and zero magnetic moments yields:

oH
oM

= R I A BEC e e (35)
K

In this case there are three distinct interactions, one involving the orbital motion of the electron
and the other two involving the electron spin. Accordingly, the paramagnetic spin-orbit (PSO)
operator or the orbital hyperfine operator, which couples the nuclear magnetic moments to the

orbital motions, is written as

The spin-dipolar (SD) and the Fermi-contact (FC) operators (involving the interaction of the
electrons), which both couple the nuclear magnetic moments to the spin of the electron, are given
by

r2m, = 3(m,1, )y

h=ay, eSO (37)

r

iK

i
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8”3“ S S MMy oo (38)

FC _
he = —

where a is the fine structure constant and ¢ is the Dirac delta function centered at the specific
nucleus. The SD operator represents the classical interaction between two magnetic dipoles
multiplied by a nuclear magnetic moment. The FC operator represents the direct interaction of
the dipole moment of the electron with the source of the nuclear magnetic field and contributes
only when the electron is at the nucleus. The global effect for closed-shell states with a total spin

of zero is given by55

aa_l;l | 0> _ h;’b 0> < ————imaginary singlet

spn
+ hy

0) < ——==VANISHES  .ooouriereirceiiceecie e (39)

and for the hyperfine interactions, which is a combination of imaginary singlet and triplet wave

functions
oH
——10) = h*°|0) < ————imaginary singlet
o 10 = B10) ginarysing
+ hy”|0) < ————real triplet
+ 1| 0) < === —TALHIPIEL ...ooveeeeeeeeeeeeceeceeeceeee e (40)
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The first-order terms for closed-shell systems, which represent the permanent magnetic moment
of the molecule and the hyperfine coupling tensors of the nuclei, vanish because of the absence

of real singlet components.

oH

= (0] =0 ) = 0 e e e aaaaas 41
oH

A, =(0 I T T RUPRSPR 42

Once the first-order terms vanish, then the total electronic energy reduces to

E(B,1)=E, +%BTE(2°)B +> B'E, py +% DT T O (43)
K

K+#L

The E?” tensor represents the molecular magnetizability and doesn’t appear in the NMR spin-

Hamiltonian for a rotating molecule in an isotropic medium. Thus from equations (13) and (18)

we have
22 . <0‘3g n><n aaH 0>
g SEBL [ TH o) s L L (44)
oBou, 5040 0By, E —-E,
where,

22



Structure and NMR and UV Spectra of Strained Cyclophanes with Small Bridges

2 2 _
OH oy = I U (45)
0Bou, 25 I

And also for the other part of the Hamiltonian in equation (25),

2 4 _ T
Il w20 =Dy + &S T Il e (46)
ou,oU, 25 s

Substituting these expressions in to the general expression for second-order energy correction,

equation (14), gives Ramsey’s expressionséo’61 for the nuclear shielding tensor

0)-2) b in0E0) (47)

n,#0 Ens - Eo

Ok = <0‘hd£}?

And for the reduced indirect spin-spin coupling tensor,

K, = <0‘h?20‘0>_226<0‘h250 n;><f‘E(hlL)SO)T‘O>
e n, Lo

-2y (o +hiD‘nTZZ<nT_‘(;£C)T O (48)
ny ny 0

where the operators (diamagnetic spin-orbit (A°*°), paramagnetic spin-orbit (h*>?)) couple the
nuclear magnetic moments to the orbital motion of the electrons (hyperfine operator); and the
Fermi-contact (h*°) and spin-dipole (h°P) both couple the nuclear magnetic moments to the spin
of the electron. The first summation is over all excited singlet states with energy E,s and the
second summation is over all triplet states with energy E,r; the superscript T stands for the

transposition of the vectors, n_ denotes singlet excited state and n, a triplet excited state. The

first term in the above equation is given by:
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poso = a_z(n»Kn-L)I—n»Kn-

whereas the corresponding expressions for the operators in the second and third terms are given
in equations (36) — (38). The reader of this PhD dissertation is referred to review palper555’57’62

and a monograph®® for a detailed analysis of the quantum chemical expression of the chemical

shielding and spin-spin coupling constants.
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Chapter 3
Density Functional Theory Based Methods

e ——g B — e — —— e e — — o e e — — —

3.1. Introduction

In this chapter a short overview of the density functional theory (DFT) based computational
methods used in this dissertation for the description of the molecular ground state properties is

63-67

presented. The reader of this PhD dissertation is referred to recent review papers as well as

28596870 and references therein for a detailed analysis of the quantum

monographs and books
chemical methods.
DFT seeks to calculate all the properties of atoms and molecules from the electron

density.*”" DFT is a theory of electronic structure based on the electron density. Within the
Born-Oppenheimer approximation;71 which yields a wave function ¥ (F1,72..0N) depending only

on electrons and only parametrically on the nuclei, the time-independent electronic Schrodinger
equation72 is the starting point for a nonrelativistic quantum-mechanical description of the

stationary molecular properties:

A A

Hy(,R,) = [T LV o4 I}}//(;;,RN)zEl//(;;,RN) ...................................................... (50)

where T is the kinetic energy operator, V is some external potential (field) due to the nuclei and

U is the two-electron operator describing the Coulomb interaction between electrons. The
Hamiltonian operator described by position vectors r; and Ry for an electron and the nucleus,

respectively, is then given by

H = —%ZV? SV + S | e (51)

i j<i ‘7}—7}‘
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The calculations solving this equation directly are expensive or even impossible to carry out for
large systems since the wave function is a function of 3N coordinates. Instead of describing the
electronic structure of a molecule or atom using its wave function, its electron density p(r) is
used in DFT. In DFT, the properties of a many-electron system can be determined by using a
functional, i. e. a function of another function, which in this case is the spatially dependent

electron density of the system.

3.2. The Hohenberg-Kohn Theorem

The theoretical foundation of DFT is based on the two Hohenberg—Kohn theorems.”

According to the first theorem, the electron density uniquely determines the Hamiltonian
operator and all the properties of a molecule in a ground electronic state are determined by the
ground state electron density function p(x,y,z). The Hamiltonian is then specified by the
external potential and the total number of electrons, N, which can be computed from the density

by integrating over all spalce.74

E[p] = T[p] + V,.[p]+ V..[p] = [ POWE)dr + Fy [Pl (52)

where T|[p] represents the kinetic energy, Vye[p] and Ve.[p] the potential energy due to the nuclei

and the electrons, respectively, p(r) is the electron density, v(r) is the external potential and

Fuc[P] = TLP] + Vo [P] oot (53)

is a universal functional of the electronic density, which does not depend on a specific system.
The termJ- p(rv(r )dr is the classical interaction of the electrons with the external potential v(r).

The second Hohenberg-Kohn theorem”” is the DFT variant of the variational principle stating

that a trial electron density function will give energy higher than or equal to the true ground-state

energy obtained from the true electron density function.” %7073

E, S E[p(N] = Ey S (W ITHVIW ) e (54)
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where p(r) is a trial electronic density and Ejis the true ground state energy, corresponding to the

true electronic density py.

3.3. The Kohn-Sham Equations

Unlike for non-interacting systems described by using orbitals, finding an accurate
representation for the kinetic energy of an interacting system is difficult. To overcome this
problem Kohn and Sham proposed the most convenient expression for the energy functional in
1965.”* The Kohn-Sham (KS) approach attains the exact correspondence between the ground-
state energy and the density of a system consisting of non-interacting fermions in which the
“real” many body system is described by the Schrodinger equation.72 The energy functional
contains three terms: (a) the kinetic energy, (b) the nucleus-electron attraction potential energy,
and (c) the electron-electron repulsion potential energy. Each term is a functional of the ground
state electron density. The total ground state electronic energy of the real molecule is then

. 74
written as

E[p] = T[p] + V, [P] + Vi [£] oo (55)

The middle term, the classical electrostatic attraction potential energy, is given by
Vie = [ Do(r) VOVE oo (56)

The KS equations are obtained by differentiating the energy with respect to the KS molecular

orbitals. The electron density distribution is given as

o(r) = i\y/i’“(r)\z ............................................................................................................... (57)

where y*° are the Kohn-Sham spatial orbitals. The KS equation is then given as’
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2 nuclei A ’i A 12

Ly > Za jp T2 gy, + ch}y/,.“ = XU e (58)

where the £5° are the KS energy levels and Vxc is the exchange-correlation potential which is a

functional derivative of the exchange-correlation energy Exc[p(1)]

V(1) = S L e (59)

dp(r)

3.4. The Exchange-Correlation Energy Functional
3.4.1. The Local-Density Approximation

Various approximations have been suggested for the exchange-correlation energy, Exc[p].
The simplest approximation is the local density approximation, LDA. The LDA is based on the
assumption that at every point in the molecule the energy density has the value that would be
given by a homogeneous electron gas (HEG) which had the same electron density p at that

point.59’68’69 The energy density is the energy (exchange plus correlation) per electron.

o I T T G S (60)

where &x[p(r)] is the exchange and correlation energy per electron in a uniform electron gas of

density p(r). The exchange part of the LDA functional is given by,

3
EX Pl = =~

3.4.2. Generalized Gradient Approximations

The functionals that are functions of both the local density, p(r), and the gradient of the

charge density, Vp(r), are termed as generalized gradient approximations, GGA.
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0 9 0
—+—+— = VP(F) et
( P % e j p(r) = Vp(r) (62)

The exchange and correlation energies, both negative, is written as

ESNP) = Ey(p)+ Ec(p) = [dré (0VPLV’ D) oo (63)

The absolute value of the exchange energy is much bigger than the correlation energy.
Generalized gradient approximations generally lead to improved bond angles, bond lengths and
energies. The most commonly used exchange energy functional is the B88 (Becke 1988)
functional.” Examples of gradient-corrected correlation-energy functionals are the LYP'® (Lee-
Yang-Parr) and the P86’ (Perdew 1986) functionals. A calculation performed with B88 for the
exchange-energy functional and P86 for the correlation energy functional is termed as

BP86 59,68,69

3.4.3. Hybrid Functionals

The admixture of a GGA functional with a fraction of exact exchange from Hartree-Fock is
another approach to approximate the exchange-correlation energy functional, leading to what is
referred to as hybrid functionals. Hybrid functionals incorporate a portion of exact exchange
from Hartree-Fock theory with exchange and correlation from ab initio or empirical methods. A
hybrid exchange-correlation functional is usually constructed as a linear combination of the
Hartree-Fock exact exchange functional and any number of explicit exchange and correlation

density functionals.” %% Generally, the hybrid functional can be written as

E, = GEIT 4 DEST oo s (64)

Xc

The Hartree-Fock exchange term is given by,

1 . oo o1
E" = EZ”% (rl);//j(rl)r—g//l.(rz)l//j(rz)a’rla’r2 .............................................................. (65)
iJ 12

29



Chapter 3 Density Functional Theory Based Methods

The coefficients a and b are determined by parameterization. Becke’® adopted this approach and
defined the parameters of the 3-parametre exchange functional. Later this hybrid exchange
functional was combined with the Lee—Yang—Parr76 functional by Stephens et al.” to get the

commonly named B3LYP functional

EPPP = E"™W 4 0.2(E" —E"™) + 0.72(EP* —E"™) + 081(E" = E'™) oo (66)

3.5. Time-Dependent Density Functional Theory

In this section the time-dependent density functional theory, TD-DFT, used for the
calculations of the UV/Vis absorption spectra is briefly described. TD-DFT extends the concept
of stationary DFT to time-dependent systems. All physical observables for any interacting
quantum many-particle system subject to a given time-dependent potential (such as electric or
magnetic fields) are uniquely determined by the time-dependent (TD) density and the state of
the system at an arbitrary and single instant in time. Its computational foundation is based on
the Runge-Gross theorem,* the TD analogue of the Hohenberg-Kohn theorem.®' The Runge-
Gross theorem states that for a given initial wave function, there is a unique mapping between

the TD external potential of a system and its TD density. The Hamiltonian is given as

Y = T A Vo (8) F U e (67)

ext

where T is the kinetic energy operator, U 1is the electron-electron interaction and V.. is the

external potential which defines the system along with the number of electrons. The explicit

expression of the Runge-Gross equation is given bygo’82

p(?;t) e

‘r—r'

P A Ve () W) e, (68)

J -~ 1 Z
P — __VZ _ m
latl//(r,t) > mzz; ;—E‘ +I
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where the electron density, ground-state wave function and the exchange-correlation potential

are given by the following three equations; respectively,

PUD) = T ittt (69)

W(EZ0) = WO ettt et (70)
-~ OE, (r,1)

o S (o L 71

v (Ts1) G (71)

TD-DFT is used to calculate the energies of excited states of molecular systems based on
the linear response function, that is, by analysing how the electron density changes as the
external potential changes. The external perturbation in this approach is small and it doesn’t

completely destroy the ground-state structure of the system.go’gz'85

3.6. Basis Sets

A basis set is a set of functions used to create molecular orbitals, which are expanded as a
linear combination of these functions with appropriately chosen coefficients. Electronic structure
calculations of polyatomic molecules typically use the linear-combination-of-atomic-orbitals,

LCAO, approximation59
lw,) = Zcﬁj‘;@) ............................................................................................................... (69)

where y, is the basis set of the atomic orbitals. The most common LCAO basis functions

employed presently in quantum chemistry are the Gaussian type orbitals, GTOs, centered on the

. . . . . . 59,6
atomic nuclei. In spherical coordinates, their form is expressed by 969

Za(1.0,0) = Y, (B,0)1" €™ ooiiiitittttettststieeeeeeeseeee e (70)
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where Y;,, are the spherical harmonics; { is the so-called exponent of the GTO. GTOs are more
popular, due to their convenient mathematical properties, than the physically more correct Slater-
type orbitals, STO. The better physical behavior of STOs at r = 0 and at large r is simulated by
working with a somewhat larger set of fixed linear combinations of primitive Gaussian functions
xu- These linear combinations lead to contracted Gaussian functions, CGTOs; each of them being
specified by a set of exponents and another set of contraction coefficients that are not allowed to
change during the calculation of the electronic properties. Depending on the number of CGTOs
used per atomic shell, basis sets are referred to as single-{ (1 CGTO), double-{ (DZ, 2 CGTOs),
triple-{ (TZ, 3 CGTOs), etc. The flexibility of a basis set is improved by adding functions of
higher angular momentum that correspond to the occupied orbitals in the ground state of a
particular atom. These are called the polarization functions and are p-type functions for H and
He, d-type functions for the second-row atoms, etc. This provides additional flexibility needed
within the basis set, effectively allowing molecular orbitals to be more asymmetric about the
nucleus. This is important when considering accurate representations of bonding between atoms,
since the presence of the bonded atom makes the energetic environment of the electrons
spherically asymmetric. For example, d-type functions can be added to a basis set with valence p
orbitals, and f-functions to a basis set with d-type orbitals. Diffuse functions are those with very
small exponents; they allow the charge distribution to be accurately described also in the outer
regions of the electron density. The diffuse functions more accurately represent the "tail" portion

of the atomic orbitals, which are far from the atomic nuclei, %6870
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Chapter 4

Experimental and Computational Methods

_ T —— S e — —— = S — — — Sl —

In this chapter, the computational and experimental methods used for the study of the

molecules considered in the PhD study are presented.

4.1. Experimental

4.1.1. Reagents

[2.2]Paracyclophane, 7, 99% purity was purchased from Alfa Aesar. The syntheses of
[2.2]paracyclophan-13,15-diene 9,*® [3.3]paracyclophane 15,'"*" [2.3]paracyclophane 16,*
phenyl-[2.2]paracyclophane 17.¥ benzene[2.2]paracyclophane 18, trans-
[2.2]naphthalenophane 19, [2.2]paracyclophan-13-ene 20,%¢ 13-vinyl-[2.2]paracyclophan-13-
ene 21, [2.2.2](124)cyclophan-15-ene  22,*  [2.2.2](1,2,4)cyclophan-17-ene 23,
[2.2.2](1,2,4)cyclophane  29.** [2.4]paracyclophane 30,” [3.4]paracyclophane 31* and
[4.4]paracyclophane 32" have been reported earlier. 9, 15 - 23, 30 - 32 were provided by Prof.
H. Hopf from Institute of Organic Chemistry, Technical University of Braunschweig,

Braunschweig, Germany.

4.1.2. NMR Measurements

All room temperature NMR experiments were performed in CDCl; solutions on either a
Bruker DRX-500 MHz or Varian 600 MHz spectrometer using the XWINNMR and VNMRIJ
acquisition and processing programs, respectively. The 5 mm triple broadband inverse probe
equipped with a z-gradient coil was used for 'H and BC measurements. All °C, "H and 2D
correlation experiments were carried out using the inverse gradient technique and pulse
sequences with adiabatic pulses (°C and 'H gHSQCAD and g-HMBCAD Varan’s pulse

sequences). Signal assignments were carried out by means of one-dimensional nuclear
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Overhauser effect (NOE),96 correlation spectroscopy (COSY)97 and (13C,1H)—heter0nuclear
single-quantum correlation (HSQC)98 and heteronuclear multiple-bond correlation (HMBC)99
experiments. Variable-temperature 'H NMR spectra were recorded on a Bruker Avance II 300
MHz spectrometer equipped with a broadband inverse probehead and a BVT 3200 temperature
control unit. The reported temperatures were carefully calibrated using methanol chemical shift
thermometer.'” For the chemical shifts tetramethylsilane (TMS) is used as a reference. The
values of chemical shifts are given in parts per million (ppm) and those of coupling constants in

hertz (Hz).

4.1.3. Analysis of NMR Spectra

C chemical shifts, and proton-carbon and carbon-carbon coupling constants were read from
spectra. To determine the exact values of the proton chemical shifts and proton-proton coupling
constants from NMR spectra, the spectra were analyzed numerically using a FORTRAN
program developed and used by Prof. Dr hab. Stawomir Szymanski which performs iterative
least-squares fits to the experimental line shapes.15 The Juy coupling constant values in the
aromatic bridges were either evaluated on the basis of the line-shape fits or, in cases where the
resonances of the aromatic protons were singlets, read from splittings in the "°C satellites. With
these two parameters included in the optimized set, the fitting algorithm did not converge.
Except for the geminal couplings all the above mentioned Jyy values could be extracted from
room-temperature spectra with very high accuracy, generally 0.01 Hz, using the home-written
program developed and used by Prof. Dr hab. Stawomir Szymanski, based on the conventional

Liouville space approach,'®" which performs iterative line shape fits.

4.1.4. Absorption and Emission Spectra Measurements

All the absorption spectra of the [m.n]paracyclophanes, (m, n = 2 — 4), were measured in n-
hexane (Aldrich, spectral quality) at 293 K on a Shimadzu UV-3100 spectrophotometer equipped
with variable-temperature chambers, allowing temperature controls between 88 K and 333 K,
with accuracy of +1 K in the laboratory of Prof. Dr hab. Jacek Waluk. The excitation spectra
were recorded on an Edinburgh FS 900 CDT fluorometer and corrected for the sensitivity of the
instrument. Excitation spectra were measured for optical densities not exceeding 0.1 in the

maxima of absorption bands in order to avoid nonlinear effects.
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4.2. Computational Details

The quantum chemical calculations were performed using either Gaussian quantum
chemistry program package'®® at the local supercomputer cluster (Stallo) installed at UiT - the
Arctic University of Norway, and at the Interdisciplinary Centre for Mathematical and
Computational Modeling (ICM) at Warsaw University, Poland, or the Dalton quantum chemistry
program package'®® at the University of Tromsg. Additional calculations were also performed at

the supercomputer cluster (Abel) installed at the University of Oslo, Norway.

4.2.1. Computational Details of [2.2]Paracyclophane 7 and Its Derivatives 17 - 19

The molecules were optimized using Becke’s 3-parameter hybrid exchange functional”” and
the Lee-Yang-Parr correlation functional,76 commonly referred to as B3LYP.” The correlation-
consistent polarized valence double-zeta and triple-zeta basis sets of Dunning104 (cc-pVTZ), 6-
311G(d,p)'” and Huz-IV'® basis sets were used for the geometry optimization, using the first-
order geometry optimization methods of Bakken and Helgaker.'”” The calculations of the
shielding constants and spin-spin couplings constants were done applying the B3LYP functional,
using the 6-311G(d,p), cc-pVTZ and Huzinaga-IV basis set. The latter one was suggested by
Kutzelnigg and Schindler'® based on the atomic basis sets of Huzinaga'® In order to ensure

109

gauge origin independence of the calculated shielding constants London atomic orbitals ™~ were

used in all calculations.

4.2.2. Computational Details of Cyclophanes with Unsaturated Bridge(s) 9, 20 - 28

The molecules were optimized using Becke’s 3-parameter hybrid exchange functional”” and
the Lee-Yang-Parr correlation functional,76 commonly referred to as B3LYP.” The correlation-
consistent polarized valence double-zeta and triple-zeta basis sets of Dunning104 (cc-pVTZ), 6-
311G(d,p)'® and Huz-IV'® basis sets were used for the geometry optimization, using the first-
order geometry optimization methods of Bakken and Helgaker.'”” The calculations of the
shielding constants and spin-spin couplings constants were done applying the B3LYP functional,
using the 6-311G(d,p), cc-pVTZ and Huzinaga-1V basis sets. The latter one was suggested by
Kutzelnigg and Schindler'® based on the atomic basis sets of Huzinaga'® using the

implementations of Ruud ez al.'"’ and Vahtras er al.'"" London atomic orbitals'® were used to
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ensure gauge origin independence of the calculated shielding constants. Tetramethylsilane

(TMS) was used as a reference for the calculations of 'H and "°C chemical shifts.

4.2.3. Computational Details of [m.n]Paracyclophanes (m,n=2-4) 7, 15, 16, and 30 - 32

The molecules were optimized using Becke's three-parameter hybrid exchange functional””
and the Lee-Yang-Parr correlation functional’® commonly referred to as B3LYP" and the Head-
Gordon and coworkers long-range corrected functional which includes damped atom-atom

dispersion corrections, ®B97X-D.'"?

The augmented correlation-consistent polarized valence
triple- basis set of Dunning optimized for spin-spin coupling constants and shielding
calculations, referred to as ccJ-pVTZ,'"” and the basis set suggested for NMR parameter
calculations by Schindler and Kutzelnigg based on the atomic basis sets of Huzinaga, Huz-IV,'
were used. London atomic orbitals were used to ensure gauge origin independence of the
calculated shielding constants. For the TD-DFT electronic property calculations the CAM-
B3LYP'"* and ®B97X-D''"? functionals together with augmented correlation-consistent polarized

104,115 st
" were used. Each optimized structure

valence triple-C basis set of Dunning (aug-cc-pVTZ)
was confirmed by frequency calculations to be the real minimum without any imaginary
vibrational frequencies on the potential energy surface. Similar to the experimental
measurements, TMS was used as reference for the chemical shift calculations. For the TMS
NMR calculations ccJ-pVTZ basis set was used for carbon and hydrogen atoms whereas cc-

pVTZ basis set was used for silicon because of the unavailability of the former basis set.
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Chapter 5
[2.2]Paracyclophane and its Derivatives

L S e —— e e — — — S e — — - _ S — — — _

5.1. Introduction

As briefly addressed in Chapter 1, highly strained cyclophanes with small bridges are
characterized by a distorted structure compared to unstrained hydrocarbons.”''®!"” These
distortions are known to influence properties of the molecules.”* For such distorted molecules,
[2.2]paracyclophane 7 for example, the combined use of theoretical and experimental techniques

are considered to be appropriate tools of study. 7 has been a topic of several previous

11,13,20,3 1,41,43,51,118-122 114,20,22,24—27,30,5 1

experimenta and theoretica studies due to its interesting

properties discussed in Chapter 1. In particular, it is also an excellent model for the study of =-

11822123 The extent of distortion of the

124
1

electron interactions between layered benzene rings.
aromatic rings of 7 were reviewed by Cram ez al." The strain energy of 7 is 30.1 kcal/mo

whereas its heat of formation is 58.8 + 0.8 kcal/mol.'® The computations dealing with its

20,22,26,27,30 126

structural distortions, ring currents in the molecule,'* through-bond, through-space”
and transannular interactions® have been reported. Normal vibrations®* and the importance of
electron correlation effects for the 7T-T interactions in cyclophanes® using both ab initio and DFT
methods have also been analyzed.

As pointed out in Chapter 1, there has been a vivid discussion whether 7 has an eclipsed Dy,
or twisted D, equilibrium geometry (where in the latter case the mutual twist of the benzene
rings is combined with a twist around the C13C14 and C15C16 bridges), in spite of the fact that
the published experimental X-ray data by Lyssenko et al® measured at 100 K, where no
disorder occurs, unequivocally favor the former structure. On the other hand, based on analysis

of IR spectra, Walden and Glatzhofer®®

concluded that a small twist (characterized by
Cp2Cp3Csp3Cyp2 torsional angle ¢ of 3.9 defined in Fig. 2) with a barrier of 1 cal/mol, which is
certainly within the limits of error, is present. The X-ray results by Stalke measured at 19 K,
unpublished but cited by Grimme,'?’ yielded a twist angle of 12.6° for another crystalline phase

than that present at room temperature. Unfortunately, in the paper by Grimme,* citing the latter
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results, there was no discussion of the results by the Lyssenko group20 and Grimme’s paper was

sometimes cited as experimental one.'***

Fig. 2. The definition of the twist dihedral angle (¢) and twisting-rocking mode of 7

Walden and Glanzhofer™ calculated the structure and normal vibrations of 7 using the hybrid
Hartree-Fock/gradient corrected DFT B3LYP/4-21G(d) method and obtained a twist angle ¢ of
3.9° in good agreement with the experimental “half twist angle” value of 3.2° reported by Hope
et al.” Tt is noteworthy that the “half twist angle” obtained by Hope et al.” is close to the result

obtained by Lyssenko et al.,*’

even though the molecule in the former work has D, symmetry
while it has D,;, symmetry in the latter work. The “half twist angle” in the Hope er al.”® work was
defined as the twist angle of each aromatic ring in opposite directions around the common
normal, which gives a full twist angle of 6.4°.'*® Henseler and Hohlneicher,” using MP2/6-
31G(d), obtained a very large ¢ value equal to 21.8°. They incorrectly stated that in the paper by
Hope and coworkers™ the value of the torsional angle has not been reported even though the
“half twist angle” value of 3.2° was given in that paper.

In a combined experimental and computational (HF, MP2, B3LYP with 6-31G(d) basis set)
study, Lyssenko e al.?® found the eclipsed structure (¢ = 0°) as the minimum structure with a
considerable anisotropy of twist vibrations even at 100 K. The experimental results of 7 by
Lyssenko et al.” have often been neglected in most of the theoretical studies. However, it should
be noted that comparison of experimental and computed geometries is often very difficult since
the latter refer to an isolated molecule in the gas phase while the former are usually measured in
the solid state. The argument given by Lyssenko et al.,” in favor of the low force constant for
the twist on the basis of an inspection of the Cambridge structural database (CSD) of the

derivatives of 7, does not seem valid since a substitution on either aromatic ring or on the bridge
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1.%° that there are no

introduces steric strain that would force a twist. The claim by Lyssenko et a
through-space interactions between the rings in 7 also seems questionable.
On the basis of B3LYP/6-31G** calculations of the structure of 7, Pelloni and coworkers!%
obtained a slightly twisted structure but they carried out the calculations of magnetic properties
for the ideal Dy, structure since they found the results to be independent of such a simplifying
assumption. With regard to the energy differences between the two structures, the results
obtained from spin-component-scaled Moller-Plesset second-order perturbation theory (SCS-
MP2) computations using the cc-pVTZ basis set by Grimme® indicated that the lowest energy
structure has D, symmetry with CIC13C14C7 twist angle of 17.6°, where the barrier to the

interconversion between the two (equivalent) twisted isomers is as low as 0.2 kcal/mol (depicted

in Fig. 3).

Fig. 3. The barrier to the interconversion between the two conformers of 7. In the D, structure

the two benzene rings as well as the bridges are eclipsed

The theoretical methods give results either for the structure with D; or Dy, symmetry for 7

based on the type of functional used. For instance, the hybrid functional B3LYP gives Dy,

14,16

geometry whereas dispersion corrected pure functionals (for example wB97X-D, B97-D)

14,22,24

give D; structure, with value of ¢ ranging from 10° to 15°. More specifically, uncorrected
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functionals (e.g. B3LYP) overestimate the interring separation distance as well as the Cyp3Cq,3
bond lengths of 7 due to their over-repulsive character in the van der Waals distance regime.
MP2 underestimates these interactions.'>”*! On the other hand, when dispersion correction is
introduced to the functional, the results show a better correlation with the experimental bond
lengths, since they adequately describe the dispersive interactions. However, when compared to

2033 of 7, the larger than 10° value of the angle obtained from the

the experimental twist angle
calculations seems unreliable. This behavior of the functionals has been reported by Grimme et
al.® stressing that the inclusion of dispersion correction to the functionals improve the geometry
optimization results. Grimme’s** previous study also demonstrated that the ¢ value of 7 is
dependent on the method applied. Except for the DFT-B3LYP result yielding a zero twist angle
correlating with the experimental result,”” all other values were larger than 10° (17.6°, 18.7° and
10.7° using SCS-MP2, MP2 and DFT-PBE, respectively) while the inspection of the Cambridge
Database for 7 and its derivatives yielded mostly ¢ < 3°. Caramori and coworkers>* also found
that the dihedral angles of the ethano-bridges are very dependent on the model. Their geometry
optimizations using the cc-pVDZ basis set for all methods, as well as MP2/6-31G(d;0.25)
calculation have yielded twisted D structures while B3LYP have resulted in a close agreement
to the eclipsed D, conformer.

DFT calculations for 7 using B3LYP, M06-2X, B97-D and ®B97X-D functionals were also
reported by Bachrach.'* The author compared the results obtained from different functionals with
the literature values aiming to find which functional describes the geometry, in particular the
CI1CI13C14C7 twist angle, the best. Unfortunately, Bachrach does not cite the “half twist angle”
value of 3.2° as the experimental aromatic ring twist angle value reported by Hope ef al.,* but
rather a much larger angle of 12.6°. It should be stressed that the 12.6° cited by Bachrach' is the
deformation angle (C2C1C6C5) of the aromatic rings reported by Hope et al® Interestingly,
only one of the functionals used by Bachrach gives a value for the Cy2Cyp3C3Cp2 torsional
angle of ca. 10°, some of them yielding values as large as 18°.

Despite the many studies advocating a large twist angle, we believe that the zero value of the

1.2 in 2003 or the small values less than 6° to be the most

angle determined by Lyssenko et a
reliable. The very low energy differences of 0.2 kcal/mol between the D, and D, structures
calculated by Grimme®* at the SCS-MP2/cc-pVTZ level and that of 1 cal/mol reported by

Walden and Glatzhofer’ on the basis of DFT calculations using a small 4-31G(d) basis set
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indicate that an experimental solution to the problem of the eclipsed Dy, or twisted D;
equilibrium geometry of 7 is not trivial. In addition, some of the bond lengths of 7 are also
temperature dependent. For instance the C,3Cgp3 bridge bond length was found to be longer,
1.558'2 at 93 K and 1.579 at 100 K,* and 1.630'* and 1.569% at 297 K. The X-ray analysis of 17
is reported by Ku$ et al.,*” whereas that of 18 and 19 by Cram er al.”® Kamya and Muchall
carried out DFT calculations for ten substituted [2.2]paracyclophanes and three

32 The Ilatter

[3.3]paracyclophanes and analyzed their geometries and electronic structures.
authors stated that some shortcomings are shown by B3LYP in reproducing the experimental
geometries compared to PBEO and BH&H functionals.

With regard to NMR spectra of cyclophanes, three comprehensive reviews by Ernst’>>*'*?
take the major part. In these reviews the static proton spectra of 7, 15, 18 and 19 and of
cyclophane derivatives are discussed. Pechlivanidis et al ® reported the synthetic routes of
[m.n]paracyclophanes (m, n = 2 - 4) together with a few proton chemical shifts from the static
spectra. Recently a solid state NMR analysis of 7 has also been reported by Halling er al.”' The
proton and carbon chemical shifts in 7 were calculated by Caramori et al.,** while Bifulco and
Mangoni** analyzed '"H-"H scalar couplings across the two stacked aromatic rings in derivatives
of 7. Despite the fact that experimental and calcualted NMR spectra of 7 have been reported,
limited NMR data for [2.2]paracyclophanes are given in synthetic works and the data on the
coupling constants are scarce. It should be stressed that, except 7, the rest of the molecules got
very little attention in the experimental and theoretical studies; e.g. NMR data are only given in
synthetic works for identification purposes. Therefore, NMR spectra of all compounds under
study have been measured. In addition, the NMR spectra for 7, 17, 18 and 19 were measured
with a focus on the vicinal Jyg coupling constants within the aliphatic bridges and the possible
temperature dependences of the spectra. As stated above, DFT calculations of the structures and
NMR parameters are very important to address the dilemma related to the symmetry of 7 as well

as to shed further light on solving the problem. The DFT analysis of the structural parameters

and NMR spectra of 17, 18 and 19 are investigated for the first time.

5.2. Geometry of [2.2]Paracyclophane 7

As discussed in section 5.1, the room-temperature experimental X-ray results of 7 exhibit

disorder and depend significantly on temperature. The compound has also a low barrier to
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twisting around the Cg,3C;;3 bond,***

as shown in Fig. 2. Selected calculated and experimental
structural parameters of 7 are collected in Table 1. The representation of the optimized geometry

using the B3LYP functional is shown in Fig. 4.

Table 1. Selected bond lengths (in A), bond angles and torsional angles (in
degrees) in 7, calculated using the B3LYP functional and different basis sets, and

the corresponding experimental results

cc-pVDZ  cc-pVIZ Huz-IV  Exp.,” D, Exp.” D,

Bonds lengths
ci1C2 1.404 1.397 1.397 1.400 1.386 (1.394)
Cl1C13 1.515 1.510 1.509 1.508 1.511 (1.514)
C2C3 1.397 1.389 1.389 1.392 1.387 (1.394)
C13C14 1.612 1.612 1.611 1.579 1.591 (1.569)
Bond angles
HCI13H 106.8 106.9 106.9 109.0 -
c1c2Cc3 120.7 120.7 120.8 120.7 120.7
CIC13C14 113.6 113.7 113.7 113.6 113.7
C2CIC6 116.8 116.8 116.7 117.0 117.0
C2C1C13 121.0 120.9 121.0 120.9 120.8
C4CIC13 156.4 156.2 156.2 156.4 167.4
Torsional angles
C1C13C14C7 0.0 -0.4 -0.4 0.0 6.4"
C2C3C4C5 149 15.2 15.2 14.4 12.6

“ half twist angle of 3.2° is given in the original paper by Hope et al.”

Most calculated bond lengths are larger than the corresponding experimental data, but the
values computed using the B3LYP functional with the cc-pVTZ basis set are closest to the
experimental results by Lyssenko et al.®® The calculated C13C14 bond length, C,3C,p3, is too
long as compared to the experimental results of Lyssenko ez al.** However, all the results suggest

a significant lengthening of the bond lengths, largely overestimated by all methods. In agreement
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with these findings, this lengthening is much smaller for the C,2C,p3 bonds than for the Cp3Cqp3
bond. For all methods used, the calculated C1C2 bond is slightly longer than the C2C3 one. This
trend agrees with the results of the Lyssenko group measured at 100 K in 2003* but not with

those obtained at room temperature by Hope et al. in 1970.%

Fig. 4. Representation of the optimized structures of the ethano bridges in 7, 17, 18 and 19,
optimized using B3LYP/Huz-IV

Except the determination of the C4C1CI13 bond angle by Hope er al® and the X-ray
determined (and thus quite inaccurate) HC13H bond angle value of Lyssenko et al.,”” there is a
very satisfactory agreement between all the experimental and calculated values for the bond
angles. The same agreements are also obtained for the dihedral angles. The computed values of
the C2C3C4C5 angle describing the nonplanarity of the aromatic rings, are very close to each
other indicating that this deformation angle does not significantly depend on the bridge twisting.
The calculated twist angle, C1C13C14C7 dihedral angle describing the mutual twist of the
aromatic rings, does not exceed 1.2°. If these results describe the real situation in solution, the
Dy, symmetry can safely be assumed for 7, in agreement with the structure determined by

Lyssenko et al.”® Previously reported computed values gave a value greater than 10° for this twist
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angle, for instance those reported by Grimme.*”> However, taking into account that the MP2
calculations are known to overestimate nonbonding repulsions, the Cy,2Cy3C,,3Cp2 torsional
angles should not be larger than ca. 6° and probably even smaller. As highlighted in Chapter 1
and the above introduction, it should be stressed that the large experimental value of Stalke,'*’
which was only cited,”” has not been published yet. Such a high experimental value of the angle
has furthermore not been reported by any other group for any [2.2]paracyclophane derivatives.
This discrepancy can be due to the phase transition at 50 K.'** As discussed in the Introduction,
the recent calculations by Bachrach'* using functionals other than B3LYP yielded much larger

values for the Cp2C;,3Cp3Csp2 torsional angle, in disagreement with all published experimental

observations.'?’

5.3. Geometry of the Derivatives of [2.2]Paracyclophane

The X-ray analysis of phenyl-[2.2]paracyclophane 17 has been published,” but no
calculations for this molecule have been reported. In view of the possibility of an internal
rotation around the C2C17 bond of 17 in solution and in the gas phase (to which the calculations
refer), there is a possibility of two rotational isomers with C1C2C17C18 torsional angles
adopting values of ca. 48° and 134°, shown in Fig. 5. However, the calculated energy difference
of 2.2 kcal/mol between these isomers corresponds to an approximately 98% prevalence of the
former rotamer. Thus, only the data for this conformer will be compared to the experimental
results. On the other hand, there are no experimental results of the geometry of
benzene[2.2]paracyclophane 18, only the structure of the complex with GaBrs found in the
literature.'”> For that of rrans-[2.2]naphthalenophane there is one experimental study.'*

However, in this case the existence of two independent molecules in the unit cell makes a

comparison of the experimental structural parameters with the calculated values difficult.
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Fig. 5. Potential energy surface of 17 calculated using B3LYP/6-311G(d,p). Total electronic
energy (kcal/mol) versus the C1C2C17C18 torsional angle (degrees)

Selected bond lengths and angles calculated using B3LYP/cc-pVTZ for cyclophanes 17, 18
and 19 and the corresponding experimental values (for 17 and 19) are collected in Table 2. The
calculated values for the inter-ring bridge bonds are large, but they reproduce the observed
lengthening of the bonds. The experimental (vs. calculated using B3LYP /cc-pVTZ) values of
C13C14 and C15C16 bond lengths are 1.579 A* and 1.591 A®® (calc. 1.611 A) for 7; 1.548 A®
and 1.581 A% (calc.1.608 A) for 17; (calc. 1.612 A) for 18; and 1.569 A"*® and 1.574 A" (cale.
1.599 A) for 19. For most saturated bridge bonds the lengthening is overestimated by about 0.03
A using the calculations, although the excess reaches 0.06 A for the bridge close to the phenyl
substituent in 17. The differences between the calculated and experimental values of the Cg,2C;3
and Cy2Cy2 bond lengths are in most cases less than 0.01 A. For molecules 7, 17 and 19,
nonplanar boat structures of the cyclophane aromatic rings have been found both experimentally
and by the calculations. Similarly, the calculated structure of 18 suggests a boat structure. The
rings are characterized by C1C2C3C4 torsional angles close to zero with a maximum value of

2.1° (calc.) and 1.6° (exp.) obtained for phenyl-[2.2]paracyclophane 17.
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The experimental values for the torsional angles are also reproduced satisfactorily by the
calculations except the C1C13C14C7 and C3C2C17C18 angles in 17. It should be noted that the
experimental value for the latter angle can depend considerably on the crystal forces, while the
calculated angle was obtained for the isolated molecule in gas phase. All trends in the
experimental values for the bond angles are very accurately reproduced by the calculations. In
most cases the differences are smaller than 0.5° and in very few cases they exceed 1°. The
C2C1C6, C3C4C5, C8CT7C12 and CICI10CI11 as well as the C18C17C22 and the symmetrical
angles in 18 and 19 are squeezed to the value of ca. 117°, whereas other angles in the aromatic
rings are slightly expanded. The considerable tilt of the substituents out of the corresponding
aromatic cyclophane ring plane is well reproduced by the calculations (the calculated value of
156.9° of the C1C4C15 angle, while the corresponding experimental result of 157.9° is
considerably less than the ca. 180° expected for the planar structure, for example in para-xylene
8). On the other hand, the small tilt of the phenyl substituent of 17 represented by the C2C17C20
and C5C2C17 angles is also satisfactorily reproduced by the calculations.

There is a reasonable agreement between the calculated and experimental values for the
torsional angles except for the C1C2C17C22 and C1C13C14C7 angles for 17 (Table 3). The
origin of this discrepancy is not clear. Several factors could influence the geometry of this highly
strained molecule in the isolated and crystalline state. For example, the X-ray value for the
distance between H13b and H18 atoms (the aliphatic protons in front and behind the drawing
plane are labeled a and b, respectively) is 2.281 A, less than the sum of the van der Waals radii

for hydrogen atoms.
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Table 2. Selected bond lengths (in A) of 17 - 19, calculated using B3LYP/cc-pVTZ, and the
corresponding available experimental results. For 19, because of the existence of two
independent molecules in a unit cell, two experimental values are given. A is the difference

between the calculated and experimental bond lengths in A.

17 18 19
Calc.  Exp.” A Calc. Calc. Exp.'*° A

Cp3Cyp3
C13C14 1.608  1.548 -0.060 1.612 1.599  1.569, (1.574) -0.030, (-0.025)
C15C16 1.605 1.581 -0.024  1.612 1.599  1.569, (1.574) -0.025, (-0.025)

Cyp2Cyp3
CIC13 1.516 1.512 -0.004 1.511 1.512  1.505, (1.509) -0.007, (-0.003)
C4C15 1.510  1.512 -0.002 1.511 1.512  1.506, (1.520) -0.006, ( 0.008)
CiC14 1510 1.510 0.000 1.509 1.512  1.506, (1.520) -0.006, ( 0.008)
C10C16 1.509 1.504 -0.005 1.509 1.512  1.505, (1.509) -0.007, (-0.003)

Cyp2Cyp2
CiC2 1412 1411 -0.001 1.418 1.432  1.437,(1.423) -0.005, (0.007)
C1C6 1.395  1.390 -0.005 1.416 1.372  1.364, (1.359)  0.006, (-0.013)
C2C3 1.398  1.398 0.000 1.423 1.435  1.424,(1.423) -0.011, (-0.012)
C2C17 1485 1.487 -0.002 1.413 1.413 1409, (1.416) -0.004, (0.003)
C3C4 1.395  1.387 -0.008 1.418 1.432  1.427,(1.428) -0.005, (-0.004)
C4Cs 1.393  1.390 -0.003 1.416 1.372  1.362,(1.369) -0.010, (-0.003)
C5C6 1.387  1.381 -0.006 1.410 1.409  1.406, (1.406) -0.003, (-0.003)
C7C8 1.397  1.391 -0.006 1.418 1.372  1.359,(1.362) -0.013, (-0.010)
CiC12  1.396 1.386 -0.010 1.419 1.432  1.423,(1.427) -0.005, (-0.006)
C8C9 1.388  1.376 -0.012  1.422 1.409  1.369, (1.364) -0.040, (-0.045)
CoC10  1.396  1.389 -0.007 1.418 1.413  1.423,(1.362) 0.010, (-0.051)
C10C11 1.396  1.389 -0.007 1.419 1.432  1.428,(1.437) -0.004, (0.005)
Cl1C12 1.389 1.383 -0.006 1.389 1.413  1.423,(1.424) 0.010, (0.011)
C17C18 1.399 1.397 -0.002 1.394 1.373  1.364, (1.357)  -0.009, (-0.016)
CI18C19 1.389 1.384 -0.005 1.405 1.405 1.389,(1.394) -0.016, (-0.009)
C19C20 1.389 1.375 -0.014 1.394 1.373  1.355,(1.362) -0.018, (-0.011)
C20C21 1.390 1.385 -0.005 - - - -
C21C22 1.388  1.382 -0.006 - 1.373  1.364, (1.364) -0.007, (-0.007)
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Table 3. Selected bond angles and torsional angles (in degrees) of 17 - 19 calculated using
B3LYP/cc-pVTZ, and the corresponding available experimental results. For 19, because of the

existence of two independent molecules in a unit cell, two experimental values are given. A is the

difference between the calculated and experimental bond and torsional angles in degrees.

17 18 19
Cale. Exp¥ A Cale. Calc. Exp."° A

Cyp2Cp2Cip2
c1c2c3 118.1 1179 02 1186 1193 119.6,(119.0) 0.3, (-0.3)
C1C6C5 121.8 122.1  -03 119.8 1213 121.2,(121.1) -0.1,(0.2)
C2C1C6 117.0 1174 -04 1169 1173 117.6,(117.7) 0.3, (0.4)
C2C3c4 122.6 1227 -0.1 1193 1193 119.5,(120.2) 0.2,(0.9)
C3C4C5 116.6 1170 -04 1169 1173 116.8,(117.6) -0.5,(0.3)
C4C5Co6 119.8 1199 -0.1 119.8 1213 120.2,(121.7) -0.1,(0.3)

Cip2Csp2Cyp3
C1C4C15 156.9 1579 -1.0 1554 1556 1558,(156.5) 0.2,(-0.1)
C2C1C13 123.5 1227 0.8 1223 1225 121.7,(1214) 0.2,(-0.1)
C3C4C15 121.0 1208 0.2 1224  122.6 120.3,(120.5) -0.3,(-0.1)
C4CIC13 154.1 1547 -0.6 1554 1556 155.6,(155.0) 0.0, (-0.6)
C5C4C15 121.4 1212 02 1190 1190 119.5,(119.1) 0.5, (0.1)
C6CIC13 117.9 1182 03 1194 1190 1205,(1203) 1.5, (1.3)

Cp2Cep3Cip3
C1C13C14 113.6 1137 0.1 1136 1133 1126,(113.0) -1.3,(-0.3)
C4C15C16 113.5 113.1  -04 1136 1133 1126,(112.2) -0.7,(-1.1)
C7C14C13 113.7 1141 04 1132 1133 112.2,(112.2) -1.1,(-1.1)

Cp2Cp2Cp2Csp2
C2C1C6C5 15.6 13.0 2.6 12.7 163  14.8,(-145) -1.5,(-1.8)
C2C3C4Cs5 14.6 13.1 1.5 16.4 16.0 14.2,(-145) -1.8,(-1.5)
C3C2C1C6 -17.0 -148 22 -164  -16.0 -156,(14.3) -04,(-1.7)
Cp2Cp3Cp3Csp2

C1C13C14C7 -14.6 20 -126  -10.7 -152 -15.7,(-17.5) -0.5,(-2.3)
C4C15C16C10  -10.6 -7.6 -3.0 -10.7 -152 -16.0,(-17.0) -0.8, (-1.8)
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5.4. 'H Chemical Shifts

The experimental '"H NMR spectrum for the aliphatic protons of 7 is shown in Fig. 6,
whereas the experimental and calculated (using B3LYP/6-311G(d,p), and B3LYP/Huz-1V)
proton chemical shifts values are collected in Fig. 7. Except for H17 and H18 of 19, the
calculated values of the aromatic protons are larger than the experimental results, whereas no
such regularity for the aliphatic protons exists. The experimental value of the aromatic proton
signal at 7.046 ppm for para-xylene 8 (http://en.wikipedia.org/wiki/P-Xylene (data_page)) is
shifted upfield to 6.475 ppm for 7 and split for 17 (6.513 - 6.642 ppm). The simulation of the

proton spectra of 7 shown in Fig. 6 enabled us to determine very accurate proton chemical
shifts. The proton chemical shifts of the phenyl substituent are larger by almost 1 ppm than the
corresponding values for the aromatic cyclophane signals. For molecules 18 and 19, the
influence of one ring current on the other ring signals is more diversified. The resonances of H9
in the two latter cyclophanes are shifted considerably upfield, to 5.506 and 5.756 ppm, whereas
the change is smaller for the H6 proton in 18 (6.803 ppm). On the other hand, the signals of the
naphthalene protons of the outer rings (H17 — H24) of 19 are shifted to 7.405 and 7.728 ppm,
downfield relative to the corresponding para-xylene value given above. For the aliphatic proton
signals, their chemical shifts are 3.072 ppm for 7, whereas for para-xylene they absorb at about

2.296 ppm.

bt b m
0 i

I I 1
3.55 3.05 2.55
ppm

Fig. 6. Partial experimental '"H NMR spectrum (500 MHz) at room temperature of the aliphatic

protons in 7 (bottom) and the theoretical best fit spectrum (top)
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For obvious reasons, the presence of the aromatic substituent in 17 slightly changes the
protons signals on the bridge that are far from it, but it differentiates considerably between the
proton signals of the closer ethylene bridge. In particular, the signal of H13b, closer to the
phenyl substituent, has moved from 3.072 ppm in 7 to 3.438 ppm in 17, while the chemical
shifts of the signals of the other protons on the C13C14 bridge changed to the values of 2.671 -
3.174 ppm. In 17, the chemical shift of the signal of the H13b proton closer to the outer
aromatic ring is larger than that of the more distant H13a proton (3.438 vs. 2.933 ppm). The
same behavior is observed in 18 and 19. The variation of the chemical shifts for the H14 protons
in 17 and 18 is much smaller and exhibits the opposite trend.

It should be emphasized that in almost all cases the calculated chemical shifts follow the
experimental trends except for a few proton chemical shifts. For instance, comparison of the
chemical shifts of H11 and H12 of 17 shows that, contrary to the B3LYP/6-311G(d,p)
calculations which differ from the experimental data by 0.19 ppm, the B3LYP/Huz-IV ones give
different trend than the experimental results (see Fig. 7). With few exceptions, for most of the
protons signals (H13 for 7; some for 17; H12 for 18; and H13, H21 and H22 for 19), the
calculated chemical shifts give smaller values compared to the corresponding experimental

values..
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Fig. 7. 'H chemical shifts (in ppm) for 7, 17, 18 and 19; experimental values (this work) — no
brackets, calculated using the B3LYP functional are denoted by curly brackets and parenthesis
for 6-311G(d,p) and Huz-IV basis sets, respectively. In para-xylene the chemical shift of the
methyl protons is 2.296 ppm, and of the aromatic ones is 7.046 ppm.
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5.5. 13C Chemical Shifts

The experimental and calculated values for the Be signal positions of 7, 17 — 19 presented
in Fig. 8 reveal that, except numerous very close aromatic signals of 17, the chemical shifts
follow roughly the same trends. Unlike the proton chemical shifts, the calculated values for the
aliphatic carbon atoms are larger than those for the aromatic atoms, while no such relation for the
aromatic signals could be found. The comparison of the signal positions of the parent
[2.2]paracyclophane 7 with the corresponding atoms of para-xylene 8 values of 134.66 ppm,
128.97 ppm and 20.90 ppm (http://en.wikipedia.org/wiki/P-Xylene (data page)) reveals

considerable differences due to both the nonplanar distortion of the aromatic rings and the small
separation distance of the rings. The most interesting results are those obtained for 17 bearing an
additional phenyl substituent. For this molecule the largest chemical shifts of over 140 ppm
have been both measured and calculated for the C2 and C17 atoms forming the bridge between
the cyclophane skeleton and the phenyl substituent. As expected, the second largest values have
been obtained for the bridgehead, C1, C4, C7 and C10, carbon atoms. The three latter carbon
atom positions of 17 were only slightly changed in comparison to the corresponding values for
the parent compound 7. However, in addition to a considerable change in the signal of the C2
carbon atom, the largest differences between 7 and 17 (all smaller than 3.2 ppm) due to the
presence of the aromatic substituent at the C2 signal manifest themselves at the C6, C13, C14
and, at the C8 carbon signals. The positions of the signals for the other aromatic carbon atoms of
the cyclophane skeleton in the two molecules are shifted by less than 1 ppm, as is also the case
for the aliphatic signals of the C15 and C16 atoms situated at a larger distance from the
substituent.

The presence of one or two additional aromatic rings in the cyclophane skeleton in 18 and
19, respectively, causes considerable lowering of chemical shifts of all carbon atoms with the
largest effect observed for C18, C17 and CI11 of 18 (124.7 ppm, 125.2 ppm and 127.7 ppm,
respectively), and practically the same lowering (to 124.6 ppm and 125.1 ppm) for C17 and C18
in 19. Interestingly, a considerably lowered signal of the C5 atom in 18 was shifted from 130.5
ppm down to 127.3 ppm in 19. Smaller shifts were found for the other aromatic carbon atoms.
In comparison to 17, the position of the C13 signal close to the aromatic substituent was

decreased in 18 and 19.
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Fig. 8. '°C chemical shifts (in ppm) for 7 and 17 - 19; experimental values (this work) — no
brackets, calculated using B3LYP functional are denoted by curly brackets and parenthesis for 6-

311G(d,p) and Huz-1V basis sets, respectively.
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Except for those chemical shift values where the differences are small, the chemical shifts
calculated using the B3LYP functional together with the 6-311G(d,p) and Huz-IV basis sets
roughly reproduce the trends in the experimental results. However, Huz-1V basis set yields the

larger carbon chemical shift values compared of the two basis sets.

5.6. Comparison of the Calculated Chemical Shifts of Model Systems with 7

In order to analyze the influence of the aromatic ring distortion from planarity and that of the
proximity of the aromatic rings in [2.2]paracyclophane on the proton and carbon chemical shifts,
two series of model calculations have been carried out for the structures shown in Fig. 9. The
induced chemical shifts in planar and boat-like benzene were calculated first, Table 4a. Then, the
chemical shifts of the para-xylene dimer with distances between the aromatic rings of 3.0 A and
4.0 A were calculated, the results are listed in Table 4b. An inspection of these data reveals that
the trends in carbon chemical shifts are correctly described by nonplanar distortions of the
aromatic rings. For instance, the chemical shift of C1 in planar benzene is 133.8 ppm, whereas
those of boat benzene and 7 are larger (140.6 and 139.6 ppm, respectively). The same is also true
for the aliphatic carbon atoms; see for example the chemical shifts of C7 of 7 and dimer of 8 at a
distance of 3.0 A. However, the models applied are too crude to fully explain the behavior of the
aromatic H2 proton chemical shifts. Moreover, the geometries of the models considered may not

accurately represent the real molecular geometry.

Fig. 9. Representation of the model molecules considered for comparison with 7
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Table 4a. The calculated chemical shifts (dcyic., in ppm) using B3LYP/Huz-IV
for planar benzene, boat benzene together with experimental values (8exp., in

ppm) of planar para-xylene monomer 8 and 7 having boat-like aromatic rings.

Benzene 8 7
planar boat planar Boat-like

Scale. Scale. Bexp. Scale. Bexp. Scale.
H2 7.520 7.970 7.046 7.011 6.475 6.830
H7a,*H13" - - 2296  2.059  3.072° 3.230
C1 133.8 140.6 134.7 144.3 139.6 153.9
C2 133.8 136.6 129.0 136.2 133.0 143.9
C7,* C13° - - 209 214 357" 429

“refers to p-xylene 8 atom numbering, while "to the numbering of atoms in 7.

Table 4b. The calculated chemical shifts (8., in ppm) using B3LYP/Huz-IV for para-xylene
dimer models (with the distance (in A) between the aromatic units d) together with experimental

values (dexp., in ppm) of 7 and para-xylene monomer 8.

7 Dimer of 8 8
d=2.786 A° d=30A d=40A
Bexp. Bcac. Bcalc. Bcalc. Bexp. Bcalc.
H2 6.475 6.830 8.790 5.830 7.046 7.011
H7a,*H13" 3.072° 3.230 2.290 1.870 2.296 2.059
C1 139.6 153.9 170.6 145.9 134.7 144.3
C2 133.0 143.9 131.5 134.2 129.0 136.2
C7 C13° 35.7° 42.9 37.8 24.6 20.9° 21.4

“refers to p-xylene 8 atom numbering, while "to the numbering of atoms in 7. ‘Ref.”’
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5.7. *Jymand *Jug Coupling Constants

The *Juu coupling constants listed Table 5 show that the results obtained for 7 and 17 using
the B3LYP/Huz-IV calculations are close to the experimental values, whereas B3LYP/6-
311G(d,p) gave better results for 18, and close to the experiential values for 19 are obtained
using both methods. The 3JHH values between the aromatic protons of 7, 17 and 19, listed in
Table 6 together with the dihedral angles calculated at the B3LYP/cc-pVTZ level, are fairly well
reproduced, with the exception of 3JH5H6, 3JH11H12 and 3JH18H19 for 18. For instance, the
experimental result for 3JH2H3 of 7 is 8.3 £ 0.1 Hz, and the corresponding calculated value using
Huz-IV basis set is 8.0 Hz. On the other hand, only the experimental result for 3JH8H9 of 18 is
reproduced using the calculations, whereas the values for 3JH5H6 and 3JH11H12 are underestimated
by about 2.7 Hz. The *Jyy values between the aliphatic protons involving a torsional angle close
to zero value are also fairly well reproduced. For example, 3JH13aH14a of 7 is 10.65 + 0.02 Hz,
whereas the calculated value using Huz-IV basis set is 11.4 Hz. Similarly, 3JH133H14a of 17 is

10.25 Hz and the corresponding calculated value is 10.2 Hz.

Table 5. Geminal 2JHH coupling constants (in Hz) between the aliphatic protons of 7, 17, 18 and 19:
experimental values, no brackets; and calculated values using B3LYP/6-311G(d,p), in curly brackets;

and B3LYP/Huz-1V, in parenthesis.

7 17 18 19
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.
H13aH13b  -13.3" {-11.9} -13.68" {-12.1}  -13.62" {-13.1} -13.57% {-12.5}
(9)13.1°  (-12.3) (-)13.1° (-12.5) (-11.4) (-)13.2° (-12.6)
Hl4aH14b  -13.3" {-11.9} -13.30° {-11.9} -13.26" {-11.3} -13.57* {-12.5}
()13.1°  (-12.3) (-)14.0° (-12.3) (-10.2) ()13.2° (-12.6)
H15aH15b  -13.3" {-11.9} -13.26" {-12.0} -13.62" {-13.1} -13.57% {-12.5}
(9)13.1°  (-12.3) (-)13.1° (-12.4) (-11.4) (-)13.2° (-12.6)
Hl6aH16b  -13.3" {-11.9} -13.35% {-11.9} -13.26" {-11.4} -13.57% {-12.5}
(9)13.1°  (-12.3) (-)14.0° (-12.4) (-10.2) ()13.2° (-12.6)
“This work. "Ernst ez al.”>’ “Kus et al.”’
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The coupling constants in the aliphatic moieties between protons with a dihedral angle of
117° are significantly underestimated by all calculations. For example, the experimental result
for 3JH153H16b of 7 is 4.15 = 0.02 Hz, whereas the calculated value using B3LYP/Huz-IV is 2.8
Hz. The corresponding experimental and calculated values for 17 are 3.56 Hz and 0.6 Hz.
Similarly, the same 3JH153H16b values for 18 are 6.24 Hz and 4.5 Hz. However, these coupling
constants are fairly well reproduced for 19. The results in Table 6 for the aromatic protons show
that with two exceptions, the 3JHH values calculated using the Huz IV basis set reproduce the
experimental values best, with a rms error of less than 0.4 Hz. For the 6-311G(d,p) basis set, the
error is twice as large relative to the former basis set. The exceptions observed in terms of
agreement with experiment involve coupling constants in the naphthalene moiety CJusue and
3JH13H19) and in the aliphatic moiety (SJH13aH14b, 3JH153H16b) of 18. The deviations of the
calculated values from the experimental results exceed 2.5 Hz for the 3’JHH in the aromatic part
and around 2.0 Hz for the aliphatic parts regardless of the basis set used. Remarkably, the
corresponding coupling constants of 19 are fairly well reproduced by the calculations. Since
there are no practical differences between the naphthalene moieties in the optimized geometries
of 18 and 19, an inaccuracy in the geometry optimization for 18 seems not to be responsible for
the discrepancy observed in the coupling constants.

In Table 7, the vicinal coupling constants in the aliphatic bridges are presented together with
the theoretical values and the corresponding optimized dihedral angles. Regardless of the basis
set used, the theoretical reproduction of the experimental values is rather poor, with a rms error
of about 1.30 Hz for each basis set. Interestingly, for the theoretical dihedral angles the
phenomenological Karplus equation'®® in its canonical parameterization by Haasnoot et al.'”

gives a better reproduction of the experimental values, with a rms error of 0.70 Hz only.
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Table 6. 3JHH coupling constants (in Hz) between the aromatic protons of 7, 17, 18 and 19: experimental values, no brackets; and calculated
values using B3LYP/6-311G(d,p), in curly brackets; and B3LYP/Huz-1V, in parenthesis. The dihedral angles ¢ (in degrees) are calculated
at the B3LYP/cc-pVTZ level.

7 17 18 19
3Jexp.a 3Jcalc. Dealc. 3Jexp.a 3Jcalc. Dealc. 3Jexp.a 3Jcalc. Dealc. 3Jexp.a 3Jcalc. Dealc.
H2H3 83+0.1 {7.0} 0.0° - - - - - - - - -
(8.0)
H5H6 83+0.1 {7.0} 0.0° 7.69 {6.9} 0.6° 7.20 {4.3} 0.0° 7.12 {6.8} 0.0°
(8.0) (7.9) 4.5) (7.5)
H8H9 83+0.1 {7.0} 0.0° 7.68 {7.2} 0.6° 7.80 {8.0} 0.0° 7.12 {6.8} 0.0°
(8.0) (8.0) (8.2) (7.5)
HI11H12 83+0.1 {7.0} 0.0° 7.84 {7.0} 0.6° 7.50 {4.6} 0.0° - - -
(8.0) (8.1) (4.8)
HI17H18 - - - - - - 8.32 {8.6} 0.0° 8.36 {7.5} 0.0°
9.1) (8.5)
H18H19 - - - 7.66 {6.9} -1.1° 6.83 {4.1} 0.0° 6.84 {6.1} 0.0°
(7.9) 4.3) (7.1)
H19H20 - - - 7.46 {6.4} -0.6° 8.32 {8.6} 0.0° 8.36 {7.5} 0.0°
(7.5) 9.1) (8.5)
H20H21 - - - 7.46 {6.5} -0.2° - - - - -
(7.5)
H21H22 - - - 7.66 {6.9} -0.5° - - - 8.36 {7.5} 0.0°
(7.9) (8.5)

*This work
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Table 7. 3JHH coupling constants (in Hz) between the aliphatic protons of 7, 17, 18 and 19:

experimental values, no brackets; and calculated values using B3LYP/6-311G(d,p), in curly

brackets; and B3LYP/Huz-IV, in parenthesis. The dihedral angles @, (in degrees) are calculated

using B3LYP/cc-pVTZ and the corresponding gxarpius Values evaluated from Karplus equation.

56,138

3JKarp1us(¢Calc.) stands for 3JHH calculated from the optimized ¢ values, whereas ¢Kmp1us(3jexp,) stands

for the ¢ values calculated from the experimental *Jiyy values using the Karplus equation.

Texp. Jeate. > Jicarplus (Pealc.) Dealc. Ficarpius CJexp.)
7
H13aH14a 10.65+£0.02*  {10.5}, (11.4) 11.04 0.0 11.0
H13aH14b 4.15 +0.02* {2.1}, (2.6) 3.46 116.5 121.0
17
H13aH14a 10.25% 10.3° {10.0}, (10.2) 10.42 13.8 16.0
H13aH14b 5.09%, 4.7° {5.3},(6.4) 5.36 126.6 126.0
H13bH14a 3.79%, 3.4° {0.9}, (0.8) 1.51 -102.7 -118.0
H13bH14b 10.00% 10.0° {9.7}, (10.6) 10.20 16.2 19.0
H15aH16a 10.69% 10.0° {10.2}, (10.8) 10.49 13.0 11.0
H15aH16b 3.56%, 3.4 {0.8}, (0.6) 3.22 -115.1 -117.0
H15bH16a 4.59* 4.7° {4.3},(5.5) 3.67 117.7 123.0
H15bH16b 10.63% 10.3° {10.2}, (10.8) 10.49 13.0 12.0
18
H13aH14a 10.77* {10.7}, (10.8) 10.62 11.4 12.0
H13aH14b 6.24* {4.2}, (4.5) 5.65 128.0 131.0
H13bH14a 2.02* {19}, (2.1) 1.60 -103.2 -106.0
H13bH14b 10.27° {11.2}, (11.3) 10.47 13.3 16.0
19
H13aH14a 10.09* {9.7}, (10.2) 9.78 20.0 18.0
H13aH14b 7.54* {5.9}, (6.7) 7.09 135.0 138.0
H13bH14a 0.98" {0.7}, (0.7) 0.96 -95.0 -96.0

“This work. "Ref.”
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5.8. Temperature Effects on the Jyg Coupling Constants of the Bridges

As pointed out in the Introduction, in 7 there are low-frequency modes engaging the dihedral
angles of the ethano-bridges. The amplitudes of the relevant motions could be rather large and
would decrease with decreasing temperature. This, in turn, might be reflected in the changes of
the *Juy coupling constants in the bridges, due to the temperature-dependent vibrational
corrections to these couplings. The measured variable-temperature NMR spectra in the range 230
- 326 K for 7, 17, 18 and 19 show dependence on the temperature, although these effects are
generally small. Except for 19, the values of the relevant couplings were extracted with high
accuracy from fits to the spectra.

The most pronounced effect occurs for 3JH13aH14b in 18 whose values monotonically drop
from 2.11 Hz at 326 K to 1.68 Hz at 230 K. In the same temperature interval, the values of
3JH13bH14a show the reverse trend with a total range of 0.23 Hz. The values of 3JngaHl4a and
3JH13bH14b also behave regularly, both decreasing with temperature by about 0.13 Hz in the
interval explored. The geminal couplings 3 JH13aH13, and 3JH14aH14b fluctuate in the interval of 0.04
Hz, which is less than three times the maximum standard errors delivered by the fitting program
for each of these couplings (0.02 Hz in each case). In general, it was considered that a given
coupling constant is temperature-independent if its total range of changes falls below three times
its maximum standard error (which usually peaks at the lowest temperature investigated). In this
sense, for the staggered arrangements (with the calculated torsional angles in the limits of 90° —
135°, Table 6) of all but two of the vicinal couplings (3JH133H14b and 3JH15bH16a in 17) in the
aliphatic bridges in 7, 17 and 18 are temperature-dependent. In 19, the situation is unclear
because the total ranges of the change barely exceed the assumed thresholds. For the nearly-
eclipsed positioning of the CH bonds (calculated torsional angles < 20°), except for 3JngaHl4a in
19, and 3JH153HI6a and 3JH15bH16b in 17, all of the remaining vicinal couplings show a small but
consistent reduction with increasing temperature, by 0.12 to 0.20 Hz in total. This must be
considered to be a real effect considering the small values less than 0.02 Hz, of the standard
errors obtained. Except for 2JH16aH16b in 17, the geminal couplings in 17 - 19 are temperature-
independent, as are the aromatic Jyg couplings in these compounds. The geminal *Jun and
aromatic ~Jyy coupling constants in 7 could not be measured with sufficient accuracy to assess

their temperature dependence.
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The observed temperature dependences confirm unequivocally the existence of at least one
low-frequency mode in 7, 17 and 18 that affects the values of the vicinal Jyy couplings in the
aliphatic bridges, leaving the remaining Jyy couplings insensitive to temperature. For the
eclipsed arrangements, the Karplus curve has a local maximum of about 11 Hz. Therefore, a
consistent drop with increasing temperature of the vicinal couplings for the (nearly) eclipsed
pairs of CH bonds would mean a progressive opening of the corresponding dihedral angles. Such

a behavior could be affected by the twisting-rocking mode shown in Fig. 2.

5.9. 1JCH and 1JCC Coupling Constants

The experimental and calculated (using B3LYP/6-311G(d,p) and B3LYP/Huz-1V) values of
!Jen and 'Jee coupling constants are presented in Figs. 10 and 11, respectively. The experimental
results for the 'Jcy values of the aromatic protons of the cyclophane skeleton (Fig. 10) are only
slightly changed within the series of molecules. Small, but significant, differences between
experimental and calculated values using the Huz-IV basis set of the aromatic 'Jey of less than
ca. 6.0 Hz for 'Jesus, Jeono, Jermn, Jeima, Jeisus for 17, ca. 4.0 Hz for the 'Jeim7, Jesus,
1chHg, 1.]c19H19 couplings for 18, and ca. 5.0 Hz for the 1Jc17H17, lJc18H18 for 19 have been
observed. For the experimental values of the coupling constants involving the aliphatic protons,
there are only small changes of less than 3 Hz within the series 7, 17, 18 and 19, with practically
no difference between the 'Jcisui; values for 7 and 19. Small but significant differences have
been observed between the spin-spin coupling constants involving C14 in 17 and 19.

All calculated values of 1JCH are lower than the experimental ones. In most cases the values
calculated using the Huz-1V basis set are the largest; the calculations with the other basis set do
not show such a well-defined trend. With very few exceptions (l.lchg in 18 and 1JC17H17 in 19),
the Huz-IV values reproduce the experimental data much better than the values calculated using
the other basis set. For the aliphatic bonds, the 6-311G(d,p) basis set sometimes reproduces the
experimental values better, but the differences between the Huz-IV and the latter basis set are
small. This is in agreement with the known observation of spin-spin coupling constants being
much more sensitive to the quality of the basis set used than are the nuclear shielding constants.”

No carbon-carbon coupling constants through one bond could be measured for 17 (see 'Jec in
Fig. 11). Also for 18 and 19, some constants could not be determined. Of the measured coupling

constants of 18, high values were measured for the 1Jc1c2, IJClC6, lchcn and 1.]c17c18 couplings.
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Interestingly, in contrast to most observations of 1JCH, the measured values are not always larger
than the calculated ones. No significant differences of more than ca. 1 Hz in the calculated
values of 'Jcc coupling constants between 7 and 17 have been found. Somewhat surprisingly, the
large values of ca. 78.8, 76.9 and 70.7 Hz of lchcw, lJcncu and 1Jc2c3, respectively, for 18 were
calculated using the 6-311G(d,p) basis set, with considerably smaller value for the lchcw
coupling constant and larger values for the other coupling constants all obtained using Huz-IV.
Interestingly, the calculated values of 1]c2c3 for 19 were lower than 60 Hz. Similarly, the
calculated values involving 1JC5C6, 1chcg and 1Jc1gc19 in 18 dropped below 50 Hz, while the

corresponding values for 7 and 17 fall above 60 Hz.
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Fig. 10. 1JCH coupling constants (in Hz) for 7, 17, 18 and 19; experimental values (this work) —
no brackets, calculated using B3LYP functional are denoted by curly brackets and parenthesis

for 6-311G(d,p) and Huz-IV basis sets, respectively.
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Fig. 11. 1JCC coupling constants (in Hz) for 7, 17, 18 and 19; experimental values (this work) —
no brackets, calculated using B3LYP functional are denoted by curly brackets and parenthesis

for 6-311G(d,p) and Huz-IV basis sets, respectively.
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5.10. Conclusion

The optimized structure of 7 using B3LYP functional resulted in D, symmetry that agrees
with the low-temperature X-ray results reported by the Lyssenko group.”’ However, the twist
angle obtained from the B3LYP optimized geometry is in strong disagreement with most

published calculated results.'***

In view of the probable occurrence of a low-frequency mode in
7, it is difficult to resolve whether the molecule has the D, eclipsed or D, twisted structure. The
re-examination of the X-ray structure of 7 at different temperatures seems a basic solution for
the vivid discussions in most of the theoretical works. The NMR calculations reveal that, in
most cases, the 6-311G(d,p) basis set reproduces fairly well the proton chemical shifts.
However, such a simple conclusion could not be drawn for the carbon chemical shifts. On the
other hand, with regard to the coupling constants, Huz-IV gave the most accurate values
compared to the former basis set with the exception for the values for 1JC13H13a’ 1Jc14H14a and
'Jeisiea Of 17. The carbon and aliphatic proton chemical shifts are influenced by nonplanar
benzene ring distortions and the proximity of the rings. In 7, 17 and 18, the measured values for
the vicinal coupling constants in the aliphatic bridges were found to be temperature dependent.
This provides one argument for the occurrence of a low-frequency twisting/rocking mode in
these compounds complicating the determination of the molecular geometry. Based on this
observation and analysis, a comparison of the optimized geometries of these compounds with
their X-ray structures may be misleading, since the crystal-packing forces might substantially

modify the extent of the mutual twist of the molecular moieties.
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Chapter 6
Cyclophanes with Unsaturated Bridges (Cyclophenes)

pe— s — ——

e e T e e

6.1. Introduction
As discussed in Chapters 1 and 5, the interfacial crowding of the two aromatic rings of 7 is
one of the responsible factors for its unusual chemistry. If the two benzene rings are brought face
to face with unsaturated bonds in the bridges, for instance like 91124 and 20,124 the interfacial
crowding of the rings is even more intense.'**'** Similarly, if the benzene rings are brought face
to face with three ethyl bridges located at the 1, 3 and 5 positions as in 33, the deformation of the
rings becomes stronger than in 7, which also cause the strong interfacial crowding of the
aromatic rings. Moreover, the influence of unsaturated bridges roughly perpendicular to the
plane of the aromatic rings on the physicochemical properties of cyclophanes is exciting in view
of possible, although weak, interaction of m-electrons of the bridge(s) with those of the aromatic
rings. Therefore, the cyclophanes with unsaturated bridge(s) are also an interesting class of
organic molecules because of their unusual properties as was also the case for the molecules
discussed in Chapter 5.
The shortest distance between the two benzene rings (C1...C7 and C4...C10) of 7 is 2.786
A,*® which is not only shorter than the separation distance between the stacked aromatic
molecules but also than the sum of two carbon atoms van der Waals radius, 3.4 A. The
introduction of shorter unsaturated bridges is expected to decrease the distance between the
aromatic rings in comparison to their saturated analogues. This has been observed in 9 which has
a C1...C7 distance of 2.783 A,'* slightly decreased compared to 7 (2.786 A)2° In addition,
incorporating a third bridge is also expected to further affect the separation distance between the
aromatic rings. For instance, the shortest distance between the non-bonded carbon atoms of
[2.2.2](1,3,5)cyclophane 33 is 2.790 A,'** while that of [2.2.2](1,3,5)cyclophan-13,15,17-triene
34 is 2.740 A" (the distance between the non-bridging carbon atoms is 2.860 A). These
distances show that the two benzene rings are in a considerably stronger face-to-face crowding

than in 7. For [2.2]paracyclophan-13,15-diene 9 the shortest distance between the bridgehead
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carbon atoms is 2.800 A.'** This short separation distance between the benzene rings causes
lengthening of the bridge C,3C,p3 bonds. For instance, C13C14 of 7 is 1.579 A, whereas that of
33 is 1.600 A."* The other consequence is the Cy,2Cgp2 double bond length of the unsaturated
bridges, which is shorter than those of the aromatic ring bonds, 1.340 A for the unsaturated

bridge and 1.396 A for the aromatic Cp2Csp2 bonds of g 124140

HSC CHS

35

The unusually deformed aromatic rings cause the aromatic hydrogen atoms to be much closer
to the center area between the rings and out of the average plane of the rings. Assuming planar
benzene rings, the separation of the hydrogen atoms from the two aromatic rings would be
expected to be about 3.010 A. However, this is not the case for 34, it is only 2.520 A" These
types of structural abnormalities cause remarkable changes in the spectroscopic properties of the
molecules. Among these, NMR is one of the sensitive tools for analyzing the structure of the
molecules.

As is well known, '"H NMR spectroscopy can give detailed information about the structure of
molecules like cyclophanes; for example about unusual chemical shifts of protons lying
above/below the plane of the aromatic rings. These kinds of unusual properties could be related
to the number of ethylene bridges connecting the rings as well as the type of the bridge bonds.
For example, the protons of meta-[2.2]cyclophane 6 experience strong shielding with a value of
4.26 ppm as compared to 1,3-dimethyl benzene 35 with a chemical shift of 7.02 ppm for the
aromatic protons between the two methyl substituents. This is because the protons in 6 are
situated much closer to the center of the opposite aromatic ring.

The synthesis of 9 was reported by Dewhirst et al. 145 along with other classically conjugated
cyclophanes. X-ray data for the structure of 9 and 20 have been reported by de Meijere ez al.'**

and those of 21 by Heilbronner ez al.'*® Unfortunately, the experimental structural results for 20
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obtained by de Meijere et al.'* yielded two independent molecules in a unit cell. One of these
was disordered, and hence only the data of the second molecule was compared with those of the
optimized geometries.

Dodziuk er al.*® carried out computational and experimental studies of the NMR, electronic
absorption and magnetic circular dichroism spectral37 of 29 together with those of other related
cyclophanes. Ionization potentials of 9, 20 and 21, determined by photoelectron spectroscopy,
were reviewed by Heilbronner and Yang.'*® Their ultraviolet spectra were reported by Dewhirst

* and the heats of formation of 9 and 20 were reported by de Meijere et al.'*

and Cram'
Chemical shifts and a few coupling constants of the known cyclophanes were reported together
with their synthesis.'**'* However, there are no calculations on cyclophanes with unsaturated
bridges in the literature. In addition, literature and structural searches indicate that molecules 24 -
28 are hypothetical, whereas the other cyclophanes with unsaturated bridges are known. Hence,
in this chapter the studies of cyclophanes with unsaturated bridges, 9 and 20 — 28, are presented
with 7 and 29 added for comparison. For the sake of simplicity, the results and discussion part is

presented in three sub-sections, 6.2, 6.3, and 6.4 for the geometries, and 6.5, 6.6, and 6.7 for the

NMR parameters.

6.2. Geometry of 7,9, 20 and 21

The available experimental and calculated bond lengths are presented in Fig. 12. In Chapter
5, the details of the structural properties of 7 have already been discussed. However, for the sake
of comparison, it is re-considered in this part of the PhD dissertation. For 7, 9, and 20 the bond
lengths calculated using ®B97X-D/cc-pVQZ are in agreement with the available experimental
results except for the Cyp3Cs,3 bond lengths and C1C13C14C7 torsional angle discussed in detail
earlier. The bond lengths calculated using the ®B97X-D functional in 7 and 20 are considerably
better than those obtained using B3LYP functional. However, they are still too large by more
than 0.01 A for 7. The Cp2Cqp2 bond lengths are reasonably well reproduced by the calculations.
In most cases, the differences among the calculated and experimental values are too small to
allow one for a definite statement on the quality of the functionals/basis sets used. It is also noted
that there is a considerable error in the experimental and calculated Cp2Cg,2 bridge bond lengths

in 9 calculated at the B3LYP/6-311++G(2d,2p) level and those in 20 obtained at the ®B97X-
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D/6-311++G(2d,2p) level. In spite of the similarity of the aromatic bond lengths in the molecules
under scrutiny, in most cases the trends in bond lengths are reproduced by the calculations.

Almost all aromatic rings bond lengths and the C,p2Cq,3 bridge bond lengths are close to the
standard aromatic and C,p2Cs,3 bond length values of 1.400 AN and 1.510 A,m respectively.
The calculated value of the Cy2Cy2 single bond in 21 (C13C17) using B3LYP/6-
311++G(2d,2p), 1.460 A, is very close to the length of the central bond in butadiene.'*’

The distances between the corresponding atoms of the two aromatic rings of 7, 9, 20 and 21
are collected in Table 8. In agreement with expectations, the results indicate that the aromatic
rings have a boat conformation with the respective bridgehead carbon atoms being closer to each
other. Except for the C1...C7 distance calculated at the ®B97X-D/cc-pVQZ level, all calculated
results are overestimated compared to the corresponding experimental values. The results
calculated at the ®B97X-D/cc-pVQZ level are closer to the experimental ones than those
calculated using the B3LYP functional. This could be due to the over-repulsive character of the
functional in the van der Waals distance regime. This further resulted in a lengthening of the
Csp3Cyp3 bridge-bonds in 7, 20 and 21. There are also large differences between the calculated
and experimental results for the C,3C,,3 bond lengths, as well as between the calculated results
themselves, which probably is also due to the overestimation of the repulsion between the
aromatic rings by the B3LYP functional. However, the values calculated using ®B97X-D/cc-
pVQZ are much closer to the experimental data than those obtained using the other method. This
is due to the fact that the functional is dispersion corrected and describes well the dispersive
interactions between the aromatic rings. As expected, both the calculated and experimental
values show that the introduction of a double bond in 20 causes a decrease of the C1...C7
distance and an increase of the C5...C11 and C6...C12 distances while, somewhat surprisingly,
the introduction of two unsaturated bonds in the two bridges of 9 yields values of the C1...C7

and C4...C10 distances closer to the value in the saturated molecule 7 (Table 8).
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Fig. 12. Bond lengths (in A): experimental values for 7,20 9,124 20'** with no brackets; and
calculated values for 7, 9, 20 and 21 using B3LYP/6-311++G(2d,2p), in parenthesis; ®B97X-
D/6-311++G(2d,2p), in curly brackets; and ®B97X-D/cc-pVQZ, in square brackets.
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Table 8. Distances (in A) between the non-bonded carbon atoms of the two aromatic
rings in 7, 9, 20 and 21: experimental values, with no brackets; and calculated values
using B3LYP/6-311++G(2d,2p), in parenthesis; ©B97X-D/cc-pVQZ, in square

brackets.

7 20 9 21
Exp.” Calc. Exp.'™ Calc. Exp.'™ Calc. Calc.
Cl1...C7 2.78 (2.828) 2760  (2.809) 2.783 (2.833) (2.798)

[2.797] [2.779] [2.798] [2.768]
C2...C8 3.099 (3.156) 3.100  (3.166) 3.101 (3.196) (3.153)
[3.113] [3.115] [3.143] [3.108]
C3...C9 3.099 (3.156)  3.127  (3.187) 3.101 (3.196) (3.179)
[3.113] [3.133] [3.143] [3.129]
C4...C10 2786  (2.828) 2811 (2.854) 2.783 (2.833) (2.850)
[2.797] [2.815] [2.798] [2.812]

The bond and torsional angles are collected in Annex 1. Except for some bond angles 9
(where the differences between experimental and calculated values are less than 4°) and a few
torsional angles, the available experimental values are reproduced very well, and none of the
computational methods gave significantly better results than the others. The only significant
exceptions are the zero degree calculated values of the C1C13C14C7 (and by symmetry
C4C15C16C10) twist angle of 7 using the B3LYP functional. However, the ®B97X-D functional

gave approximately -15° regardless of the choice of basis set even though the experimental value

reported by Lyssenko et al. is 0°,% and by Hope et al. is 6.4° 23128

6.3. Geometry of 22 — 24 and 29

The calculated and available experimental bond lengths are presented in Fig. 13. For 29 two
independent molecules, 29a or 29b, in a unit cell yielded considerably different parameters.
Hence, it is not clear whether 29a or 29b should be compared with the theoretical results for this
molecule, which makes the comparisons difficult. With the exception of the C13C14 bond in one
molecule of 29, the calculated values of the saturated C,,3C,p3 bridge bonds are slightly longer,
but comparable to the experimental values. These values of ca. 1.60 A, larger than those in 7 and
20, is the largest observed extensions of the Cp3Cs,3 bond. The calculated Cg,2Cp2 bridge bond
lengths in 23 are very close to the standard double bond length,147 while the bonds in 22 and 24
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are slightly extended. All calculated and available experimental C,2C,,3 bond lengths have very

similar values of ca. 1.51 A, whereas the corresponding C,,Cspo bonds between a double bond

and the aromatic ring are smaller, 1.495 - 1.498 A.
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Fig. 13. Bond lengths (in A) for 22 — 24 and 29: experimental values for 23°° and 29, with no

brackets; calculated
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3114++G(2d,2p), in curly brackets; and ®B97X-D/cc-pVQZ, in square brackets. (Since for 29 two
molecules are present in the unit cell, two kinds of values are given and labeled as a and b).

The distances between the non-bonded carbon atoms between the two aromatic rings are
listed in Table 9. Understandably, the C1...C7, C2...C8, C3...C9 and C4...C10 distances are
considerably smaller than the sum of the van der Waals radius of the carbon atoms with the
C1...C7 distance in 23 and 29 slightly shorter compared to that of 7. All calculated values for 23
and 29 are larger than the available experimental results. Except for the C5...C11 and C6...C12
distances for which the calculated results are very poor, the differences between the calculated
and experimental values are smaller than 0.06 A. As found for the molecules discussed in section
6.2, the values obtained from the ®B97X-D/cc-pVQZ optimization are closer to the experimental

results than those obtained from the other method.

Table 9. Distance (in A) between the non-bonded carbon atoms of the two aromatic rings for
22 — 24 and 29 calculated using B3LYP/6-311++G(2d,2p), in parenthesis; wB97X-D/cc-

pVQZ, in square brackets; and experimental values, with no brackets.

22 23 24 29
Calc. Exp.” Calc. Calc.  Exp.29a'®  Exp.29b'" Calc.
Cl1...C7 (2.792) 2737 (2.788) (2.761) 2.725 2.737 (2.765)
[2.789] [2.755] [2.733] [2.737]
C2...C8 (2.699) 2.657 (2.679) (2.696) 2.668 2.661 (2.690)
[2.695] [2.664] [2.677] [2.668]
C3...C9 (2.842) 2.831 (2.870) (2.875) 2.816 2.828 (2.862)
[2.838] [2.856] [2.852] [2.837]
C4...C10 (2.825) 2.807 (2.863) (2.860) 2.801 2.796 (2.842)
[2.823] [2.854] [2.821] [2.806]
C5...C11 (3.435) 3279 (3.416) (3.425) 3.269 3.275 (3.377)
[3.434] [3.404] [3.343] [3.305]
C6...C12 (3.474) 3325 (3.457) (3.447) 3.303 3.314 (3.408)
[3.473] [3.356] [3.367] [3.339]

Note: There are two molecules of compound 29 (designated 29a and 29b) in the unit cell.

The available and calculated values of bond and torsional angles are collected in Annex 2.
Inspection of the results shows that most of the experimental bond angles are reproduced with
satisfactory accuracy by the calculations. The values obtained using ®B97X-D/cc-pVQZ are

usually closer to the experimental results, although the differences with the other methods is not
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large. However, this is not the case for some torsional angles involving bridges of 29, in which
the errors exceed 10° for the C4C15C16C10 and, in one case, C3C4C15C16 angles; and exceed
5° for the C1C13C14C7 and C2C17C18CS8 torsional angles and is close to 5° for C4C15C16C10
of 23.

6.4. Geometry of 25 - 28

The calculated bond lengths are presented in Fig. 14. For these molecules, no experimental
geometries have been reported. As expected, the calculated bond lengths exhibit a lengthening of
the Cyp3Csp3 bonds compared to the standard bond lengths, whereas the C,2C,3 bridge bonds are
slightly longer than the Cy,2C,p2 bonds. Also as expected and in agreement with the findings for
the molecules discussed in sections 6.2 and 6.3, the distances between non-bonded atoms of the
aromatic rings (Table 10) are larger when the atoms are not connected by a bridge. The C2...C8
distance is considerably shorter than the distance between the other bridgehead carbon atoms.
Interestingly, the C5...C11 and C6...C12 distances are close to or larger than the sum of van der
Waals radii of two carbon atoms. The C3...C9 distance is shorter than C5...C11 and C6...C12,
making the average plane of the rings to be non-parallel. The values of distances calculated at the
B3LYP/6-311++G(2d,2p) and ®B9I7X-D/cc-pVQZ levels differ sometimes by more than 0.1 A,

whereas the corresponding bond and torsional angles, listed in Annex 3, differ by less than 1°.
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Table 10. Distances (in A) between non-bonded carbon atoms in 25 — 28
calculated using B3LYP/6-311++G(2d,2p), in parenthesis; ©B97X-D/6-
311++G(2d,2p), in curly brackets, and ®B97X-D/cc-pVQZ, in square brackets.

25 26 27 28

Cl...C7 (2.789) (2.779) 2814  (2.810)
{2.758) (2752} {2781}  {2.774)

[2.755] [2.749] [2.777] [2.771]

C2...C8 (2.701) (2.679) (2.688)  (2.683)
{2.692) {2.668) [2.676)  {2.676)

[2.687] [2.663] [2.672] [2.671]

C3...C9 (2.845) (2.892) (2.849)  (2.859)
[2.842} [2.874)  {2.842}  {2.856)

[2.838] [2.869] [2.838] [2.852]

C4...C10 (2.844) (2.887) (2.846)  (2.873)
{2.811) [2.847) [2.813)  {2.834}

[2.808] [2.844] [2.809] [2.830]

C5...Cl1 (3.509) (3.484) (3.476)  (3.578)
{3.399} 3391} {3377}  {3.453)

[3.396] [3.387] [3.374] [3.448]

C6...C12 (3.538) (3.522) (3.526)  (3.623)
{3.433) (3.432) {3433}  {3.502}

[3.430] [3.429] [3.429] [3.499]
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Fig. 14. Bond lengths (in A) for 25 - 28: calculated using B3LYP/6-311++G(2d,2p), in
parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets; and ®B97X-D/cc-pVQZ, in square

brackets.

6.5. NMR Parameters of 7,9, 20 and 21

The proton chemical shifts for the molecules under study are collected in Fig. 15. Except for
small chemical shift differences, all the calculated values reproduce experimental trends, for
instance see the results of 21. Moreover, the experimental values for protons connected to Cgp3

atoms are quite accurately reproduced by the calculations. On the other hand, the calculated
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values for all other protons are usually overestimated by 0.2 - 0.5 Hz. With the exception of the
chemical shift values of the methylene protons (H15 and H16) in 20 and 21, the experimental
and calculated values of the chemical shifts differ considerably. For example, the difference
between the calculated and experimental values for the chemical shift of H13 in 9 is 0.4 - 0.5
ppm based on the type of functional used. The chemical shifts of protons attached to the sp’
carbon atoms of the bridges are always shifted downfield from the experimental results, with the
exception of those calculated using B3LYP/Huz-IV for 20 and 21, and those using ®B97X-D/6-
3114++G(2d,2p) for 7 with the maximum deviation between the experimental and ®B97X-D/cc-
pVQZ calculated values of the chemical shifts for H13 of 9 which exceeds 0.6 ppm and H12 in 7
and H13 in 20 which are larger than 0.5 ppm. The effects observed cannot be attributed to the
errors in the optimized geometry since the method gave considerably improved calculated bond
lengths of the bridge C;,3Cs,3 bond lengths. In certain cases, such as H12 in 7, ®B97X-D/cc-
pVQZ yielded the worst calculated values of the chemical shifts despite its computational cost.
The calculated and available '*C chemical shifts of 7,9, 20 and 21 are listed in Fig. 16. The
calculations gave results that have considerably higher values for the 'C chemical shifts
compared to the experimental data. Except for the C17 and C18 chemical shifts in 21, the results
calculated using B3LYP/6-311++G(2d,2p) reproduce experimental data best. With the exception
of the close-lying chemical shift values, (for instance, some of those for C1 and C13 in 9 and 20,
and C1 and C4 in 21), most calculated results reproduce the experimental trends. Except for the
saturated bridge carbon atoms, almost all values calculated at the ®B97X-D/cc-pVQZ level have

the largest errors compared to ®B97X-D/6-311++G(2d,2p) as it can be seen from Fig. 16.
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Fig. 15. "H chemical shifts (in ppm) for 7, 9, 20 and 21: experimental values (this work), no
brackets; calculated using B3LYP/6-311++G(2d,2p), in parenthesis; ©B97X-D/6-
3114++G(2d,2p), in curly brackets; ®B97X-D/cc-pVQZ, in square brackets; B3LYP/6-311G(d,p)
on the structure optimized at ®B97X-D/cc-pVQZ, in double curly brackets; and B3LYP/Huz-IV,
in double parenthesis (Exp. for 7, 20, 21 - this work, for 9 “a” - this work, “b” — Ref!™? ). The “a’

and “b” subscripts refer to protons pointing out of the plane and inside the plane, respectively.
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Fig. 16. ">C chemical shifts (in ppm) of 7, 20 and 21: experimental values (this work), no
brackets; and calculated values using B3LYP/6-311++G(2d,2p), in parenthesis; ®B97X-D/6-
3114++G(2d,2p), in curly brackets; and ®B97X-D/cc-pVQZ, in square brackets; and B3LYP/6-
311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ, in double curly brackets. (Exp. for
7, 20, 21 - this work, for 9 “a” - this work, “b” — Ref"™" ).
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With the exception of a few very close values for 3JH5H6 and 3JH11H12 for 21, the calculated
"Juu coupling constants listed in Annex 4 reproduce the experimentally observed trends. The
"Jun values greater than 5 Hz calculated using B3LYP/6-311++G(2d,2p) level gave the largest
values, while those obtained using ®B97X-D/cc-pVQZ produced the smallest values, with the
B3LYP/6-311G(d,p) NMR calculations on the structure optimized at the ®B97X-D/cc-pVQZ
level giving intermediate results between the former two. The ®wB97X-D/cc-pVQZ poorly
reproduced the experimental "Jyy coupling constants compared to ®B97X-D/6-311++G(2d,2p).

'Jen coupling constants of 7, 9, 20 and 21 are presented in Fig. 17. All the calculated results
for the 'Jcu coupling constants are lower than the corresponding experimental results. With the
exception of the values for 1JC13H13 and IJCZHZ in 7, the B3LYP/6-311G(d,p) NMR parameter
calculations performed on the structure optimized using the ®B97X-D/cc-pVQZ method yielded
results that are in best agreement with the experimental ones. Except for the aromatic protons in
21, all calculated 'J values are smaller than the experimental ones with the ®B97X-D/cc-pVQZ
method yielding the most accurate reproduction of the experimental data. Except for the values
involving protons connected to C17 and C18 in 21, all calculated values reproduce the
experimental trends. Based on these observations, the few missing experimental values are
expected to obey the trends observed in the calculations.

The available experimental and calculated values for 'Jec coupling constants are presented in
Fig. 18. As mentioned in Chapter 5, only two 'Jcc coupling constants of 7 have been measured.
The results calculated at the different computational levels exhibit considerable differences, even
though they reproduce the few available experimental trends. With few exceptions, mainly
referring to close values, the results calculated using different functional/basis sets exhibit the
same trends. From the calculated results, those obtained at the ®B97X-D/cc-pVQZ level on the
geometry optimized at the same level are overall the smallest, while those calculated at the
B3LYP/6-311G(d,p) on the structure optimized at the @B97X-D/cc-pVQZ level are the largest.
The lJClCB coupling constant of 7 calculated using B3LYP/6-311G(d,p) on the geometry
optimized at the ®B97X-D/cc-pVQZ level are very close to the experimental result (with less
than 1 Hz difference), while the corresponding value for 1Jc1C2 exhibits a significant difference

of ca. 7 Hz which could be due to vibrational effects.
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Fig. 17. 1JCH coupling constants (in Hz) for 7, 9, 20 and 21: experimental values (this work), no
brackets; calculated using B3LYP/6-311++G(2d,2p), in parenthesis; ®B97X-D/6-
3114++G(2d,2p), in curly brackets; ®B97X-D/cc-pVQZ, in square brackets; B3LYP/6-311G(d,p)
on the structure optimized at ®B97X-D/cc-pVQZ, in double curly brackets; and B3LYP/Huz-IV,
in double parenthesis (from Chapter 5). The “a’ and “b” subscripts refer to protons pointing out

of the plane and inside the plane, respectively.
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Fig. 18. 1JCC coupling constants (in Hz) for 7, 9, 20 and 21: experimental values (this work), no
brackets; calculated using B3LYP/6-311++G(2d,2p), in parenthesis; ©B97X-D/6-
3114++G(2d,2p), in curly brackets; ®B97X-D/cc-pVQZ, in square brackets; B3LYP/6-311G(d,p)
on the structure optimized at ®B97X-D/cc-pVQZ, in double curly brackets; and B3LYP/Huz-1V,
in double parenthesis (from Chapter 5).
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6.6. NMR Parameters of Molecules 22 - 24 and 29

The experimental and calculated results for the proton chemical shifts are collected in Fig.
19. NMR parameters have been measured only for 22,51 23 % and 29.% Except for a few very
close values, the experimental and calculated values exhibit the same trends. Therefore, the
missing experimental data are assumed to follow the same trend, except for the close-lying
values. The majority of the chemical shifts of the aliphatic protons are reproduced much better
by the calculations than those of the olefin protons. The chemical shift values for some of the
aromatic protons (such as the chemical shifts for H3 and H12 in 22) have errors exceeding 0.5
ppm. Similar to the molecules discussed in section 6.5, most chemical shifts calculated using
B3LYP/6-311G(d,p) on the structure optimized at the ®B97X-D/cc-pVQZ level yield the most
accurate values of the proton chemical shifts. For obvious reasons, for the aliphatic protons of
the C13C14 and C17C18 bridges in 22 and 29, the 'H chemical shifts of the neighboring nuclei
(H13b, H17a) are considerably larger than the values for H13a and H17b pointing in different
directions. Interestingly, the chemical shift for H3 of 23 is 6.23 ppm, which is deshielded
compared to 29, whereas that for 22 is slightly shifted in the opposite direction.

The experimental and calculated results of the carbon chemical shifts are collected in Fig. 20.
The results exhibit the same trends with two remarkable exceptions (a) the calculated values for
C15 in 29 and (b) the experimental value of 127.6 ppm for C15 in 22 which was reported many
years ago. The latter result probably calls for an experimental reinvestigation. Taking into
account the above remarks and excluding very close values, the unknown experimental carbon
chemical shifts for 24 are assumed to be close to the calculated values. The results for B3LYP/6-
311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ are the best for almost all aromatic
protons.

The calculated values for the geminal 2JHH coupling constants, listed in Annex 35, are close to
the available experimental results, although they are not able to reproduce the experimental
trends for 2JH15aH15b and 2Jngangb of 29. Likewise, the calculated 3’JHH values do not reproduce
the experimental trends for the close-lying values, e. g. 3JH1 saH16a and 3JH17aH13b of 29.

The calculated 'Jey coupling constants and the available experimental results for 29 are listed
in Fig. 21. The results show that all calculated values for the 'Jcy coupling constants of 29 are
lower than the corresponding experimental values. The best agreement between the values is

obtained for the B3LYP/6-311G(d,p) calculations on the structure optimized at the ®B97X-D/cc-
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pVQZ. On the other hand, the ®B97X-D/6-311++G(2d,2p) calculations for the structure
optimized at the same level gave the poorest agreement with the available experimental results.
In most cases, the largest calculated values were obtained using the B3LYP/6-311G(d,p)
calculations on the structure optimized at the ®B97X-D/cc-pVQZ level, while the lowest values
were obtained using the ®B97X-D/cc-pVQZ calculations for the structure optimized at the same
level of calculation. In agreement with expectations, both the available experimental and
calculated values for IJCsp3H are the smallest, while those referring to the ethylenic bonds are the
largest.

There are no measured 'Jec coupling constants for 22 — 24 and 29. Except for very close
values, the calculated values of 1JCC presented in Fig. 22 exhibit the same trends as the 1JCH, ie.
the values involving Cp2 bridge atoms are the largest whereas those involving saturated carbon

atoms are the smallest.
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Fig. 19. 'H chemical shifts (in ppm) for 22 — 24 and 29: experimental values (this work), no
brackets; calculated using B3LYP/6-311++G(2d,2p), in parenthesis; ©B97X-D/6-
3114++G(2d,2p), in curly brackets; ®B97X-D/cc-pVQZ, in square brackets; and B3LYP/6-
311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ, in double curly brackets (Exp.
22,51 23, 29%). The “a’ and “b” subscripts refer to protons pointing out of the plane and inside

the plane, respectively.
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Fig. 20. "°C chemical shifts (in ppm) for 22 — 24 and 29: experimental values, no brackets;
calculated using B3LYP/6-311++G(2d,2p), in parenthesis; ®B97X-D/6-311++G(2d,2p), in curly
brackets; ®B97X-D/cc-pVQZ, in square brackets; and B3LYP/6-311G(d,p) on the structure
optimized at ®B97X-D/cc-pVQZ, in double curly brackets (Exp. 22,5123 % 29%),
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Fig. 21. 1JCH coupling constants (in Hz) for 22 — 24 and 29: experimental values, no brackets;
calculated using B3LYP/6-311++G(2d,2p), in parenthesis; ®B97X-D/6-311++G(2d,2p), in curly
brackets; ®B97X-D/cc-pVQZ, in square brackets; and B3LYP/6-311G(d,p) on the structure
optimized at @B97X-D/cc-pVQZ, in double curly brackets (Exp. 293 ). The “a’ and “b”

subscripts refer to protons pointing out of the plane and inside the plane, respectively.
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Fig. 22. 1JCC (in Hz) for 22 — 24 and 29: calculated using B3LYP/6-311++G(2d,2p), in
parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets; wB97X-D/cc-pVQZ, in square
brackets; and B3LYP/6-311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ, in double

curly brackets.
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6.7. NMR Parameters of Molecules 25 - 28

Since there are no experimental NMR parameters known for these molecules, only the
calculated proton chemical shift values are presented in Fig. 23, while the corresponding values
for '°C are presented in Fig. 24. The calculated values of the "H chemical shifts do not differ
considerably among the different computational methods employed. The proton chemical shifts
obtained using B3LYP/6-311G(d,p) level on the structures optimized at the ®B97X-D/cc-pVQZ
level are the smallest for the whole series. Except for the H17 chemical shift of 27, the chemical
shifts of the aliphatic protons calculated using B3LYP/6-311++G(2d,2p) are the largest, whereas
those obtained using ®@B97X-D/cc-pVQZ are the largest for the protons bonded to the sp’
hybridized carbon atoms, with the exception of HI5 in 27 and H17 in 28. The calculated
chemical shift values of the aliphatic protons using B3LYP/6-311++G(2d,2p) are the lowest
whereas the results obtained using the ®B97X-D functional for two different geometries are very
close, except for H17 of 27. The trends exhibited by the calculated proton chemical shifts are the
same as the molecules discussed in section 6.6. With regard to the carbon chemical shifts, the
chemical shifts of the sp” carbon atoms for the whole series are the smallest for C11 and C12
which could be due to the longer separation distance between these carbon atoms and the
corresponding atoms of the second ring.

No experimental results are known for the Jyy coupling constants for 25 - 28. The 2JHH
coupling constants (Annex 6) obtained at different levels of calculation exhibit the same trends.
Hence, the missing experimental results are expected to follow the same trends. The same is not
true for the close-lying values of the *Juy coupling constants (Annex 6). The calculated values of
1JCH and 1JCC are presented in Fig. 25 and Fig. 26, respectively. The IJCsp3H coupling constants
are smaller than the 1JCssz coupling constants. On the other hand, in most cases the 1JcszH
coupling constants of the unsaturated bridges are greater than those of the aromatic Yen coupling
constants for all the molecules. The same is also true for 1JCC values. For instance, IJCBCM of 25
calculated using B3LYP/6-311++G(d,p) is 76.8 Hz, whereas that of the aromatic 1JC2C3 is 60.6
Hz.
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Fig. 23. "H chemical shifts (in ppm) for 25 - 28: calculated using B3LYP/6-311++G(2d,2p), in
parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets; wB97X-D/cc-pVQZ, in square
brackets; and B3LYP/6-311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ, in double
curly brackets. The “a’ and “b” subscripts refer to protons pointing out of the plane and inside

the plane, respectively.
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Fig. 24. "*C chemical shifts (in ppm) for 25 - 28: calculated using B3LYP/6-311++G(2d,2p), in
parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets; wB97X-D/cc-pVQZ, in square
brackets; and B3LYP/6-311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ, in double

curly brackets.
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Fig. 25. 'Jen coupling constants (in Hz) for 25 - 28: calculated using B3LYP/6-311++G(2d,2p),
in parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets; ®B97X-D/cc-pVQZ, in square
brackets; and B3LYP/6-311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ, in double
curly brackets. The “a’ and “b” subscripts refer to protons pointing out of the plane and inside

the plane, respectively.
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Fig. 26. 'Jcc coupling constants (in Hz) for 25 - 28: calculated using B3LYP/6-311++G(2d,2p),
in parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets; ®B97X-D/cc-pVQZ, in square
brackets; and B3LYP/6-311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ, in double

curly brackets.
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6.8. Conclusion

In this chapter, the molecular geometries of 7, 9 and 20 - 29 have been optimized using
B3LYP/6-311++G(2d,2p), ®B97X-D/6-311++G(2d,2p) and ®B97X-D/cc-pVQZ. The optimized
structural parameters are compared with the available experimental data. The most important
parameters are the lengths of the central bridge bonds that are sensitive to the computational
method applied. The comparison of the results indicated that the ®B97X-D functional provided
better estimates for the bonds than the B3LYP functional. The distances between the
corresponding atoms of the two aromatic rings are usually considerably larger than the
corresponding available experimental data. The comparison of the calculated and experimental
results of 29 is blurred by the existence of two molecules in the unit cell. However, the distances
are much better reproduced using the wB97X-D/6-311++G(2d,2p) and oB97X-D/cc-pVQZ
levels of theory than other computational protocols. Moreover, the accuracy of the calculated
bond and torsional angles is usually satisfactory.

With the exception of the close-lying signals, the NMR parameters calculated using
®oB97X-D/cc-pVQZ, in most cases, reproduce the experimental trends. The results of the
chemical shifts from different computational levels usually show the same trends. Hence, the
calculated values are assumed to correctly describe the experimental chemical shifts and
coupling constants that could not be measured for the known and the hypothetical molecules.
Usually, the NMR parameters obtained from B3LYP/6-311G(d,p) calculations on the structure
optimized using ®B97X-D/cc-pVQZ are the best. However, in contrast to the geometry
optimizations, the agreement between the values of the NMR parameters obtained from the
©B97X-D/cc-pVQZ calculations and the corresponding experimental ones are usually the
poorest compared to those obtained from the ®wB97X-D/6-3114++G(2d,2p) NMR parameter
calculations. Of the two functionals used, B3LYP performed poorly compared to ©«B97X-D
functional for the geometry optimizations, which could be due to the over-repulsive nature of the
former functional in the van der Waals region, whereas it gives better NMR parameters at the

geometry optimized using the ®B97X-D functional.
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Chapter 7
[m.n]Paracyclophanes (m, n =2 — 4) with Varying Lengths of the Bridges

e — — S — R~ —

7.1. Introduction

As discussed in Chapter 1, benzene and its aromatic derivatives are among the most
important compounds in organic chemistry. Among these, cyclophanes with short bridges
hold a prominent place. For instance, they are important test-beds for the understanding of
steric repulsions and m-m electronic interactions."” Cyclophanes also have interesting
conformational properties.2’15’16’3 3136 When the bridge(s) connecting the aromatic ring(s) is/are
short, the aromatic rings are fixed in a very close distance relative to each other. This close
distance between the rings leads to strain in the aromatic ring moieties which further causes
deformation of the rings, potentially breaking their inherent planalrity.2’3’14'20 In addition, there
are also considerable electronic interactions between the aromatic rings when they are close to
each other. These electronic interactions lead to additional influences on the geometry and
electronic structure of the cyclophanes that can be based on their unusual spectroscopic
responses. '

As discussed in the previous chapters, the experimental data for [2.2]paracyclophane 7
give contradictory results. The X-ray structure obtained at 100 K by Lyssenko et al. in 2003%°
yielded an eclipsed D, symmetry, whereas the earlier measurements by Hope et al. in 1970%
at room temperature showed the D, symmetry. The value of the Cgp2C,3C3C,2 twist
dihedral angle for the latter geometry has also been the subject of controversy in both

20,23
1,

experimenta and theoretical studies.'****** As already pointed out in Chapters 5 and 6,

despite the many theoretical studies advocating a large value of the twist angle'******® we
believe that the zero value of the aromatic ring twist angle determined by the Lyssenko
group®® or the small values (less than 6°) are the most reliable. This view is supported from
careful analysis of the data stored in the Cambridge Data Base also indicating that the
Cop2Cip3Csp3Cspo torsional angles of cyclophanes with multiple ethylene bridges and their

derivatives are not larger than 3°.
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The spectroscopic parameters of the molecules are affected due to the proximity of the
rings and the structural abnormalities. Among these spectroscopic parameters, NMR chemical
shifts and spin-spin coupling constants, as well as UV/Vis spectral parameters are known to
be very sensitive to the molecular structure. The bridge length variation and deformation of
the aromatic rings alter not only the chemical shifts and coupling constants but also the

excitation and emission spectra of the [m.n]paracyclophanes.

The synthesis® and a few static NMR**~*8133 gpectra for the [m.n]paracyclophanes (m, n
= 2 — 4) have been reported. However, no detailed structural and spectroscopic studies have
been reported for these molecules. Moreover, there are no reported theoretical studies of the
geometry and NMR parameters for 16, 30, and 31. Bachrach" reported a computational
stability analysis of 7, 15 and 32 focusing on conformational analysis and strain energies. He
also obtained a twist angle of 10° — 18° for 7 using different functionals.' The results reported
by Grimme®* also showed that the calculated twist angle of 7 is dependent on the type of
functional used, where only the B3LYP functional results of the C1C13C14C7 twist angle for
the D, structure agree with the latest experimental result reported by Lyssenko er al.*’
Dodziuk er al." studied the structure and dynamics of 15 and showed that in solution it exists

. . . 15,152
as a mixture of cis- and trans-isomers, >

with the frans prevailing, whereas in the solid state
only the rrans-isomer exists due to favorable crystal packing forces.'” Dodziuk et al."” also
determined an interconversion barrier of 12.29 + 0.08 kcal/mol and preexponential factor Log
(A) = 12.99+0.07 s' between the cis and trans conformations of 15 using line-shape analysis
of the NMR spectra in solution combined with B3LYP computed chemical shifts and coupling
constants. Szymanski et al.,'" analyzed the dynamics of 16 using temperature-dependent

NMR measurements which resulted in the Arrhenius activation energy E, = 11.57£0.08
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kcal/mol, and preexponential factor Log (A) = 12.92+0.07 s for the propano-bridge inversion
of 16. On the other hand, two separate sets of Arrhenius activation energies, E, = 11.210.5
kcal/mol and Log (A) = 13.6%0.5 s for the propano-bridge inversion, and E, = 9.710.4
kcal/mol and Log (A) = 13.210.4 s! for the butano-bridge inversion were determined for 31

by Szymanski et al.'>

The absorption and emission spectroscopic studies of 7 and 15 have been
reported, 03B HOIZLIZZISY A ong these, Shen ef al.* reported the absorption spectrum for
the first excited state transition of 7 in the region between 307 and 326 nm. On the other hand,
Melzer et al."*® found the maximum emission wavelength for 7 and 15 to lie between 475 and
485 nm. Fuke e al.’' has also reported the two-photon absorption spectrum of crystalline 7
and assigned the two absorption bands in the region between 288.2 and 273.97 nm to the two
even-parity allowed lBlg — lAlg and leg — lAlg transitions. Recently Shirai et al® reported
an ab initio molecular orbital study on the excited states of 7 and 15. According to their study,
the first excited state equilibrium distances between the benzene rings are shorter than those in
the corresponding ground state.

A detailed structural and spectroscopic analysis of the [m.n]paracyclophanes (m, n =2 —
4) is of value, since they have interesting properties and promising prospective applications as
discussed in Chapter 1. Therefore, in this chapter, a study of the structure, NMR, absorption
and emission properties of these molecules has been undertaken to explore the influence of
the nonparallel arrangement of the aromatic rings and the bridge lengths on their properties.
As was presented in Chapters 5 and 6, a combination of experimental and computational

techniques was used for the study.
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7.2. Symmetry, Torsional Angles of the Bridges and Conformations

The structural analysis of 7 has been presented in the previous two chapters. However, it is
reconsidered briefly for the sake of comparison with the other molecules studied in this
chapter. The X-ray structural measurement at 297 K and analysis of 7 by Hope et al. from
1970,% gave a disordered structure with D, symmetry. On the other hand, the recent X-ray
structural study by Lyssenko et al.,zo measured at 100 K, resulted in the D,, structure without
any disorder. As discussed in the previous chapters as well as by Grimme®™ and Bachrach,'*
the optimized geometry of 7 also strongly depends on the type of functional used in
theoretical studies. The dispersion corrected ®B97X-D functional gives a structure with D,
symmetry, whereas B3LYP gives a D, geometry. As shown in Fig. 3, the energy barrier
between the two conformers obtained from the calculations using the ®B97X-D functional is
only 0.2 kcal/mol. The angle that defines the twist of the aromatic rings of 7 (C1C13C14C7)
calculated using the B3LYP functional is -0.5°, which is close to the Dy, symmetry and using
the ®B97X-D functional it is 14.9° with D, symmetry.

It is evident that the experimental geometries are determined in the solid state, whereas
those of the calculations refer to isolated molecules in the gas phase. With this in mind, the
comparison of experimental and computed geometries is often very difficult and hence, the
functional that correctly reproduces the interring separations (vide infra) does not necessarily
give reliable values of the bridge torsional angles. For example, the results discussed in
Chapter 6 showed that the bond lengths and bond angles of 7 calculated using ®B97X-D are
in excellent agreement with the experimental geometry obtained by Lyssenko et al®
However, the C1C13C14C7 twist angle of 7 obtained from the optimization of the same
functional is 14.9° (Table 11) whereas the experimental twist angle from the study by
Lyssenko et al. at 100 K is 0.0°,%° and that by Hope et al. is 6.4° at room temperature.23 1B a
study by Shirai et al.®® and Bachrach,' on the basis of MP2 and ®B97X-D calculations,
unreliably high values of 21.8° and 15.4°, respectively, for the C1C13C14C7 twist angle have
been reported. However, the inspection of the data collected in the Cambridge Structural
Database, CSD,'>'% for 7 and its derivatives shows that (i) at room temperature, there is
considerable disorder in the observed structures and (i1) the Cp2Cq,3C,3C,p2 torsional angles
are less than 6°. Therefore, we believe that torsional angles less than 6° are most

representative for the structure of 7. Moreover, the large differences between the torsional
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angles obtained using the two functionals demonstrate the complexity of the problem of
finding appropriate functionals that describe the special structure of the highly strained

molecules such as 7.

<

= —=1_>

16a 16b

N

The CIC13C14C7 and C4C1C7C10 twist angles of the molecules studied in this chapter
are collected in Table 11. When the bridge length of the [m.n]paracylophanes increases, there
is a possibility for the existence of conformational isomerism. 16 and 30 have two
enantiomers of C; and C, symmetries, respectively. The results in Table 11 show that the
C1C13C14C7 twist angle obtained from the ®B97X-D optimization of 16 is 0°, while that of
30 is 28.5°. There are no available experimental data of this angle, and hence there are no
results to which we can compare our calculations and decide on which functional performs the
best. However, it is noted that the geometries optimized using the B3LYP functional show
that the two aromatic rings of 7 and 16 are eclipsed, in contrast to 30, whereas only those of

16 are eclipsed in the ®B97X-D calculations.

— — — -
30a 30b

cis-15 trans-15

15 exists as a mixture of the more stable C5, (cis) and C», (trans) conformers in solution.
However, in the solid state, it crystalizes in its trans form due to favorable crystal packing.
The X-ray structure of 15 has S, symmetry (with a C1IC13C15C7 torsional angle of 2.8°),"
whereas all calculations in our study lead to a structure with C,, symmetry (with this angle

equal to 0°).
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All the calculations performed for 31 resulted in a structure with C; symmetry. In the case
of 32, rotations of the rings, as well as conformational motion of the bridges, give four
conformational isomers of which only the two lowest ones have significant population at
room temperature. Rotating one of the bridges of 32 while keeping the rings parallel, gives
rise to two conformers with D, and Cy;, (1.61 kcal/mol higher than D,) symmetries, with 94%

population of the D; structure. This result is in agreement with the experimental result

reported by Jones et al.*?

32-D, 32-Cy,

H H

H

32-G, 32-C;
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7.3. Separation Distances Between the Aromatic Rings

The available experimental and calculated non-bonding distances between the
corresponding carbon atoms of the aromatic rings and ring deformation as well as twist angles
are presented in Table 11. In 16, 30 and 31, the average planes of the rings are not parallel
unlike those of 7, 15 and 32. Unlike that of 32, the C1...C7 interring separation distance of 7,
15, 16, 30 and 31 is shorter than the sum of the van der Waals radii between two stacked
carbon atoms (ca. 3.4 10%). The C4...C10 distances of 30, 31 and 32 are longer than 3.4 A,
which is not the case for those of 7, 15 and 16. The analysis of the distances obtained from the
different functionals in this dissertation as well as from the study by Grimme et al.”> shows
that the dispersion-uncorrected B3LYP functional overestimates the interring separation
distance, as well as the C,3C,,3 bond length, which is due to the over-repulsive nature of the
functional in the van der Waals region. In contrast, the dispersion-corrected functionals (e. g.
®B97X-D) give results considerably closer to the experimental values.'*****> However, as
discussed above, the twist angle determined by these dispersion-corrected functionals is

significantly larger than the available experimental values.”**
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Table 11. Distances (in A) between the corresponding non-bonded carbon atoms, ring

deformation and twist angles (in degrees) of the two aromatic rings: experimental values, no

brackets; and calculated values using B3LYP/ccJ-pVTZ, in parenthesis; and ®B97X-D/ccJ-

pVTZ, in square brackets.

7 16 30 trans-15  cis-15 31 32-Cy, 32-D)
2.786" - - - - - - -
C1C7 2.782° - 2.79 3.137 - - - 3.96
(2.826) (2.831) (2.847) (3.238) (3.242) (3.274) (4.156) (4.160)
[2.797] [2.785] [2.798] [3.205] [3.209] [3.168] [3.891] [4.046]
3.099? - . . - . . -
C2C8 3.097° - - 3.289 - - - -
(3.156) (3.156) (3.303) (3.410) (3.328) (3.489) (4.216) (4.229)
[3.112] [3.094] [3.223] [3.372] [3.294 [3.355] [3.892] [4.080]
3.099? - . . - . . -
C3C9 3.097° - - 3.310 - - - -
(3.156) (3.357) (3.847) (3.427) (3.328) (3.817) (4.216) (4.229)
[3.112] [3.283] [3.751] [3.387] [3.294] [3.674] [3.892] [4.080]
2.786" - . . - . . -
C4C10 2.782° : 3.86 3.137 : - - 3.99
(2.826) (3.256) (3.959) (3.238) (3.242) (3.936) (4.156) (4.160)
[2.797] [3.186] [3.878] [3.205] [3.209] [3.814] [3.891] [4.046]
3.099* - . . - . . -
C5C11 3.097° - - 3.289 - - - -
(2.826) (3.444) (3.847) (3.409) (3.512) (3.921) (4.216) (4.229)
[2.797] [3.351] [3.751] [3.372] [3.469] [3.765] [3.892] [4.080]
3.099? - . . - . . -
C6C12 3.097° - - 3.310 - - - -
(3.156) (3.222) (3.303) (3.426) (3.512) (3.606) (4.216) (4.229)
[3.112] [3.140] [3.223] [3.387] [3.469] [3.458] [3.892] [4.080]
-14.4° - . . - . . .
C2C1C6C5* 12.6° - - -8.2 - - - -
(-14.9) (-109) (-7.7)  (-87)  (-82) (45 (-2.8) (-3.3)
[-14.8] [-11.7] [-7.9] [8.5] [80] [49] [3.1] [-34]
0.0° - .
C1C13C14C7 6.4° . - - i B} - i
-0.4) (0.00 (25.9)
[[14.9] [0.0] [28.5]
0.0° - . 0.0 - . . -
C4CIC7C10  (-1.0) (0.0) (11.5) (0.0 (0.0) (5.4)  (13.8) (0.0
[-52] [0.0] [12.9] [0.0] [0.0] [5.2] [14.0]  [0.0]

"Ref.”’ "Ref.” “Ref.” ‘Ref."’ “Ref.** 'The difference in sign is inconsequential.
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7.4. Bond Lengths and Angles

The available experimental and calculated bond lengths are collected in Annex 7 while
the bond and torsional angles are listed in Annex 8. An inspection of the results shows that the
calculated bond lengths reproduce the experimental trends. The calculations using ®B97X-
D/Huz-IV give in most cases the best agreement with the available experimental values,
although they still are not fully satisfactory. Unsurprisingly, the largest deviations from a
standard geometry are those of the C,3Cyp3 bond lengths of the shorter bridge of 7, 16 and 30,
which are longer than the usual Cg,3C,,3 bond length of 1.540 A" In the other case, the
Csp2Csp3 bonds of 7, 16 and 30 along the bridges are slightly longer than the standard
exocyclic bond length of 1.478 A. However, the C,2Cp2 bond lengths are close to that of
benzene.

The bridge C,p3C,p3Csp3 bond angles are larger than the regular tetrahedral bond angle of
109.5°, with a considerably larger values for 16, close to 120°. On the other hand, the
Cip2Csp3Cyp3 and C2C;2Cyp3 bond angles are near to the corresponding regular bond angles
of standard molecules. With the exception of those at the bridgeheads that are less than 120°
due to the ring strain, the same has also been observed for the Cy,2C42Csp2 bond angles. In
agreement with expectations and available experimental results, the Cy,2Cyp2Cyp3 angles that
describe the deviation of the Cgp3 atom from the approximate plane of the aromatic rings, such
as C1C4C15 in 7 and the analogous ones in the other molecules, are less than 160° in 7 and
increasing up to 177° for 32-C;,. The C2C1C6CS5 torsional angle, that characterizes the non-
planar distortions of the aromatic rings, decreases with increase in bridge length. For the
paracyclophanes with non-parallel rings, 16, 30 and 31, this torsional angle is smaller on the
side of the shorter bridge. This difference from the two bridge sides suggests that the
influence of the n-n electron repulsion between the two aromatic rings is stronger than the

energy gained by increasing the length of the bridges.

7.5. 'H Chemical Shifts

The proton chemical shifts are presented in Figs. 27 - 32. As mentioned in Chapter 4, the
experimental results were measured either by inversion freezing at 223 K or by line-shape

analysis of VT NMR spectra, where the latter treatment yielded very accurate proton chemical
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shifts. However, such a procedure was not possible for the complicated spectrum of 31 which
has not been resolved into the composite spectra of the conformers. Hence, these results will
not be discussed when the trends within the series are analyzed. In all of the following
discussion, the differences that are smaller than 0.03 ppm have not been taken into
consideration. With the exception of the H2 and H12 protons of 16, and H11 and H12 proton
of 31 calculated using B3LYP/Huz-1V, the calculated chemical shifts values for most of the
aromatic protons are larger than the experimental ones. However, except the chemical shifts
of H2 and H12 of 16 calculated using B3LYP/Huz-IV and of H3, H8 and H9 of 30 calculated
using ®B97X-D/cc]-pVTZ, the other calculated aromatic proton chemical shifts reproduce the
experimental trends.

Logically, the aliphatic bridge proton positions with respect to the aromatic rings are more
sensitive compared to those of the aromatic protons. Hence, it is difficult to find a simple
relation between the experimental and calculated chemical shift values. Considering the
complicated spectra of coupled dynamic spin systems that are highly sensitive to the position
of the protons with respect to the aromatic rings, the reproduction of the experimental trends
by the calculations is in most cases satisfactory. However, the differences between the
calculated and experimental values in three cases are greater than or equal to 0.9 ppm, see for
instance H15b of 16 calculated using ®B97X-D/Huz-IV, and H13a and H170 of 30, both
calculated using B3LYP/ccJ-pVTZ. The lengthening of the bridges affects the chemical shifts
of the aliphatic protons in a complicated way and hence, no clear conclusion on the
performance of the two basis sets could be reached. In most cases, when the bridge length
increases the chemical shifts of the bridge protons that are neighboring the aromatic rings are
larger than those further away from the aromatic rings. The exceptions are some calculated
values for H160 of 30, and some of those for H170 and H180 of 31. The results of 16 and 30
show that the ethano-bridge proton chemical shifts decrease with decrease in temperature

from 303 K to 223 K.
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Fig. 27. 'H chemical shifts (in ppm) of 7: experimental values (this work, Chapter 5), no
brackets; and calculated values using B3LYP/ccJ-pVTZ, in parenthesis; ®«B97X-D/cc]-pVTZ,
in square brackets; B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-IV, in double curly
brackets. The “a” superscripts represent experimental results measured at room temperature.
The “a’ and “b” subscripts refer to protons pointing out of the plane and inside the plane,

respectively.
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Fig. 28. 'H chemical shifts (in ppm) of 16: experimental values (this work), no brackets; and
calculated values using B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/ccJ-pVTZ, in square
brackets; B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly brackets.
The “a” and “b” superscripts represent experimental results measured at 303 K and 233 K,
respectively. The “a’ and “b” subscripts refer to protons pointing out of the plane and inside
the plane, respectively, whereas the “i’ and “0” subscripts refer to protons pointing inside and

outside of the aromatic rings, respectively.
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Fig. 29. 'H chemical shifts (in ppm) of 30: experimental values (this work), no brackets; and
calculated values using B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/ccJ-pVTZ, in square
brackets; B3ALYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-1V, in double curly brackets.
The “a” and “b” superscripts represent experimental results measured at 303 K and 233 K,
respectively. The “a’ and “b” subscripts refer to protons pointing out of the plane and inside
the plane, respectively, whereas the “i’ and “0” subscripts refer to protons pointing inside and
outside of the aromatic rings, respectively. By symmetry, the chemical shifts of H16i are

equal to those of H170, and those of H17i are equal to those of H160, whereas those of H15b

are equal to those of H18a, and those of H18b are equal to those of H15a.
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Fig. 30. "H chemical shifts (in ppm) of 15: experimental values,’
values using B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/ccJ-pVTZ, in square brackets;
B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-IV, in double curly brackets. The “a”
and “b” superscripts represent experimental results measured at 303 K and 210 K,”
respectively. The chemical shifts represented by “a” are averages of the cis and trans
conformers at 303 K. The “a’ and “b” subscripts refer to protons pointing out of the plane and
inside the plane, respectively, whereas the “i’ and “o0” subscripts refer to protons pointing

inside and outside of the aromatic rings, respectively.
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Fig. 31. 'H chemical shifts (in ppm) of 31: experimental values (this work), no brackets; and
calculated values using B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/ccJ-pVTZ, in square
brackets; B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly brackets.
The “a” superscripts represent experimental results measured at 303 K and 223 K,
respectively. The “a’ and “b” subscripts refer to protons pointing out of the plane and inside
the plane, respectively, whereas the “i’ and “o0” subscripts refer to protons pointing inside and

outside of the aromatic rings, respectively.

109



Chapter 7 [m.n]Paracyclophanes (m, n = 2 — 4) with Varying Lengths of the Bridges

231 e
(%.'84%) b5.92 a6.67
2.631 (7:09) b6.71
{261} [7:031H H (7.19)
({26211 16:85) [7.04]
THygof {70 (6.89}
"0.%6 Piaos, | (7.07)
02 G
211Hq4 Hyy (2557
{108y R 18
{1143} (1.77)
H150I|||--,-_"I‘“\H15i {{1.86}}
(2.74) %g:;a
[2.62] 16,66}
{2'_62} ({6.74}}
(1.10)
[1.25]
{1.09)
{{1.14}'?140
(2.06)
[2-09]H150u..1.§. N
{1.96}
{{2.06}}
(1.95)
[1.92]
{1.85)
{{1.95}}

Fig. 32. "H chemical shifts (in ppm) of 32-D; and 32-C5;: experimental values (this work), no
brackets; and calculated values using B3LYP/ccJ-pVTZ, in parenthesis; ®«B97X-D/ccJ-pVTZ,
in square brackets; B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-IV, in double curly
brackets. The “a” and “b” superscripts represent experimental results measured at 303 K and
223 K, respectively. The “a’ and “b” subscripts refer to protons pointing out of the plane and

b

inside the plane, respectively, whereas the “i’ and “o0” subscripts refer to protons pointing
inside and outside of the aromatic rings, respectively. For 32-D,, by symmetry the chemical

shifts of H15i are equal to those of H140, and those of H150 are equal to those of H14i.
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7.6. *C Chemical Shifts

The experimental and calculated ">C chemical shifts are presented in Annex 9. All the
calculated values reproduce the experimental trends, with the exception of 6(C13) for 16
calculated using B3LYP/ccJ-pVTZ and «B97X-D/cc]-pVTZ, 6(C5) for 30 calculated using
B3LYP/ccJ-pVTZ, 8(C4) for cis-15 calculated using ®B97X-D/ ccJ-pVTZ, and o(C6) for 31
calculated using B3LYP/ccl-pVTZ, ©B97X-D/ccJ-pVTZ, and B3LYP/Huz-IV. In both
experimental and calculated (with one exception) values of the chemical shifts of the non-
bridgehead aromatic carbon atoms are less than those of the aromatic bridgehead carbon
atoms. The calculated values of the chemical shifts for the aromatic carbon atoms are always
larger than the experimental ones, while for those of the aliphatic C14 carbon atoms of both
isomers of 15 calculated using the B3LYP functional and both basis sets used are smaller than
the experimental values. Remarkably, very small errors of less than 1 ppm for the calculated
chemical shifts of C14 in cis-15 were obtained using B3LYP/Huz-IV and for C6 of 30 using
B3LYP/ccJ-pVTZ. On the other hand, most values of the aromatic carbon atom chemical
shifts differ by more than 10 ppm and reach 18.5 ppm for C6 of 32-D,, for which the
experimental spectrum of 32 with the freezed conformations could not be obtained. The
inspection of the overall chemical shifts shows that no basis set or functional used in this work
reproduces the experimental values significantly better than the others.

As expected, the chemical shifts of the bridge carbon atoms bonded to the aromatic rings
are larger by ca. 5 ppm than the chemical shifts of other aliphatic carbon atoms. In addition, in
agreement with expectation, the influence of the length of the second bridge on the chemical
shifts of the ethano-bridge is small. For example, the calculated values of 6(C1) of 7, 16 and
30 using ®B97XD/cc]-pVTZ are 153.1, 150.4, and 150.5 ppm, respectively. For the central
atom of the propano-bridge, slightly larger differences were observed (e.g. 32.6 ppm, 29.2
pm, 29.7 ppm, and 30.3 ppm were observed for C16 in 30, C14 in trans- and cis-15, and C14
in 31, respectively). Both the experimental and calculated chemical shifts of the non-
bridgehead carbon atoms of 16 and 30, C5 and C6 for example, decrease with an increase in

the neighboring bridge length.
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7.7. "Juu Coupling Constants, n =2 -3

Selected *Juy coupling constants of the bridges are listed in Table 12, whereas complete
lists of "Juyy values are presented in Annex 10. The calculated values of most of the 3JHH
coupling constants satisfactorily reproduced the experimental trends, except for 31 (for which
the low temperature spectra with frozen conformational dynamics could not be interpreted).
As expected, the 2JHH values are negative while those of 3JHH and 4JHH are positive. From the
functionals/basis sets used, ®wB97X-D/ccJ-pVTZ best reproduced the experimental 2 Fun
results, even though it failed for 31 for which the experimental data refer to the averaged
spectrum. As it is clear from the structure of the molecules, the 3JHH coupling constants are of
two types (a) those involving the aromatic protons, and (b) those involving the aliphatic
protons. For the former ones, the coupling constants (e.g. for H2H3) are ca. 8 Hz. The 3 Fun
coupling constants involving the aliphatic carbon atoms are largest (ca. 12 Hz ) for the
torsional angle @ values close to zero or 180° which is in agreement with the cosinusoidal
Karplus relation.”® On the other hand, the smallest 3’JHH values less than 2 Hz are obtained for
the calculated 6 values of £75°. Many calculated values of *Juy using ®B97X-D/cc]-pVTZ are
close to the experimental ones; however, its superiority is smaller than that found for the 2JHH

value.
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Table 12. 3JHH (in Hz): experimental values (7, 16, 30, 31 and 32 this work), no brackets; calculated values using B3LYP/ccJ-pVTZ in parenthesis;
and ®B97X-D/ccJ-pVTZ in square brackets. Torsional angles @ (in degrees) are extracted from the ®B97X-D/ccJ-pVTZ optimized structures.

7 16 trans-15" cis-15" 31 32-D,
3 Jun 0 7 Jun 0 3 Jun 0 3 Jun 0 7 Jun 0 3 Jun 0 3 Jun 0
10.65 12.31 nm
H13aH14a (10.22) (10.35) 9.11) - - - - - - - -
[11.09] [17.2] [12.12] [0.0] [9.54] [31.9]
4.15 3.51 nm
Hi3aHI4b  (2.33) (2.22) (7.98) - - - - - - - -
[2.89] [98.2] [2.89] [-117.0] [9.85] [147.8]
4.15 5.03 nm
HI3bHI4a  (2.81) (4.73) (7.98) - - - - - - - -
[6.34] [132.0] [5.24] [117.0] [9.85] [147.8]
10.65 2.61 nm
HI3bHI4b  (10.22) (2.81) 9.11) - - - - - - - -
[11.09] [17.2] [2.62] [66.2] [9.54] [31.9]
3.24 2.94 3.10(5) 1.83
H13aH141 - - - - - - (2.80) (2.62) (2.89) (1.31)
[3.08] [-65.6] [2.89] [-65.9] [2.99] [-64.4] [1.59] [-75.8]
4.36 4.81 3.90(5) 5.14
H13aH140 - - - - - - (4.65) (4.83) (4.68) (6.64)
[5.09] [48.5] [5.28] [48.2] [4.84] [50.5] [6.78] [37.6]
12.77 13.13 13.32(5) 12.67
H13bH14i - - - - - - (11.84) (11.73) (11.23) (10.36)
[12.82] [179.7] [12.71] [179.3] [12.36] [179.0] [12.09] [166.0]
2.42 2.64 2.69(5) 1.63
H13bH140 - - - - - - (2.46) (2.31) (2.69) (1.54)
[2.69] [-66.2] [2.53] [-66.6] [2.93] [-64.4] [1.55] [-75.8]

@ is the dihedral angle between the protons. For 31 and 32 ‘a’ refers to protons close to the region between the rings, and ‘b’ to those outside of the

rings. For details of the orientation of the protons and all "Jyy values, see Annex 10.
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7.8. "Jcu Coupling Constants,n =2 -3

The available experimental and calculated values of the 1JCH coupling constants are listed in
Annex 11. Except for lchHz calculated at the B3LYP/Huz-1V level, the calculated 1JCH values are
always smaller than the corresponding experimental ones; however, in most cases they reproduce
the experimental trends. The deviations from the experimental values are largest for the ®B97X-
D/Huz-1V calculations. Remarkably, B3LYP/Huz-IV reproduced the values with the smallest
errors. Since the experimental values of "Jcy for n>1 could not be measured, the trends of the
calculated values, listed in Annex 12, will be discussed only briefly. In agreement with
expectations, all the calculated 2JCH values are negative and those involving Cgp, atoms are larger
than the others by ca. 2 Hz. On the other hand, all the calculated 3JCH values are positive. In most
cases, the values calculated using different functionals/basis sets differ by less than 1 Hz. As
earlier, the *Jcy values involving the bridge protons are highly directional. Some of them have

the highest values while others are the lowest.

7.9. "Jcc Coupling Constants,n =2 -3

The available experimental and calculated values of the 1Jcc coupling constants are collected
in Annex 13. Most calculated values of 1JCC reproduce the experimental trends. However, none
of the combinations of functionals and basis sets yields considerably better results than the others
in spite of the fact that the ccJ-pVTZ basis set has been especially designed for the calculation of
coupling constants. The calculated values of the 1Jcc and 3Jcc coupling constants are positive,
whereas most of the 2Jcc and 4JCC coupling constants are negative (Annex 14). Comparing the
1JCC values involving Cg,2 and Cgp3 carbon atoms shows that those on the side of the ethano-
bridge are larger than those on the side of the propano- and butano-bridges of 16 and 30,
respectively. In the same way, the values of the 'Jec coupling constants of Cp2Cp3 in 31 from
the side of the shorter propano-bridge are larger than those from the side of the butano-bridge.
For example, the experimental value for 11c7c15 is 43.8 Hz, whereas IJc1oc19 1s 38.1 Hz. The 1JCC
values between the bridgehead carbon atoms and the bridge sp’ hybridized carbon atoms have
larger values compared to the aromatic ring e coupling constants. For instance, the ®B97X-

D/cc]-pVTZ calculated value of 1.]c2c3 of 31 is 57.2 Hz, whereas its 1Jc7c15 is 42.5 Hz.
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The experimental ZJCC and 3JCC coupling constants could not be measured, and hence, only
the trends in the calculated values will be discussed briefly. The 2JCC values involving
Cp2Cp2Cyp3 carbon atoms are positive and slightly larger in absolute values than the other 2Jcc
values, while the others are negative. The 3Jcc values, which are all positive, fall into three
groups (a) ca. 9 Hz between the Cg,2C,2C,,2C,2 carbon atoms (b) ca. 3.5 Hz between the
Cyp2Cp2Cp2Cp3 carbon atoms and (c) smaller than 2 Hz between the Cy,2Cyp2C,,3C,p3 carbon
atoms. In the first group, one can approximately differentiate between the smaller coupling

constants between the bridgehead carbon atoms and the other.

7.10. Absorption and Emission Spectra and Excited State Structures

Absorption and emission spectroscopic studies of 7 and 15 have been
reported. ¢ 18 HOIZLIZZI Aong these reports, Shen et al.*® published the absorption spectrum
for the transition to the first excited state of 7 in the region between 307 and 326 nm. Melzer et
al."” studied the excited triplet state of 7 and 15 and found the maximum emission wavelength
for both molecules to be between 475 and 485 nm. The two-photon absorption spectrum of
crystalline 7 has been reported by Fuke et al.,”' who assigned the two absorption bands in the
region between 288.2 and 273.97 nm to the two even-parity allowed lBl o lAlg and leg «— lAlg
transitions. Recently Shirai et al® reported an ab initio molecular orbital study in the excited
states of 7 and 15. The authors showed that the equilibrium distances between the benzene rings

in the first excited states were shorter than those in the ground states.

7.10.1. Interring Separation, Ring Deformation and Twist Angle in the

Excited State

The interring separation distances, ring deformation and twist angles in the excited state are
collected in Table 13. The results show that the separation distances between the aromatic
bridgehead carbon atoms of all the molecules decrease in the excited state compared to the
ground-state geometries by ca. 0.2 - 0.9 A, in which the largest change is observed for 32. The

trends of C2C1C6CS5 ring deformation angles observed for the ground state are also observed in
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the excited state. For 16, the same torsional angle calculated using ®B97X-D decreases to -9.5°,
while it is -11.7° in the ground state structure. The same deformation angle obtained using the
same functional for 30 in the excited state is -6.3°. For 31 the ring deformation angle in the
excited state decreases to -1.2° compared to the ground state (-4.9°). Remarkably, the rings of
both conformers of 32 are bent in opposite directions, which is not the case of the other
molecules. The C2C1C6C5 torsional angle of the two conformers of 32 is positive, while those
of 7, 15, 16, 30 and 31 have negative values. The twist angle (C1C13C14C7) of the aromatic
rings of 7 obtained from ®B97X-D optimization decreases to -11.6° compared to the ground-
state geometry (-14.9%), whereas that of 16 remains unchanged (0°). Unlike in 7 and 16, the
CIC13C14C7 twist angle of 30 is much larger, being 28.5° in the ground state and 15° in the
excited state. Comparable values have been obtained for the C4C1C7C10 angle in the first
excited state of 15 and 32-D;, and also to a smaller extent in 31. However, 32-C, is exceptional

with considerably larger value.
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Table 13. Calculated distances (in A) between the corresponding non-bonded carbon atoms, ring
deformation angle, and twist angles (in degrees) of the two aromatic rings in the excited state

calculated using B3LYP/ccJ-pVTZ, in parentheses; and ®B97X-D/ccJ-pVTZ, in square

brackets.
7 16 30 trans-15  cis-15 31 32-Cy, 32-D,
C1C7 (2.643) (2.636) (2.600) (2.891) (2.956) (2.875) (3.212) (3.170)
[2.615] [2.604] [2.573] [2.839] [2.861] [2.821] [3.186] [3.132]
C2C8 (2.943) (2.945) (2.927) (3.130) (3.069) (3.053) (3.142) (3.136)
[2.906] [2.900] [2.907] [2.989] [3.018] [2.963] [3.108] [3.101]
C3C9 (2.943) (3.077) (3.311) (3.138) (3.069) (3.272) (3.142) (3.136)
[2.906] [3.030] [3.293] [3.003] [3.018] [3.173] [3.108] [3.101]
C4C10 (2.643) (2980) (3.412) (2.891) (2.956) (3.365) (3.212) (3.170)
[2.615] [2.931] [3.394] [2.939] [2.861] [3.289] [3.186] [3.132]
C5C11 (2.943) (3.135) (3.310) (3.130) (3.108) (3.272) (3.142) (3.136)
[2.906] [3.061] [3.220] [2.989] [3.102] [3.172] [3.108] [3.101]
CoC12 (2.943) (2.944) (2.926) (3.138) (3.108) (3.020) (3.142) (3.136)

[2.906] [2.887] [2.903] [3.003] [3.102] [2.954] [3.108] [3.101]
C2C1C6C5 (-13.9)  (-9.9) (-6.5) (-6.1) (-6.1) (-1.8) (3.2) (2.1)
[-13.6] [-9.5] [-6.3] [-6.2] [-6.2] [-1.2] [3.1] [2.1]
CI1C13C14C7 (0.0 (0.0) (-15.1) - -
[-11.6] [0.0] [-17.6]
C4C1C7C10 (0.0 (0.0) (7.1) (0.0) (0.0 (-0.9) (-12.6) (0.0)
[-4.9] [0.0] [10.7] [0.0] [0.0] [-0.4] [-13.3] [0.0]

7.10.2. Absorption Spectra

The experimental absorption spectra of the paracyclophanes studied in this chapter are plotted
in Fig. 33, while the calculated and observed absorption bands (labeled using Roman numbers)
are collected in Table 14. In molecules 7, 16 and 30, the absorption spectra calculated using both
functionals show the presence of multiple transitions in the region inaccessible to our
spectrometer below 200 nm. There are five absorption bands for 7. However, Iwata e al.''™
observed an additional sixth band at 188.7 nm. From the calculations, six bands are predicted for
7, one below 200 nm which could not be observed experimentally (band VI of the highest

calculated intensity) since its calculated excitation energy is outside the range of our
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spectrophotometer. The shoulder on the low-energy side of band IV corresponds to band III.
Band V is a lower-energy shoulder to band VI. As discussed above, because of the D,, symmetry
in the optimized geometry of 7 using the CAM-B3LYP functional, only B;,, B,,, and B,
transitions are allowed, whereas for the D; symmetry, which is obtained from wB97X-D
optimization, also Bj, B, and Bj; transitions are symmetry-allowed and can show non-zero
intensity.

The experimental spectrum of 16 shows the presence of five electronic transitions in the
frequency range of the spectrophotometer. Band V is the most intense transition located at 216
2 nm. On the other hand, band I observed at 303 £ 2 nm is the weakest. The calculations predict
that the low-energy transition is the least intense one, whereas the most intense transition should
be lying outside the experimentally accessible frequency range, the higher-energy transition band
labeled as VII, located at 177 nm. The most intense absorption band above 200 nm of the
calculated spectrum using the ®wB97X-D is located at 217 nm, in agreement with the
experimental result. With regard to the absorption spectrum of 30, the experimental results
display four electronic transitions, of which band III at 215 + 2 nm is the most intense transition
above 200 nm. The calculated results obtained from CAM-B3LYP and ®B97X-D functionals are
reliable, albeit they differ somewhat in the high-energy region. The intense transition in the
experiment is well reproduced by both functionals (214 nm and 215 nm using CAM-B3LYP and
®oB97X-D, respectively).
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Fig. 33. Absorption spectra: (a) of 7, 16, and 30, (b) of 15, 31 and 32 measured in n-hexane (this
work). The Roman numbers refer to the transitions in 7. For the sake of clarity, the absorption
spectra of 16 and 30 are shifted up with respect to that of 7 by 1x10° and 4x10°, respectively; and
similarly those of 31 and 32 are shifted up with respect to that of 15 by 2x10° and 4x10°,

respectively.

As highlighted in the Introduction, 15 has two non-equivalent conformers, one with Cy,
symmetry (trans-15) and another with C, symmetry (cis-15). The cis conformer is dominant in
solution."> Computationally, both conformers were analyzed and comparisons made between the
calculated spectra of each conformer with the experimental spectrum. The experimental
absorption spectrum of 15 shows that there are two bands located at 269 + 2 nm and 261 + 2 nm.
On the basis of the calculations, these two absorption bands are assigned to a single electronic
transition. However, this allowed transition of 15 does not exist in the calculated spectrum of
trans-185, but appears in cis-15 which supports the existence of the cis-15 conformer as the
dominant conformer in solution.”” The most intense transition observed experimentally at 220 +
2 nm is reproduced by the calculated results for the cis-15 case, 217 nm, which is not allowed in
the case of trans-15. There are also two other allowed transitions in the calculated spectra of both
conformers which are not observed in the experimental spectrum since they lie in the high-

energy region below 200 nm inaccessible for our apparatus. These transitions are predicted to lie
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between 175 nm and 200 nm, of which those located at 177 nm for both conformers are the most
intense in this high-energy region. The overall comparison of the experimental and calculated
spectra shows that the calculated absorption spectrum obtained for cis-15 is in a good agreement
with the experimental spectrum.

As pointed out above, 31 has two energetically equivalent conformers, thus identical
calculated absorption spectra were obtained. Its experimental spectrum in Fig. 33 shows a
maximum absorption wavelength at 213 = 2 nm. This agrees well with the calculated absorption
spectra using the CAM-B3LYP functional, where the most intense peak is found at 214 nm. The
calculated spectrum using the ®B97X-D functional gave a maximum absorption at 210 nm. The
other intense absorption peak is observed at 208 £ 2 nm in the experimental spectrum, 211 nm
and 208 nm using CAM-B3LYP and ©«B97X-D functionals, respectively. At the region below
200 nm, the calculated spectrum using CAM-B3LYP shows an intense transition at 178 nm
whereas the one using ®B97X-D appears at 176 nm. For 15, the intense absorption band is
located at 220 * 2 nm, whereas it is blue-shifted to 208 + 2 nm for 31.

The measured spectrum of 32 shows an absorption maximum at 217 £ 2 nm. The calculated
absorption maximum for the C; conformer using the CAM-B3LYP functional is 213 nm (A,) to
be compared to 214 nm (Bs) for the D, conformer. From these calculated bands of the two
conformers, the one for the C5;, structure is more intense than that of the D, conformer. There are
two additional allowed absorption bands for the D, conformer, whereas they are not allowed for
the C,, conformer. In the experimental spectrum, band IV is located at 226 = 2 nm. This
absorption band (A,) is forbidden for the C,, conformer but allowed for the D, conformer (B3).
These results indicate that in solution, the D, conformer is dominant. This observation is in
excellent agreement with the optimized geometry obtained in this work, as well as with the X-ray
structure reported by Jones et al.** The experimental as well as the calculated spectra highlight
the effects of the bridge lengths on the absorption spectra of the molecules. As can be seen from
Table 14, both functionals reproduce the absorption wavelengths of all the paracyclophanes

studied fairly well.
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Table 14. Observed and calculated electronic transitions (in nm), and oscillator strengths ‘f” of 7, 15, 16
and 30 - 32: experimental results, no brackets; calculated values using CAM-B3LYP/aug-cc-pVTZ, in
parenthesis; and ®B97X-D/aug-cc-pVTZ in square brackets.

Band 7 16 30 trans-15 cis-15 31 32-Cy 32-D,
300 +2 303+2 302+2 - 294 +2 312+2 - 306 +2
285+2 275+2 27142 - 269 +2 266 +2 - 274 +2
(B1,268.8 (A"268.0 (A2469 (By268.1 (B;266.8 (A2509 - -

Il £=0.0009) f=0.0006) f=0.0004) f=0.0000) f=0.0011) f=0.0003) - -
[B3272.3 [A"269.2 [A247.6 [By269.8 [B;265.9 [A249.3 - -
£=0.0009] £=0.0001] £=0.0004] f=0.0000] f=0.0010] f=0.0003]

257+2 244 +2 - - - 220+2 - 265+2
(B1,251.9 (A"239.7 (B239.0 (B,234.0 (A12335 (A231.2 - -

Il £=0.0022) £=0.0035) f=0.0043) f=0.0070) f=0.0026) {=0.0060) - -
[B1254.7 [A'239.0 [B237.9 [B,2362 [A;235.8 [A2325 - -
f=0.0014]  £=0.0040] 1=0.0048] =0.0071] {=0.0028] =0.0046]

225+2 216+2 215+2 - 220+2 214+2 - 226+2
(B3, 222.5 (A'216.6 (A2143 (B,217.4 (B12229 (A2140 (A 2340 (B3234.2

IV f=0.1198) =0.1031) f=0.1010) f=0.0614) £=0.0010) f=0.0638) {=0.0000) f=0.0011)
[B1244.3 [A'213.0 [A214.6 [B,218.1 [B;224.9 - [A,236.1 [B3234.1
f=0.0023] £=0.1072] f=0.1031] f=0.0612] £=0.0011] £=0.0000]  =0.0009]

206 +2 207 +2 206 +2 - 208 +2 208 +2 - 222+2
(B1,211.0 (A"2084 (B211.5 (B,203.0 (B,202.0 (A210.8 (By,2329 (B;233.4

V  =0.1474) £=0.008) f=0.0196) =0.0309) {=0.0280) f=0.0110) f=0.0056) {=0.0047)
[B3218.1 - [B211.1 [B,2029 [B,202.6 [A2104 [B,232.1 [B;2329
£=0.1272] f=0.0946] f=0.0310] £=0.0281] {=0.0627] =0.0053] f=0.0051]

188.7'"* - - - - - - 217+2
(B2, 1963  (A'201.3 (B203.7 (B,1959 (A;197.1 (A2009 (A,213.8 (B;212.0

VI £=0.0302) f=0.1269) f=0.0095) £=0.0702) £=0.0975) f=0.0131) f=0.1111) £=0.1081)
[B,197.0 [A'198.3 [B209.7 [B,198.7 [A;199.1 [A203.9 [A,208.8 [B;210.4
f=0.0356] f=0.1112] f=0.0945] £=0.0611] f=0.0980] f=0.0044] f=0.1035] £=0.0958]

- (A'196.0 (B197.6 (B,1768 (B,176.5 (A 178.0 (B.202.0 (B;201.2

VII - f=0.0386) f=0.1341) £=0.6624) f{=0.7072) f=0.5101) £=0.0000) f=0.0020)

- [A'1922 [B198.7 [B,177.9 [B2176.9 [A 1757 [Bg1942 [B;195.8

£=0.0990] f=0.0032] f=0.6544] £=0.7070] £=0.6311] £=0.0001] f=0.0017]

- (A'177.1 (A 180.2 - - - (A, 1789 (B3177.2

VIII - f=0.7874) £=0.3687) - - - f=1.0303) =0.7342)
- [A'1752 [A176.7 - - - [A, 1772 [B3176.5

f=0.7119] =0.4536] f=1.1610] =0.9711]
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7.10.3. Emission Spectra

The emission spectra of 7, 16, 30, 15, 31, and 32 are plotted in Fig. 34 and emission
wavelengths listed in Table 15. The results show that the experimental emission band of 7 is
located at 351 = 2 nm, whereas the corresponding calculated value using the ®B97X-D
functional is 314 nm. For 16 it is located at 355 £ 2 nm in the experimental emission spectrum,
whereas the calculated value using the ®B97X-D functional is 313 nm. The measured emission
wavelength of 30 is 330 = 2 nm, which is blue-shifted compared to 7 and 16. The corresponding
calculated emission wavelength of 30 using the ®B97X-D functional is 286 nm. The measured
emission band of 15 is located at 381 = 2 nm, whereas the ®B97X-D calculated emission
wavelength of trans-15 is 324 nm whereas that of cis-15 is 330 nm. Similarly, the experimental
emission bands of 31 and 32 are observed at 357 £ 2 nm and 331 * 2 nm, respectively. The
corresponding calculated value using the ®B97X-D functional for 31 is 303 nm, whereas it is
293 nm for 32-D; and 306 nm for 32-C,;,. Except for the very close values for 7 and 16, both the
experimental and calculated emission wavelengths for [2.n]- and [m,n]paracyclophanes with m, n
= 3, 4 exhibit the same trend with the bridge(s) lengthening resulting in the lowering of the

emission wavelength in both series.
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Fig. 34. Emission spectra: (a) of 7, 16, and 30, (b) of 15, 31 and 32 measured in n-hexane (this
work). The emission spectra were measured at Aex(7) = 244 nm, Aex(16) = 275 nm, Ax(30) = 282
nm, Aex(15) = 268 nm, Aex(31) = 265 nm and A (32) = 274 nm.

Table 15. Observed and calculated emission wavelengths (in nm) of 7, 15, 16 and 30 — 32:
experimental results (this work), no brackets; calculated values using CAM-B3LYP/aug-

cc-pVTZ, in parenthesis; and ®B97X-D/aug-cc-pVTZ in square brackets.

7 16 30 trans-15  cis-15 31 32-Cy, 32-D,
3512 355+2 330%2 - 381£2  357+%2 - 3312
(312.8)  (312.1) (284.2) (323.1) (328.9) (301.6) (304.4) (292.1)
[314.0] [313.0] [286.0] [324.0] [330.0] [303.0] [306.0] [293.0]

7.11. Conclusion

In this chapter, the geometry of [m.n]paracyclophanes (m, n = 2 — 4) were optimized using a
combination of B3LYP and ®B97X-D functionals and ccJ-pVTZ and Huz-IV basis sets. As
discussed in detail in the previous chapters, the B3LYP optimized structure of
[2.2]paracyclophane has the C1C13C14C7 torsional angle close to 0° (D, symmetry). On the

other hand, the one obtained from the optimized geometry using the ®B97X-D functional has a
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torsional angle of 14.9° (D, symmetry). The most recent experimental results reported by
Lyssenko et al.® favor the D, structure, even though the D; structure cannot be disregarded. As
has been discussed in the introduction as well as in Chapter 5, the inspection of the data collected
in the Cambridge Data Base for numerous closely related cyclophanes indicates torsional angles
smaller than 6°. With the exception of the C1C13C14C7 angle, the ®B97X-D functional gave
structural parameters that are in fair agreement with the available experimental results.
Understandably, unlike those of 7, 15, and 32, the average planes of the rings of 16, 30, and 31
are not parallel. The C1...C7 and C4...C10 bridgehead-bridgehead interring separation distances
are smaller than the sum of the van der Waals radii of the carbon atoms, that is 3.4 A for the
bridges having less than four carbon atoms.

The calculated values of the chemical shifts and proton-proton coupling constants of all the
[m.n]paracyclophanes were compared with the very accurate ones obtained from the NMR
spectra. The study of the temperature effects on the proton chemical shifts indicated that the
chemical shifts of the ethano-bridge protons decrease when the temperature decreases. The
comparison between the experimental and calculated values shows that with several exceptions,
the calculated values of the chemical shifts and coupling constants reproduce the experimental
trends. The results obtained using different basis sets show that no general conclusion on the
performance of the two basis sets can be reached for the proton and carbon chemical shifts. On
the other hand, the ®B97X-D/ccJ-pVTZ method best estimated the 2JHH coupling constants,
however, no general conclusion on the performance functional/basis set in the calculation of
coupling constants could be achieved.

Experimental and computational studies of the absorption and emission properties of the
[m.n]paracyclophanes were also performed. The absorption and emission properties of the
paracyclophanes showed a noticeable effect of the bridge lengths on the electronic properties.
The excited-state optimized geometries showed that the interring separation distances between
the aromatic bridgehead carbon atoms of all the [m.n]paracyclophanes in the excited state
decrease by ca. 0.2 - 0.9 A compared to the corresponding ground state geometries. There are six
absorption bands for 7. The observation of these bands shows that the bands which are forbidden

for the high-symmetry structure (D) are allowed in the twisted structure (D).
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Chapter 8
Summary

PSP e — — — St — — — Sl — —— — Sl —

8.1. In Chapter 5, the structural and NMR parameters of [2.2]paracyclophane 7 and its
derivatives: phenyl-[2.2]paracyclophane 17, benzene[2.2]paracyclophane 18, and trans-
[2.2]naphthalenophane 19 are presented. The optimized geometry of 7 obtained from the B3LYP
functional has D, symmetry with no disorder. Even though the symmetry and the C1C13C14C7
twist angle obtained from the calculations agree with the low-temperature X-ray result measured
at 100 K,? the other structural parameters, especially the interring separation distances, deviate
from the corresponding experimental values. The twist angle obtained from the B3LYP
geometry optimization is also in strong disagreement with most published theoretical results.'**

Accurate proton chemical shifts and "Jyp, n = 2 — 3, coupling constants of the bridges were
measured. For the NMR calculations two basis sets, Huz-IV and 6-311G(d,p), combined with
B3LYP functional were used. The results reveal that, in most cases, the 6-311G(d,p) basis set
reproduces fairly well the proton chemical shifts. However, such a simple conclusion could not
be drawn for the carbon chemical shifts. Concerning the coupling constants, Huz-IV accurately
reproduced the experimental values compared to 6-311G(d,p) with the exception of 1Jc13H13a,
'Jec1atisa and 'Jeignisa of 17. The nonplanar benzene ring distortions and the proximity of the
rings have effects on the carbon and aliphatic proton chemical shifts. The vicinal coupling
constants in the aliphatic bridges of 7, 17 and 18 were found to be temperature-dependent

indicating the presence of a low-frequency twisting/rocking mode in these compounds.

8.2. In Chapter 6, the molecular geometries of [2.2]paracyclophan-13-ene 20,
[2.2]paracyclophan-13,15-diene 9, 13-vinyl-[2.2]paracyclophan-13-ene 21, [2.2.2](1,2,4)-
cyclophan-15-ene 22, [2.2.2](1,2,4)-cyclophan-17-ene 23, [2.2.2](1,2,4)cyclophan-13-ene 24,
[2.2.2](1,2,4)cyclophan-13,15-diene 25, [2.2.2](1,2,4)cyclophan-13,17-diene 26,
[2.2.2](1,2,4)cyclophan-15,17-diene 27, [2.2.2](1,2,4)cyclophan-13,15,17-triene 28, with

[2.2]paracyclophane 7 and [2.2.2](1,2,4)cyclophane 29 added for the sake of comparison, were
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optimized using B3LYP/6-311++G(2d,2p), ®B97X-D/6-311++G(2d,2p) and ®B97X-D/cc-
pVQZ methods. The optimized structural parameters are compared with the available
experimental results. The results show that the central bridge bonds are sensitive to the
computational methods applied. These bonds are better reproduced using the ®B97X-D
functional than B3LYP irrespective of the basis set used. The distances between the
corresponding atoms of the two aromatic rings are much better reproduced using ®B97X-D/6-
3114++G(2d,2p) and ®B97X-D/cc-pVQZ than the other methods. Satisfactory results were also
obtained for the bond and torsional angles.

The results of the chemical shifts from different computational levels usually show the same
trends. Hence, the calculated values are believed to correctly describe the experimental chemical
shifts and coupling constants that could not be measured for the known and the hypothetical
molecules. Among the different computational methods employed for the NMR parameter
calculations, the B3LYP/6-311G(d,p) NMR calculations on the structure optimized using
©oB97X-D/cc-pVQZ are the best. However, in contrast to the geometry optimizations, the
agreement between the values of the NMR parameters obtained from the ®B97X-D/cc-pVQZ
calculations and the corresponding experimental ones are usually the poorest compared to those
obtained from the ®B97X-D/6-311++G(2d,2p) NMR parameter calculations. Of the two
functionals used, B3LYP performed poorly for the geometry optimizations compared to ®B97X-
D functional, which can be due to the over-repulsive nature of the former functional in the van
der Waals region, whereas it gives better NMR parameters if the geometry is optimized using the

oB97X-D functional.

8.3. In Chapter 7, the geometry of [2.2]paracyclophane 7, [2.3]paracyclophane 16,
[2.4]paracyclophane 30, [3.3]paracyclophane 15, [3.4]paracyclophane 31, and
[4.4]paracyclophane 32 were optimized using the B3LYP and ®wB97X-D functionals combined
with ccJ-pVTZ and Huz-IV basis sets. The B3LYP optimized structure of 7 has the
C1C13C14C7 torsional angle close to 0° (D2, symmetry) which agrees with the experimental
torsional angle reported by Lyssenko et al.”® whereas the one obtained from the ®B97X-D
functional has a torsional angle of 14.9° (D, symmetry). With the exception of the C1C13C14C7

twist angle, ®B97X-D functional gave structural parameters of 7 that are in better, though only
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fair, agreement with the available experimental results than B3LYP. Unlike those of 7, 15, and
32, the average planes of the rings of 16, 30, and 31 are not parallel. With the exception of 32,
the C1...C7 interring separation distance is shorter than the sum of van der Waals radii between
two stacked carbon atoms, ca. 3.4 A. The C4...C10 interring separation distance of only 7, 15,
and 16 are shorter than 3.4 A.

Very accurate values of the chemical shifts and proton-proton coupling constants were
determined from the NMR spectra measurements. The study of the temperature effects on the
proton chemical shifts indicated that the chemical shifts of the ethano-bridge protons of 16 and
30 decrease when the temperature decreases. With several exceptions, the calculated values of
the chemical shifts and coupling constants reproduce the experimental trends. No general
conclusion on the performance of the two basis sets can be reached for the proton and carbon
chemical shifts. However, the ®B97X-D/ccl-pVTZ method best estimated the “Juyy coupling
constants.

The absorption and emission properties of the paracyclophanes are affected by their bridge
lengths. The geometry optimizations performed in the first excited state showed that the interring
separation distances between the aromatic bridgehead carbon atoms of all the
[m.n]paracyclophanes in the excited state decrease by ca. 0.2 - 0.9 A compared to the
corresponding ground-state geometries. The calculations satisfactorily reproduced the absorption
wavelengths. For 7, six absorption bands exist. The observation of these bands shows that the
bands which are forbidden for the high-symmetry structure (D;;) are allowed in the twisted
structure (D).

In summary, the results obtained from this PhD dissertation indicated that for geometry
optimizations of strained molecules, such as paracyclophanes with small bridges, dispersion
corrected GGA functionals combined with triple-{ and quadruple-C type basis sets give
reasonably satisfactory results. After optimizing the geometries using such methods, the NMR
and electronic properties can fairly be determined using hybrid functionals combined with

medium-sized basis sets, like triple-C type basis sets.
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Annex 1. Selected bond and torsional angles (in degrees) for 7, 9, 20 and 21 calculated using B3LYP/6-311++G(2d,2p), in
parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets; ®B97X-D/cc-pVQZ, in square brackets; and experimental values, with

no brackets.

7 20 21
Exp. | Calc. Exp.” | Calc. Exp.” | Calc. Calc.
Cp3Csp3Csp2 bond angles
(113.7)
CIC13C14 113.6 {113.6} - - - - -
[113.1]
(113.7) (114.2) (114.2)
C4C15C16 113.6 {113.2} 113.8 | {113.6} - - {113.6}
[113.1] [113.8] [113.8]
(113.7)
C7C14C13 113.6 {113.2} - - - - -
[113.1]
(113.7) (114.2) (114.1)
C10C16C15 113.6 {113.2} 1139 | {113.6} - - {113.6}
[113.1] [113.8] [113.7]
Cp2Cp2Csp2 bond angles
(119.2) (119.7) | (116.9)
C1C13C14 - - 118.5 | {118.7} | 116.2 | {119.1} | {117.0}
[118.8] [119.2] | [117.1]
(116.8) (117.0) (117.0) | (117.3)
C2C1C6 117.0 {116.9} 117.5 | {117.1} | 1174 | {117.2} | {117.4}
[117.0] [117.3] [117.3] | [117.6]
(116.8) (116.8) (117.0) | (116.8)
C3C4Cs5 117.0 {116.9} 117.2 | {117.0} | 1174 | {117.2} | {117.0}
[117.0] [117.1] [117.3] | [117.1]
(119.7)
C4C15C16 - - - - 116.2 | {119.1} -
[119.2]
(119.2) (119.7) | (120.2)
C7C14C13 - - 118.5 | {118.7} | 116.2 | {119.1} | {119.7}
[118.8] [119.2] | [119.6]

S1






(116.8) (117.0) (117.0) | (117.0)
C8C7C12 117.0 {116.9} 117.5 | {117.1} | 1174 | {117.1} | {116.9}
[117.0] [117.3] [117.3] | [117.3]
(116.8) (116.8) (117.0) | (116.8)
CI9Cl10C11 117.0 {116.9} 117.2 | {116.7} | 1174 | {117.1} | {116.8}
[117.0] [117.1] [117.3] | [117.0]
(119.7)
C10C16C15 - - 116.2 | {119.1} -
[119.1]
Cip2Cp3Cp3Cyp2 torsional angles
(0.0)
C1C13C14C7 0.0 {-14.5} - - -
[-14.9]
(-0.1) (0.4) (0.0)
C4C15C16C10 0.0 {-14.5} 0.1 {0.4} - {0.0}
[-14.9] [0.5] [0.0]
Cip2Cp2Cp2C,p2 torsional angles
(-0.1) (-0.2) (0.0)
C1C13C14C7 - 0.0 {-0.1} 0.0 {-0.1} {-0.1}
[0.0] [-0.1] [0.0]
(0.0) (0.0) (0.0) (-0.1)
C1C6C5C4 0.0 {0.0} -0.1 {-0.1} 0.0 {0.1} {-0.1}
[0.5] [-0.1] [0.1] [-0.1]
(15.1) (15.9) (16.8) (15.5)
C3C2C1C6 14.4 {14.8} 15.1 {15.0} 14.7 {16.1} | {15.4}
[14.4] [15.1] [16.0] [15.4]
(0.0) (0.0) (0.0) (0.0)
C7C8C9C10 0.0 {0.1} 0.0 {0.0} 0.0 {0.0} {0.0}
[0.5] [0.0] [0.0] [0.0]
(15.1) (15.9) (16.8) (16.0)
C8CIC10C11 14.4 {14.8} 15.3 {15.1} 14.7 {16.1} | {15.3}
[14.4] [15.2] [16.0] [15.4]
(-15.1) (-15.9) (-16.8) | (-15.5)
CI9C8C7C12 -14.4 {-15.1} -15.1 {-15.0} -14.7 {-15.8} | {-15.5}
[-14.4] [-15.1] [-16.0] | [-15.4]

S2






Annex 2. Selected bond and torsional angles (in degrees) for 22 - 24 and 29 calculated using B3LYP/6-311++G(2d,2p), in
parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets; ®B97X-D/cc-pVQZ, in square brackets; and experimental values, with

no brackets.

29 22 23 24
Exp.29a° | Exp.29b° | Calc. Calc. Exp.' | Calc. Calc.
Cp3Cp3C,p2 bond angles
(111.2) (111.4) (116.8) (111.6)
C2C17C18 111.1 109.7 {111.0} | {111.3} 1159 {116.5} | {111.3}
[111.1] [111.3] [116.6] [111.3]
(112.6) (113.1) (113.1)
C7C14C13 111.1 111.0 {112.2} | {113.1} 112.4 {113.0} -
[112.4] [113.0] [113.0]
(111.2) (111.4) (111.0)
C8C18C17 110.7 110.8 {111.0} | {111.3} - - {111.3}
[111.1] [111.3] [111.4]
(113.9) (114.1) (114.2)
C10C16C15 113.5 113.0 {113.4} - 114.0 {114.0} | {113.6}
[113.5] [114.0] [113.8]
Cp2Cp2C,p3 bond angles
(119.7) (119.6) (119.7)
C3C4C15 119.6 120.5 {119.9} - 119.9 {119.4} | {119.9}
[119.8] [119.5] [119.8]
(121.6) (121.6) (121.6)
C5C4C15 121.5 120.4 {121.3} - 121.2 {121.5} | {121.2}
[121.4] [121.6] [121.3]
Cp2Cp2Cgp2 bond angles
(116.9) (117.1) (116.9) (116.9)
C3C4C5 116.9 116.8 {117.2} | {117.1} 116.9 {117.0} | {117.1}
[117.1] [117.0] [116.9] [117.2]
(119.3)
C3C4C15 - - - {119.3} - - -
[119.3]

S3





(120.3) (119.9) (120.5) (120.4)
C4C5C6 121.2 120.1 {120.1} | {119.9} 120.8 {120.5} | {120.3}
[120.2] [119.9] [120.5] [120.3]
(120.5)
C5C4C15 - {120.5} -
[120.6]
(118.0)
C7C14C13 - - - {117.9}
[117.8]
(118.8) (118.8) (119.3) (118.7)
C7C8C9 118.5 119.3 {118.9} | {118.6} 118.1 {118.5} | {118.8}
[118.9] [118.7] [118.4] [118.7]
(117.9) (117.9) (117.8) (118.3)
C8C7C12 118.7 118.1 {118.1} | {117.8} 117.6 {117.6} | {118.5}
[118.1] [117.9] [117.7] [118.5]
(116.8)
C8C18C17 - - 116.6 {116.7}
[116.6]
(116.9) (117.1) (116.9) (116.9)
CoC10C11 117.5 117.3 {117.2} | {117.0} 117.2 {116.8} | {117.1}
[117.1] [117.0] [116.9] [117.2]
(119.5)
C10C16C15 - {119.6} -
[119.6]
Cp2Cp3Cp3Csp2 torsional angles
(0.0) (0.0) (0.0)
C1C13C14C7 -9.2 9.0 {0.0} {0.0} -0.7 {0.0}
[0.0] [0.0] [0.0]
(0.0) (0.0) (0.0)
C2C17C18C8 8.5 8.3 {0.0} {0.0} - {0.0}
[0.0] [0.0] [0.0]
(-75.9) (-75.4) (-75.5)
C3C4C15C16 -70.0 -86.0 {-76.3} - -72.1 {-75.3} {-76.1}
[-76.5] [-75.3] [-76.2]
(0.0) (0.0) (0.0)

S4






C4C15C16C10 10.6 12.7 {0.0} - -4.8 {0.0} {0.0}
[0.0] [0.0] [0.0]
Cp2Cp2Cp3Csp3 torsional angles
(88.5) (88.7) (89.1)
C5C4C15C16 93.1 76.1 {88.0} - 91.2 {88.8} {88.5}
[87.9] [88.7] [88.3]
Cp2Cp2Cp2C,p2 torsional angles
(6.4) (5.9) (7.4) (6.1)
C1C2C3C4 6.0 7.1 {6.5} {6.0} 7.1 {7.3} {6.2}
[6.5] [6.0] [7.3] [6.3]
3.5 3.0) (3.9 3.5
C1C6C5C4 2.4 3.8 {3.5} {2.9} 4.1 {3.9} {3.3}
[3.5] [2.9] [3.9] [3.3]
(0.0)
C1C13C14C7 - - - {0.0}
[0.0]
(0.0)
C2C17C18C8 - - -0.6 {0.0}
[0.0]
9.3) (10.6) (8.7) (10.5)
C3C2C1C6 7.7 7.6 {8.7} {10.5} 7.9 {8.7} {9.5}
[8.6] [10.6] [8.7] [9.6]
(-71.9)
C3C4C15C16 - {-71.7} -
[-71.8]
(0.0)
C4C15C16C10 - {0.0} -
[0.0]
(87.5)
C5C4C15C16 - {87.6} -
[87.6]
(-3.5) (-3.0) (-3.9) (-3.5)
C7C12C11C10 4.1 -2.8 {-3.5} {-2.8} -3.9 {-3.8} {-3.3}
[-3.5] [-2.9] [-3.9] [-3.3]
(14.3) (15.2) (14.3) (15.4)
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C8C7C12CI11 14.1 12.4 (135} | {15.1) 12.9 (142} | {14.4)
[13.6] | [15.1] [14.3] | [14.4]
(17.1) | (18.0) (17.6) | (17.8)
C8C9C10C11 14.3 15.7 {16.6} | {18.0} 152 (17.6} | {17.3)
[16.5] | [18.0] [17.6] | [17.1]
-93) | (-10.6) (-87) | (-10.5)
C9C8C7CI12 9.8 7.9 (8.7} | {-10.6} 7.9 (8.7} | {-9.7}
[-8.6] | [-10.6] [-8.7] [-9.6]
-11.9) | (-13.4) -11.9) | (-12.8)
C9C10C11C12 -10.0 1.1 [-11.5}) | {-13.3) -10.1 [-11.8) | {-12.4)
[-11.4] | [-13.3] [-11.9] | [-12.2]

S6






Annex 3. Selected bond and torsional angles (in degrees) in 25 — 28 calculated using B3LYP/6-311++G(2d,2p), in parenthesis;
®oB97X-D/6-311++G(2d,2p), in curly brackets; and ®B97X-D/cc-pVQZ, in square brackets.

25 | 26 | 27 | 28 | 25 | 26 | 27 | 28
Cp3Csp3Cyp2 bond angle Cp3Csp2Cp2 bond angle
(114.7) (114.7)
C2C17C18 {114.5} - - - C10C16C15 - {114.5} - -
[114.3] [114.3]
(113.6) (121.7)
C7C14C13 - - {113.4} - Cl11C10C16 - {121.6} - -
[113.2] [121.5]
(119.6) (120.2)
CIC10C16 - {119.6} - - C12C7C14 - - {120.1} -
[119.6] [120.2]
Cp2Cp2Csp2 bond angle
(118.6) | (118.9) | (119.3) | (118.9) (121.6) | (121.4) | (121.2) | (121.2)
c1c2c3 {118.5} | {118.8} | {119.4} | {118.9} | CBCIC10 {121.4} | {121.3} | {121.1} | {121.1}
[118.7] | [119.0] | [119.4] | [119.0] [121.4] | [121.4] | [121.1] | [121.1]
(119.9) | (119.9) | (119.9) (119.5) (119.2) | (119.5)
C2C17C18 - {119.6} | {119.6} | {119.6} | C9C10C16 {119.4} - {119.1} | {119.4}
[119.3] | [119.3] | [119.3] [119.2] [119.0] | [119.2]
(120.5) | (120.5) | (120.9) | (120.5) (119.9) | (120.5) | (120.1) | (120.1)
C7CI12C11 {120.5} | {120.5} | {120.9} | {120.5} | C10C11C12 {119.9} | {120.5} | {120.1} | {120.1}
[120.5] | [120.5] | [120.9] | [120.5] [119.9] | [120.5] | [120.1] | [120.1]
(118.6) | (118.9) | (119.3) | (118.9) (119.9) (119.9) | (120.5)
C7C8C9 {118.6} | {118.7} | {119.4} | {118.8} | C10C16C15 {119.6} - {119.6} | [119.9}
[118.7] | [119.0] | [119.4] | [119.0] [119.3] [119.4] | [119.8]
(118.9) | (118.7) (119.4) (120.4) (120.5) | (120.4)
C7C14C13 {118.6} | {118.5} - {118.9} | C11C10C16 {120.3} - {120.4} | {120.3}
[118.3] | [118.2] [118.7] [120.3] [120.3] | [120.3]
(118.3) | (117.9) | (117.8) | (117.9) (118.9) | (118.3) (118.3)
C8C7C12 {118.5} | {118.0} | {117.8} | {118.0} | C12C7C14 {118.8} | {118.2} - {118.2}
[118.6] | [118.1] | [117.9] | [118.1] [118.8] | [118.2] [118.2]
Cp3Cip3Cip2Csp2 torsional angle Cp2Cp3Cp3Csp2 torsional angle
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(0.0) (-81.1)
C1C13C14C7 - {0.0} - CI9C8C18C17 | {-81.5} -
[0.0] [-81.7]
(0.0) (-74.9)
C2C17C18C8 {0.0} - - CI9C10C16C15 {-75.5}
[0.0] [-75.8]
(0.0) (87.8)
C4C15C16C10 {0.0} - C12C7C14C13 - {86.8}
[0.0] [86.5]
Cp2Cp2Cp2Cp2 torsional angle
0.0) 0.0) 0.0) (-18.9) | (-19.1) | (-18.6) | (-20.3)
C1C13C14C7 {0.0} {0.0} {0.0} | CBCIOC10C11 | {-18.5} | {-18.7} | {-17.9} | {-19.9}
[0.0] [0.0] [0.0] [-18.1] | [-18.2] | [-17.8] | [-19.3]
(0.0) (0.0) (0.0) (12.3) (10.2) (10.0) (12.1)
C4C15C16C10 | {0.0} - {0.0} {0.0} | C9C8CTC12 {11.4} {9.8} {9.9} {11.4}
[0.0] [0.0] [0.0] [10.9] [9.2] [9.0] [10.6]
(0.0) (0.0) (0.0) (14.6) (12.9) (13.3) (14.8)
C2C17C18C8 {0.0} {0.0} {0.0} | COCI0C11IC12 | {13.9} | {12.6} | {12.7} | {13.9}
[0.0] [0.0] [0.0] [13.5] [12.2] [12.3] [13.6]
(5.5 (7.6) (6.9) (6.8) (-71.1) (-71.3) | (-70.1)
C7C8C9C10 {5.8} {7.6} {7.0} {7.0} | C9C10C16C15 | {-71.8} - {-72.1} | {-71.4}
[5.9] [7.6] [7.1] [7.2] [-72.6] [-72.6] | [-71.9]
(2.9) 4.5) 3.5) (3.9) (88.8) (89.5) (89.6)
C7C12C11C10 | {2.9} {4.4} {3.6} {3.9} | C12C7C14C13 | {879} | {88.9} {87.9}
[3.0] [4.4] [3.7] [4.0] [87.2] [88.6] [87.7]
(-16.5) | (-16.2) | (-15.3) | (-17.5)
C8C7CI12C11 | {-15.8} | {-15.9} | {-14.8} | {-16.9} - -
[-15.4] | [-15.2] | [-14.5] | [-16.3]
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Annex 4. "Jug-coupling constants (in Hz) and torsional angles ¢ (in degrees) for 7, 9, 20 and 21: experimental values, no brackets; calculated
using B3LYP/6-311++G(2d,2p), in parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets; ®B97X-D/cc-pVQZ, in square brackets; and
B3LYP/6-311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ, in double curly brackets.

7 20 9 21
Calc. | Exp.” | ) Calc. | Exp'| ¢ Calc. | Exp | ¢ Calc. | Exp. | )
*Jun
(-12.56)
H13aH13b {-12.54} -13.3 - - - - -
[-11.81]
{{-11.99}}
(-12.56) (-12.50) (-12.50)
H15aH15b {-12.54} -13.3 - {-12.34} -13.3 - - {-12.31} -13.3
[-11.81] [-11.64] [-11.64]
{{-11.99}} {{-11.83}} {{-11.86}}
(1.35)
H18aH18b - - - - - {0.96} 1.38
[1.63]
{{1.01}}
*Jun
(7.46) (0.0) (7.61) (-1.0) (7.66) (0.0) (7.55) (-0.8)
H5H6 {7.02} 8.3 - {7.06} 7.83 - {7.18} 8.2 - {7.08} 7.87 -
[6.92] [0.1] [6.99] [-1.0] [7.14] [0.1] [7.01] [-0.7]
{{7.16}} - {{7.23}} - {{7.35}} - {{7.22}} -
(7.46) 0.0) (7.61) (1.0) (7.69) (0.0) (7.56) 0.9)
H11H12 {7.02} 8.3 - {7.06} 7.83 - {7.18} 8.2 - {7.09} 7.63 -
[6.92] [0.1] [6.99] [1.0] [7.13] [0.1] [7.03] [1.0]
{{7.16}} - {{7.23}} - {{7.35}} - {{7.26}} -
(10.92) (-0.1) (10.20) (0.0) (10.68) 0.1)
H13aH13a {9.84} 10.65 - {9.56} 10.2 - {9.88} 10.6 -
[9.88] [-17.1] [9.33] [0.0] [9.65] [0.1]
{{10.37}} - {{9.60}} - {{9.94}} -
(10.92) (-0.1) (10.90) 0.4) (10.68) 0.1) (10.92) 0.0)
H15aH16a {9.84} 10.65 - {10.37} 10.87 - {9.88} 10.6 - {10.39} 10.64 -
[9.88] [-17.1] [10.43] [0.6] [9.65] [0.1] [10.47] [0.0]
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({1037} - ({11.02]) - ({9.94]) ({11.06]) -
(2.45) (-115.0) (2.22) (-114.5) (2.31) (-114.9)
H15aH16b (5.42) 4.15 - (229} | 3.39 - (2.34) 4.06 -
[5.73] [-132.5] [2.49] [-114.8] [2.58] [-115.3]
{{5.38}} - {{2.04}} - {{2.13}} -
(2.45) (115.0) (2.41) (115.3) (2.31) (114.9)
H15bH16a {9.84) 4.15 - {239} | 3.39 - (2.34) 4.06 -
[5.71] [98.3] [2.66] [115.9] [2.58] [115.3]
{{5.38}} - {{2.21}} - {{2.13}} -
(10.92) (-0.1) (10.90) 0.4) (10.92) (0.0)
H15bH16b {9.84) | 10.65 - {1037} | 10.87 - {10.39) | 10.64 -
[9.88] [-17.1] [10.43] [0.6] [10.47] [0.0]
({10371} ; ({11.02}} ; ({11061} ;
(14.76) (180.0)
H17H18a - - - - - {13.67} 17.10 -
[14.99] [180.0]
({14.171) ]
(10.17) (0.0)
H17H18b - - - - {9.68} 10.25 -
[9.34] [0.0]
{{9.39}} -
*This work
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Annex 5. "Jyy coupling constants (in Hz) and torsional angles ¢ (in degrees) for 22 — 24 and 29: experimental values, no brackets; calculated
using B3LYP/6-311++G(2d,2p), in parenthesis; ®B97X-D/6-311++G(2d,2p), in curly brackets ; ®B97X-D/cc-pVQZ, in square brackets and
B3LYP/6-311G(d,p) on the structure optimized at ®B97X-D/cc-pVQZ, in double curly brackets.

29 22 23 24
Calc. Exp.’ ‘ 0 Calc. ‘ @ Calc. | Exp.” ‘ @ Calc. ‘ @
*Jun
(-12.93) (-12.93) (-12.44)
H13aH13b {-12.77} (-)13.3 - {-12.78} - {-12.31} - -
[-11.97] [-11.67] [-11.52]
{{-12.31}} {{-12.30}} {{-11.79}}
(-12.54) (-12.68) (-12.53)
H15aH15b {-12.49} (-)13.1 - - {-12.62} - {{-12.47}
[-11.75] [-11.67] [-11.73]
{{-11.94}} {{-12.03}} {{-11.91}}
(-12.38) (-12.54) (-11.89)
H18aH18b {-12.34} (-)12.8 - {-12.52} - - - {{-11.89}
[-11.57] [-11.58] [-11.10]
{{-11.85}} {{-11.99}} {{-11.34}}
> Jun
(7.56) (-1.0) (7.72) (-2.0) (7.73) (-1.2) (7.73) (0.0)
HI11H12 {7.15} 7.8 - {7.27} - {7.29} 7.90 - {7.27} -
[6.94] [-1.1] [7.63] [-2.1] [7.51] [-1.3] [7.08] [0.1]
{{7.16}} - {{7.30}} - {{7.12}} - {{7.32}} -
(11.09) (0.0) (11.01) 0.1 (10.60) (0.0) (9.75) (0.0)
H13aH14a {10.52} 11.1 - {10.48} - {10.01} - - {9.19} -
[10.73] [0.0] [11.32] [0.1] [9.38] [0.0] [8.92] [0.0]
{{11.14}} - {{11.10}} - {{10.21}} - {{9.16}} -
(2.60) (-115.5) (2.51) (-115.0) (2.29) (-115.7)
H13bH14a {2.54} 3.8 - {2.47} - {2.26} - - -
[2.86] [-115.5] [2.32] [-115.3] [2.21] [-115.6]
{{2.43}} - {{2.34}} - {{2.05}} -
(10.47) (0.0) (10.42) (0.0) (10.41) (0.0) (10.38) (0.0)
H15aH16a {10.04} 10.6 - {9.79} - {10.00} - - {10.00} -
[10.09] [0.0] [10.11] [0.0] [10.11] [0.0] [10.05] [0.0]
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({10.61}) _ {{9.80}) _ {{10.01}) ] ({10.57}) ]
(10.27) (0.0) (10.28) (0.1) 9.61) (0.0) (10.49) | (0.0)
H17aHI8a |  {9.68) 11.5 - {9.68) - {9.10} : [9.81} :
[10.35] [0.0] [10.33] [0.1] [9.57] [0.0] [10.36] | [0.0]
[{11.54}) : {{11.52}) : {{8.85}) : {{11.01}) :
(2.55) (116.2) (2.58) (116.1) (2.35) | (116.7)
H17bH18a |  {2.48) 3.7 - {2.50} - - [2.27} :
[2.85] [116.2] [2.87] [116.2] [2.59] | [116.8]
{{2.39}} - {{2.44}} - {{2.15}} -
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Annex 6. "Jup coupling constants (in Hz) and torsional angles ¢ (in degrees) for 25 - 28: calculated using B3LYP/6-311++G(2d,2p), in
parenthesis; ®wB97X-D/6-311++G(2d,2p), in curly brackets ; wB97X-D/cc-pVQZ, in square brackets and B3LYP/6-311G(d,p) on the
structure optimized at ®B97X-D/cc-pVQZ, in double curly brackets

25 26 27 28
Calc. ‘ 1, Calc. | 1, Calc. ‘ @ Calc. | @
“Jun
(-12.45)
H13aH13b - - - - {-12.28} - - -
[-11.50]
{{-11.75}}
(-12.70)
H15aH15b - - {-12.64} - - - - -
[-11.89]
{{-12.07}}
(-12.02)
H18aH18b {-12.02} - - - - - - -
[-11.23]
{{-11.47}}
> Jun
(7.93) (-1.1) (7.93) (-0.3) (7.90) (-2.2) (8.13) (-1.1)
H11H12 {7.44} - {7.47} - {7.44} - {7.63} -
[7.23] [-1.1] [7.26] [-0.4] [7.23] [-2.2] [7.41] [-1.2]
{{7.49}} - {{7.50}} - {{7.46}} - {{7.67}} -
(10.12) (0.0) (9.98) (0.0) (10.52) (0.0) (10.38) (0.0)
H13aH14a {9.48} - {9.36} - {9.95} - {9.66} -
[9.20] [0.0] [9.08] [0.0] [10.10] [0.0] [9.37] [0.0]
{{9.47}} - {{9.33}} - {{10.58}} - {{9.65}} -
(2.20) (116.0)
H13aH14b - - - - {2.19} - - -
[2.45] [115.9]
{{2.03}} -
(2.22) (-115.7)
H13bH14a - - - - {2.19} - - -
[2.46] [-115.8]
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{{2.02}}

(0?0)

(10.45)
H13bH14b - - - {9.82) -
[10.32] [0.0]
{{10.89}} -
(10.69) (0.0) (10.31) (-0.1) (10.45) (0.0) (10.73) (0.0)
H15aH16a | {10.01} - {9.95) - {9.80) - {10.04) -
[9.77] [0.0] [9.97] [-0.1] [9.55] [0.0] [9.79] [0.0]
{{10.04}} - {{10.49}} - {{9.80}) : {{10.05}} :
(2.24) (115.1)
H15aH16b - [2.28) - -
[2.52] [115.0]
{{2.10}} -
(11.16) (0.0)
H15bH16b - {10.57) - -
[10.72] [-0.1]
{{11.35}) -
(10.55) (0.0) (9.60) (0.0) (9.48) (0.0) (9.43) (0.0)
H17aH18a | {9.85} - {9.10} - {9.02} - {9.00} -
[10.39] | [-0.1] [8.88] [0.0] [8.81] [0.0] [8.79] [0.0]
{{10.91}} - {{9.07}) - {{9.01}) : {{8.95}) :
241) | (116.7)
H17bH18a | {2.30} - - - -
[2.64] | [116.8]
{{2.18}} -
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Annex 7a. Bond lengths (in A) of 7, 16 and 30: experimental values (7,1 16,5 306) no brackets; and calculated values using
B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/cc]J-pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-
IV, in double curly brackets.

S15





1.382

394) (1 1301y (1.390)
1.507 . (1.395) (1. 1387
(1.513) {[iggz]} {1.388} [1.389] ({23) (1513) Hggi]} {[1.391]}
[1.509] /) 3ggy L11:383}} {1.394) [1.500] [1.500]{{1.384}}({1.386}}

(1.514) {{1.388}}(1.514) 1.512
{{1.5091} @ ({1.509}) {}1:508%
13 1.391 1392 16%,

. 1
(1.395) (1.394) z, (1.397) 16

[1.389] [1.389] 1 {[igg%]}
{1.394} {1.394} e 17

N

{{1.388}} {{1.388}} \12%
18 (1.548) .
fEc IR
13% (1.548) (1.548)
(1.548) {{1.540}} L340
[1.539] o {{1.540}} )
{1.548} (1.388) [1.381]
({1.540}) [1:384] (1 356)
{1.388) '
{{1.383}} f{1-380}}
trans-15 cis-15

Annex 7b. Bond lengths (in A) of frans-15 and cis-15: experimental values,’ no brackets; and calculated values using B3LYP/cclJ-
pVTZ, in parenthesis; ®B97X-D/cc]J-pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-1V, in
double curly brackets.
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Annex 7c. Bond lengths (in A) of 31: calculated values using B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/cc]J-pVTZ, in square
brackets; B3LYP/Huz-1V, in curly brackets; and ®«B97X-D/Huz-IV, in double curly brackets.
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Annex 7d. Bond lengths (in A) of the two conformers of 32: experimental values,® no brackets; and calculated values using

B3LYP/cc)J-pVTZ, in parenthesis; ®B97X-D/cc]J-pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-

IV, in double curly brackets.
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Annex 8. Bond and dihedral angles (in degrees) of 7, 15, 16 and 30 - 32: experimental values (7,1 15,7 306), no brackets;
calculated values using B3LYP/ccJ-pVTZ, parenthesis; and «B97X-D/cc]J-pVTZ, square brackets. The B3LYP/ccJ-pVTZ
optimized geometries were used for all NMR calculations using B3LYP functional, whereas those obtained from ®B97X-

D/ccJ-pVTZ were used for all NMR calculations using ®B97X-D functional.

7 16 30 | wans-15 | cis-15 | 31 | 32-Cy | 32-D,
Cyp3Cip3Cip3
116.8 - - - -
C13C14C15 - - - (118.4) (1184) | (117.0) | (114.4) | (114.5)
[118.0] [117.9] | [117.3] | [114.5] | [114.5]
- 114.7
C15C16C17 - (119.0) | (115.3) - - - - -
[119.2] | [115.4]
114.1 116.8 - -
C16C17C18 - - (115.3) (118.4) (118.4) | (115.0) - -
[115.4] [118.0] [117.9] | [115.1]
C17C18C19 - - - - - (114.9) | (1144) | (114.5)
[115.0] | [114.5] | [114.5]
Cp2Cp3Cep3
113.6 - 113.6 113.6 - - - -
C1C13C14 (113.6) (113.7) | (113.2) (115.3) (1152) | (115.9) | (112.0) | (111.8)
[113.1] [113.9] | [113.4] [115.0] [1149] | [116.0] | [112.1] | [112.0]
113.6 - 110.3
C4C15C16 (113.6) (114.9) | (111.3) - - - - -
[113.1] [115.0] | [111.3]
115.9 - - -
C4C16C17 - - - (115.3) (1152) | 12.1)
[115.0] [114.9] | [112.1]
113.6 - 112.2
C7C14C13 (113.6) (113.7) | (113.2) - - - - -
[113.1] [113.9] | [113.4]
115.9 -
C7C15C14 - - - (115.3) (1152) | (115.3) - -
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[115.0] [114.9] [115.5]
109.8 115.9 -
C10C18C17 (111.3) (115.3) (115.2) - -
[111.3] [115.0] [114.9]
Cyp2Cp2Cp3
158.7 - -
CI1C4C15 (156.4) (165.3) (166.9) - - -
[156.0] [164.9] [166.8]
168.9 - -
CI1C4Cl16 (169.2) (169.2) (173.4) -
[169.1] [169.1] [173.7]
C1C4C17 - - - (177.4) (175.2)
[177.3] [175.3]
120.9 - 122.5 120.8 - - - -
C2CI1C13 (121.0) (120.9) (121.8) (121.3) (121.4) (121.1) (119.5) (122.1)
[120.3] [121.0] [121.9] [121.4] [121.4] [121.1] [119.5] [122.1]
120.9 - 120.4
C3C4C15 (121.0) (121.4) (120.5) - - -
[121.2] [121.2] [120.5]
121.7
C3C4C16 (121.2) (121.4) (120.1) -
[121.1] [121.4] [120.1]
C3C4C17 - - - (119.5) (120.3)
[119.5] [120.3]
156.4 - 168.9 - - - -
C4C1C13 (156.4) (160.5) (165.4) (169.2) (169.2) (175.4) (177.4) (175.2)
[156.0] [160.4] [165.3] [169.1] [169.1] [176.1] [177.3] [175.3]
120.9 - 121.7
C5C4C15 (121.0) (121.2) (121.7) - - -
[120.3] [121.4] [121.8]
121.5 - -
C5C4Cl16 (121.4) (121.2) (122.2) - - -
[121.4] [121.0] [122.3]
C5C4C17 - - - - - (122.8) (122.1)
[122.9] [122.1]
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158.7

C7C10C16 (156.4) - - -
[156.0]

C7C10C17 - (165.3) - - -

[164.9]
- 170.7 -
C7C10C18 (166.9) (169.2) (169.2) - -
[166.8] [169.1] [169.1]
C7C10C19 - - - (172.8) -
[172.9]
C7C10C20 - - (177.4) (175.2)
[177.3] [175.3]

120.8 - 119.9 121.9 - - - -

Co6Cl1C13 (121.0) (120.9) (120.2) (121.2) (121.2) (121.4) (122.8) (122.1)
[121.2] [120.9] [120.2] [121.1] [121.0] [121.4] [122.9] [122.1]
120.8 - 119.8

C8C7C14 (121.0) (120.9) (120.2) - - -
[121.2] [121.0] [120.2]

121.9 - -
C8C7C15 (121.2) (121.2) (121.4) -
[121.1] [121.0] [121.4]
C8C7C16 - - - (122.8) (122.1)
[122.9] [122.1]
Cyp2Csp2Cp2

120.7 - 121.2 121.2 - - - -

C1C2C3 (121.0) (120.9) (120.9) (121.2) (121.1) (121.2) (121.2) (121.1)
[120.9] [121.0] [120.9] [121.2] [121.1] [121.2] [121.3] [121.1]
120.7 - 121.4 121.2 - - - -

C1C6C5 (121.0) (121.0) (121.3) (121.0) (121.1) (121.2) (121.2) (121.3)
[120.4] [121.0] [121.3] [121.0] [121.1] [121.2] [121.2] [121.3]
117.0 - 117.2 117.0 - - - -

C2CI1C6 (116.9) (117.0) (117.4) (117.4) (117.3) (117.5) (117.5) (117.5)
[117.1] [117.0] [117.3] [117.3] [117.4] [117.4] [117.5] [117.5]
120.7 - 120.7 120.7 - - - -

C2C3C4 (121.0) (121.0) (120.9) (121.0) (121.0) (121.2) (121.2) (121.1)

S21






[120.9] [121.0] [120.9] [120.4] [120.8] [121.3] [121.3] [121.1]
117.0 - 117.1 117.0 - - - -
C3C4C5 (116.9) (117.0) (117.4) (117.4) (117.3) (117.5) (117.5) | (117.5)
[117.1] [117.1] [117.3] [117.3] [117.4] [117.4] [117.5] [117.5]
120.7 - 120.7 121.2 - - - -
C4C5C6 (120.7) (121.0) (120.9) (121.2) (121.1) (121.1) (121.2) | (121.1)
[120.9] [121.0] [120.9] [121.2] [121.0] [121.2] [121.3] [121.1]
120.7 - 121.3 121.2 - - - -
C7C8C9 (120.7) (121.0) (121.3) (121.2) (121.1) (121.3) (121.2) | (121.1)
[120.9] [121.0] [121.3] [121.2] [121.1] [121.3] [121.3] [121.1]
120.7 - 121.1 121.2 - - - -
C7C12C11 (120.7) (121.0) (121.1) (121.0) (121.1) (121.2) (121.2) | (121.3)
[120.9] [121.0] [121.1] [121.0] [121.1] [121.2] [121.2] [121.3]
117.0 - 117.6 117.0 - - - -
C8C7CI12 (116.9) (117.0) (117.4) (117.4) (117.3) (117.5) (117.5) | (117.5)
[117.1] [117.1] [117.3] [117.3] [117.4] [117.4] [117.5] [117.5]
Cp3Cip3Cp3Cip3
-140.3
CI5C16C17C18 (-139.7) - - -
[-139.7]
C16C17C18C19 - - (136.6) -
[137.5]
C13C14C15C16 - - (144.0) | (149.0)
[144.7] [149.1]
C17C18C19C20 - - (-144.0) | (149.0)
[-144.7] | [149.1]
Cp2Cp2Cp3Cyp3
85.8 - - 106.3 - - - -
C2C1C13C14 (87.0) (84.4) (66.1) (116.2) (114.2) (117.9) (78.2) (95.2)
[94.0] [84.5] [66.2] [116.2] [114.6] [117.3] [77.4] [95.9]
-48.6 - -
C3C4C16C17 (-59.0) (-114.2) (-77.4) -
[-59.0] [-114.6] [-76.6]
127.9 - -
C5C4C16C17 (116.2) (60.9) (97.8) -
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[116.2] [60.5] [98.3]

C5C4C17C18 - - - (98.0) (95.2)
[98.8] [95.8]

85.8 - - -68.2 - - - -
C6C1C13C14 (87.0) (-83.1) (-103.2) (-59.0) (-60.9) (-60.6) (-98.0) (-80.2)
[94.0] [-83.3] [-103.5] [-59.0] [-60.5] [-61.0] [-98.8] [-79.7]

-127.9 - -
C8C7CI15C14 (-116.3) (-114.2) (-117.4) -
[-116.3] [-114.6] [-117.3]
48.6 - -
C12C7C15C14 (59.0) (60.9) (60.9) -
[59.0] [60.5] [60.8]
Cyp2Cp2Cp2Cp2

0.0 - - 1.0 - - - -
CIC2C3C4 (0.0) (-0.3) (-0.5) (0.8) (0.0) (0.0) (0.0) (-0.5)
[0.4] [-0.4] [-0.5] [0.7] [0.0] [0.0] [0.0] [-0.5]

0.0 - - 1.1 - - - -
CI1C6C5C4 (0.0) (-0.6) (-0.5) (0.8) (0.0) 0.2) (0.0) (-0.5)
[0.4] [-0.7] [-0.5] [0.7] [0.0] [0.2] [0.0] [-0.5]

-14.4 - - -8.2 - - - -
C2C1C6C5 (-14.9) (-10.9) -7.7) (-8.7) (-8.2) (-4.5) (-2.8) (-3.3)
[-14.8] [-11.7] [-7.9] [-8.5] [-8.0] [-4.9] [-3.1] [-3.4]

-14.4 - - -8.0 - - - -
C2C3C4C5 (-14.9) (-11.2) (-7.7) (-8.7) (-8.2) (-4.3) (-2.8) (-3.3)
[-14.8] [-12.0] [-7.9] [-8.5] [-8.0] [-4.7] [-3.1] [-3.4]

14.4 - - 7.1 - - - -
C3C2CIC6 (14.9) (11.3) 8.2) (7.9) (8.2) 4.4) (2.8) (3.8)

[14.4] [11.1] [8.3] [7.7] [8.0] [4.8] [3.1] [3.9]

14.4 - - 7.0 - - - -
C3C4C5C6 (14.9) (11.7) (8.2) (7.9) (8.2) 4.2) (-2.8) (-3.3)
[14.4] [11.5] [8.3] [7.7] [8.0] [4.5] [-3.1] [-3.4]

0.0 - - -1.1 - - - -
C7C8C9C10 (0.0) (0.3) (-0.5) (-0.8) (0.0) (-0.4) (0.0) (-0.5)
[0.4] [0.2] [-0.5] [-0.7] [0.0] [-0.4] [0.0] [-0.5]

0.0 - - -1.0 - - - -
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C7C12CI11C10 (0.0) (0.6) (-0.5) (-0.8) (0.0) (-0.7) (0.0) (-0.5)
[0.4] [0.7] [-0.5] [-0.7] [0.0] [-0.6] [0.0] [-0.5]

-14.4 - - 8.0 - - - -
C8C7C12C11 (-14.9) (-10.9) (-7.7) (8.7) (8.2) (5.2) (-2.8) (-3.3)
[-14.8] [-11.7] [-7.9] [8.5] [8.0] [5.4] [-3.1] [-3.4]

S24






41330  9133.0
(1382) (138.2)
[145.7] [143.8] *139.6
{1439} {1439} (147.6)
({144.8)} {{142.9}} [153.1]
{153.9} 2357
{{152.3}}(40.2)
[40.6]
{42.9}
{39.91}

Annex 9a. ’C-chemical shifts of 7 (in ppm): experimental values (this work), no brackets; and calculated values using B3LYP/ccl-
pVTZ, in parenthesis; ®B97X-D/cc]J-pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-1V, in

double curly brackets. The “a” superscripts represent experimental results measured at room temperature.
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16 30

Annex 9b. ’C-chemical shifts of 16 and 30 (in ppm): experimental value (this work), no brackets; and calculated values using
B3LYP/cclJ-pVTZ, in parenthesis; ®B97X-D/cc]J-pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-

IV, in double curly brackets. The “a” and “b” superscripts represent experimental results measured at 303 K and 233 K,

respectively.
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Annex 9c. *C-chemical shifts of 15 (in ppm): experimental values (this work), no brackets; and calculated values using
B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/ccJ-pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-
IV, in double curly brackets. The “a” and “b” superscripts represent experimental results measured at 303 K and 210 K.®

respectively. The chemical shifts represented by “a” are averages of the cis and trans conformers at 303 K.
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Annex 9d. '*C-chemical shifts of 31 and 32-D; and 32-Cy, (in ppm): experimental values (this work), no brackets; and calculated
values using B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/ccJ-pVTZ, in square brackets; B3LYP/Huz-1V, in curly brackets; and
®B97X-D/Huz-1V, in double curly brackets. The “a” and “b”superscripts represent experimental results measured at 223 K and 303

K, respectively.
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Annex 10. "Jyy of 7, 15, 16 and 30 - 32 for n > 1 (in Hz): experimental values (this work), no brackets; calculated values using B3LYP/ccJ-pVTZ, in
parenthesis; ®B97X-D/ccJ-pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-1V, in double curly brackets. Torsional
angles values 4 (in degrees) are extracted from the ®B97X-D/ccJ-pVTZ optimized structures, whereas the angles without brackets are calculated from
the Karplus relation and the experimental *Jyy values. The “a’ and “b” subscripts refer to protons pointing out of the plane and into the plane,
respectively, whereas the “i’ and “0” subscripts refer to protons pointing toward and outside of the aromatic rings, respectively. With respect to the
distances from the rings, “i” and “a” also refer to protons that are close to the rings (pointing inside the rings for “i” and out-of-plane for “a”),
whereas “0” and “b” also refer to protons far from the rings (pointing outside the rings for “0” and in-plane for “b”). The exact orientations are shown

in Figs. S2a — S2d. The "Jyuy values are given only when the absolute value exceeds 1.0 Hz. “nm” stands for “not measured’

7 16 30 trans-15 cis-15 31 32-D,
J | o J [ o J | J G J [ J [ J |
2
JHH
-13.30 -13.01 nm -14.36 -13.90 -13.92 -12.48
(-11.81) (-11.81) (-12.18) (-12.55) (-12.49) (-13.05) (-11.97)
H13aH13b [-12.62] - [-12.42] - [-12.65] [-13.43] - [-13.36] [-13.56] [-12.16)
{(-12.27} {(-11.61} {(-12.51} {-12.76} {-12.45) (-12.54} {(-11.36}
{{-11.71}} {{-11.63}} {{-12.13}} {{-12.91}} {{-12.72}} {{-13.23}} {{-11.52}}
-13.30 -13.01 nm
(-11.81) (-11.81) (-12.18)
H14aH14b [-12.62] - [-12.42] - [-12.65] - - - - -
{(-12.27} {(-11.61} {(-12.51}
{{-11.71}} {{-11.63}} {{-12.13}}
-14.51 -14.32 -14.04(5) -12.82
(-12.82) (-12.77) (-13.24) (-12.49)
H14iH140 - - - - - [-13.69] - [-13.66] [-12.53] [-12.89]
(-12.93} (-12.76) (-12.63} (-11.84)
{{-12.93}}) {{-12.91}}) {{-12.82}}) {{-12.22}})
-13.30 -14.55 -12.52 -14.36 -13.90 -13.93
(-11.81) (-13.02) (-11.90) (-12.55) (-12.49) (-13.05)
H15aH15b [-12.62] - [-13.36] - [-12.15] [-13.43] - [-13.36] [-13.56] -
{(-12.27} {-12.90} {-12.32} (-12.76} (-12.45) (-12.54}
{{-11.71}} {{-12.90}} {{-11.91}} {{-12.92}} {{-12.72}} {{-13.23}}
-12.82
(-12.49)
H15iH150 - - - - - - - - - [-12.89]
(-11.84}
{{-12.22}}
-13.30 -14.36 -13.90 -12.70 -12.48
(-11.81) (-12.55) (-12.49) (-12.0) (-11.97)
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H16aH16b [-12.62] [-13.43] [-13.36] [-11.4] [-12.16]
{-12.27} {-12.76} {-12.45} {-11.6} {-11.36}
{{-11.71}} {{-12.92}} {{-12.72}} {{-11.8}} {{-11.52}}
-14.55 -13.73
(-13.63) (-12.86)
H16iH160 [-13.72] [-13.17]
{-13.11} {-13.02}
{{-13.02}} {{-12.89}}
-14.55 -12.48
(-13.02) (-11.97)
H17aH17b [-13.36] [-12.16]
{-12.90} {-11.36}
{{-12.90}} {{-11.52}}
-13.73 -14.51 -14.32 -13.42(5)
(-12.86) (-12.82) (-12.77) (-13.04)
H17iH170 [-13.17] [-13.69] [-13.66] [-12.32]
{-13.02} {-12.93} {-12.76} {-12.54}
{{-12.89}} {{-12.93}} {{-12.91}} {{-12.73}}
-12.52 -14.36 -13.90
(-11.90) (-12.55) (-12.49)
H18aH18b [-12.15] [-13.43] [-13.36]
{-12.32} {-12.76} {-12.45}
{{-11.91}} {{-12.92}} {{-12.72}}
-13.63(5) -12.82
(-12.89) (-12.49)
H18iH180 [-12.23] [-12.89]
{-12.33} {-11.84}
{{-12.52}} {{-12.21}}
-12.54
(-12.93)
H19aH19b [-12.26]
{-12.36}
{{-12.81}}
-12.48
(-11.97)
H20aH20b [-12.16]
{-11.36}
{{-11.52}}
i
nm 8.00 nm 8.16 8.20 nm nm
(8.11) (6.78) (7.00) (7.61) (7.34) (7.14) (6.90)
H2H3 [8.32] [0.0] [8.12] [0.4] [8.40] [0.3] [8.28] [0.3] [7.98] [0.0] [7.29] [0.0] [8.16] [-0.8]
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{8.03} {7.56} {9.22} {7.88} {7.54} {7.21} {7.06}
{{8.11}} {{7.22}} {{7.50}} {{7.88}} {{7.81}} {{7.21}} {{7.51}}
10.65 12.31 nm
(10.22) (10.35) 9.11)
H13aH14a [11.09] [17.2] [12.12] [0.0] [9.54] [31.9]
{11.43} {11.44} {9.12}
{{11.22}} {{11.78}} {{9.22}}
4.15 3.51 nm
(2.33) (2.22) (7.98)
H13aH14b [2.89] [98.2] [2.89] [-117.0] [9.85] [147.8]
{2.88} {2.67} {9.41}
{{2.73}} {{2.67}} {{8.91}}
4.15 5.03 nm
(2.81) 4.73) (7.98)
H13bH14a [6.34] [132.0] [5.24] [117.0] [9.85] [147.8]
{2.78} {4.67} {9.41}
{{3.44}} {{4.78}} {{9.01}}
10.65 2.61 nm
(10.22) (2.81) 9.11)
H13bH14b [11.09] [17.2] [2.62] [66.2] [9.54] [31.9]
{11.43} {2.56} {9.12}
{{11.22}} {{2.56}} {{9.22}}
3.24 2.94 3.10(5) 1.83
(2.80) (2.62) (2.89) (1.31) 69.0
H13aH14i [3.08] [-65.6] [2.89] [-65.9] [2.99] [-64.4] [1.59] [-75.8]
{2.86} {2.62} {2.87} {1.41}
{{2.91}} {{2.61}} {{2.96}} {{1.41}}
4.36 4.81 3.90(5) 5.14
(4.65) (4.83) (4.68) (6.64) 314.0
H13aH140 [5.09] [48.5] [5.28] [48.2] [4.84] [50.5] [6.78] [37.6]
{4.74} {4.88} {4.74} {6.71}
{{4.91}} {{5.11}} {{4.84}} {{6.71}}
12.77 13.13 13.32(5) 12.67
(11.84) (11.73) (11.23) (10.36) 188.0
H13bH14i [12.82] [179.7] [12.71] [179.3] [12.36] [179.0] [12.09] [166.0]
{11.97} {11.77} {11.46} {11.51}
{{12.32}} {{12.21}} {{11.71}} {{11.61}}
2.42 2.64 2.69(5) 1.63
(2.46) (2.31) (2.69) (1.54) 71.0
H13bH140 [2.69] [-66.2] [2.53] [-66.6] [2.93] [-64.4] [1.55] [-75.8]
{2.55} {2.41} {2.83} {1.62}
{{2.61}} {{2.41}} {{2.93}} {{1.62}}
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2.28(5)

(2.39)
H14iH15a [2.43] [64.4]
{2.43)
({2.47})
12.57(5)
(10.49)
H14iH15b [11.65] | [168.6]
{10.95}
{{11.31}}
4.96(5)
(4.68)
Hl40H152a [4.84] [50.5]
(4.74)
({4.84})
2.20(5)
(2.33)
H140H15b [2.36] [64.4]
{2.343)
({2.37})
1.72(4)
(1.58) 103.0
H14iH15i [1.65] [95.8]
{1.67}
{{1.65}}
9.48
(8.97) 213.0
H14iH150 [9.90] [149.0]
{9.23}
{{9.61}}
9.25
(8.46) 334.0
Hl40H150 [9.27] [32.5]
(8.64}
{{9.11}}
318 1.87
(3.01) (1.72) 69.0
H15aH16i 3.01] | 6531 | [1.87] [-73.1]
{3.02} {1.84)
{{3.02}} {{1.83}}
12.89 5.26
(12.67) (5.45) 315.0
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H15aH160 [12.78] | [180.0] [5.87] [41.7]
{12.93} {5.34}
{{12.82}} {{5.62}}
5.03 12.64
(4.67) (10.92) 188.0
H15bH16i [5.22] | [-48.81 | [12.42] [170.1]
{4.67) (11.81}
{{4.78}) {{12.12}}
2.61 1.59
2.81) (1.54) 71.0
H15bH160 [2.62] [66.2] [1.72] [-75.2]
{2.56} {1.72}
{{2.56}} {{1.72}}
12.67
(10.91) 188.0
HI15iH16a [12.52] [169.0]
{11.09}
({12211}
1.83
(1.31) 69.0
HI15iH16b [1.59] [-74.3]
{1.41}
{{1.41}}
5.14
(6.64) 314.0
H150H16b [6.78] [37.6]
{6.71}
{{6.71}}
1.63
(1.31) 71.0
H150H16a [1.59] [-75.8]
{1.41}
{{1.41}}
324 2.94 1.70
(2.80) (2.62) (1.37) 70.0
H16aH17i [3.08] [-65.6] [2.89] [-65.9] [1.47] [75.6]
{2.86} [2.62} (1.42)
{{2.91}} {{2.61}} {{142}}
4.36 4.81 533
(4.65) (4.83) (5.83) 315.0
H16aH170 [5.09] [48.5] [5.28] [48.2] [5.94] [41.0]
[4.74) {4.88) (5.84)
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({491}) ((5.11}} ({5.94}}
12.77 13.13 12.68
(11.84) (11.73) (10.49) 188.0
H16bH17i [12.82] [179.7] (12711 | 117931 | 112351 | [169.6]
{11.97} (11.77} {11.56}
{{12.32}} {{12.21}} {{12.11}}
242 2.64 1.29
(2.46) 2.31) (1.51) 74.0
H16bH170 [2.69] [-66.2] [2.53] [-66.6] [1.58] [73.8]
{2.55) [2.41} {1.58}
{{2.61}} {{2.41}} {{1.61}}
3.18
(3.01)
H16iH17a [3.01] | [-65.3]
{3.02}
{{3.02}}
12.89
(12.72)
HI16iH17b [12.78] | [180.0]
(12.89}
({12.78)}
5.03
4.73)
H160H17a [5.24] | [-48.8]
[4.67)
{{4.78}}
2.61
2.81)
H160H17b [2.62] [66.2]
{2.56}
{{2.56}}
1.13
(1.12) 96.0
HI6iH17i [1.01] [-102.0]
(1.11}
({1.11}}
8.16
(6.46) 219.0
H16iH170 [7.69] [141.5]
(6.11}
{{7.50}}
8.16
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(6.46) 219.0
H160H17i [7.69] [141.5]
{6.11}
{{7.50}}
10.54
(10.00) 346.0
H160H170 [10.77] [25.4]
{10.01}
{{10.66}}
12.67
(10.91) 188.0
H17aH18i [12.52] | [169.0]
{11.09}
{{12.32}}
5.14
(6.64) 314.0
H17aH180 [6.78] [+38.0]
{6.71}
{{6.71}}
9.48
(8.97) 213.0
H17bH18i [9.90] [149.0]
{9.23}
{{9.61}}
5.14
(5.85) 314.0
H17bH180 [6.10] [41.1]
{5.96}
{{6.00}}
12.64 2.42 2.64
(10.92) 188.0 (2.46) (2.62)
H17iH18a [12.42] [170.1] [2.69] [-66.2] [2.89] [-65.9]
{12.71} {2.55} {2.62}
{{12.52}} {{2.61}} {{2.67}}
1.87 12.77 13.13
(1.61) 69.0 (11.84) (11.73)
H17iH18b [1.78] [73.0] [12.82] [179.7] [12.71] | [179.3]
{1.31} {11.97} {1177}
{{1.61}} {{12.31}} {{12.21}}
1.59 436 4.81
(1.64) 71.0 (4.65) (4.83)
H170H18a [1.88] [-75.2] [5.09] [48.5] [5.28] [48.2]
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{141}
{{1.71}}

{4.74)
{{4.91})

{4.88)
{{5.11}}

H170H18b

5.26

(5.42)
[5.87]
{5.33}

{{5.61}}

315.0
[41.7]

3.24
(2.80)
[3.08]
{2.86)

{{2.91}}

[-65.6]

2.94
2.31)
[2.53]
[2.41}

{{2.41}}

[-66.6]

H17iH18i

1.17(5)
(1.51)
[1.58]
{1.58}

{{1.61}}

97.0
[73.8]

H17iH180

7.34(5)
6.21)
[6.39]
{6.29}

{{641}}

223.0
[137.3]

H170H18i

7.49(5)
6.21)
[6.39]
{6.29}

{{641}}

223.0
[137.3]

H170H180

11.38
(10.82)
[11.01]
{10.91}

{{10.91}}

[21.1]

H18iH19a

12.60
(10.49)
[12.35]
{11.56}

{{12.11}}

189.0
[169.6]

HI18iH19b

1.68
(1.37)
[1.47]
(1.42}

{{1.42}}

70.0
[75.6]

H180H19a

1.17
(1.55)
[1.63]
{1.61}

{{1.61}}

76.0
[74.6]
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5.38

H180H19b (5.81) 315.0
[5.92] [40.2]
{5.85}
{{5.91}}
“Jin
(1.34)
H2H6 [1.36]
{1.37}
{{1.36}}
(1.38)
H3H5 [1.44]
{1.47}
{{1.43}}
1.47
(Abs<1)
H13aH15a [Abs<1]
{ Abs<1}
{{ Abs<1}}
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Annex 11a. 'Jey of 7 (in Hz): experimental (this work), no brackets; and calculated values using B3LYP/ccJ-pVTZ, in parenthesis;
®B97X-D/cc]-pVTZ, in square brackets; B3ALYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly brackets. The

“a” superscripts represent experimental results measured at room temperature.
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9155.8 (143.1) (142.7) (125.1)

%131.1  *155.8 (153.1) 1258 [143.9] H H [143.7] [117.5]
(126.8)  (153.0) [145.1] (122.8) {145.6) v {145.4} {123.2}
[119.7] [145.0] H y {147.1} [116.4] {{135.1}} {{134.7}} :t|15b {{110.0}}

((136.1)) [1218) y
NI, (209 _ o

{125.9} {146.9}
{{112.1}} {{136-0}}\4

(122.0)

Hisp, (122.4) 2 Higo [116.5]

13b, ? g 1y, 16\\ 160

) A N A ) e
H {{108.3}} 147.0 {146.6} '
131 (13631 H(1362) ), e g7,

. . 6 Hi4a 4 w 17i 170
(126.8) ' 3)Hiei Higo (126.0) A" S (125.3)
[119.71 |4 ) 4126.2 (119.3] H S & [117.5]
{125.9} o (122.4) {125.3} M4b “ny {123'6}
{{112.0}} < [115.8] {11173} 1100

(124.6) 1121 4} Higa (122.7){{ oH
{[iggl} {{108.7}} [116.7]
6 i 0 =

Annex 11b. 1JCH of 16 and 30 (in Hz): experimental values (this work), no brackets; and calculated values using B3LYP/ccJ-pVTZ,
in parenthesis; ®B97X-D/ccJ-pVTZ, in square brackets; B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly
brackets. The “a” superscripts represent experimental results measured at 303K. The “a’ and “b” subscripts refer to protons pointing
out of the plane and inside the plane, respectively, whereas the “i’ and “0” subscripts refer to protons pointing inside and outside of

the aromatic rings, respectively.
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%155.6 1155.6

21257 b15% 4 (148.6) 41257 1253 (149.0)
®125.3 (38'53) [144.6] b1253 (120.3) [144.8]
(120.1) [116.1] H (151.2) (120.3) [115.9] g 1516}
[115.6] : {{135.6}} [115.7] {121.6} H {{135.8}}
. {121.5) ' {{108.6}}
{121.2} (g, {{108.6}} {121sy
{{10%2}} Py {{1083}}\' =13
B B 7 a1556 H13a z .,
2126.7 o220 16 4126.7 13 4556 167,
bﬁgg 14 136.5 ®126.5 ~ ®156.6 “,
sy 14 e LS
(1216} {120.4) {149.8) &
{{108.7}} bgg; {{108.8}} aj5 4 8 O\{{1343}} &
(12().3) 15 ®126.5 7 Q 10 18
' (123.2)
[117.6] (1174] |
{ﬁg'g} _ {121.5} 15
{{110.0}} cis-15 {{109.9}} trans-

Annex 1lc. 1JCH of 15 (in Hz): experimental values (this work), no brackets; and calculated values using B3LYP/ccJ-pVTZ, in
parenthesis; ®B97X-D/cc]-pVTZ, in square brackets; B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly
brackets. The “a” and “b” superscripts represent experimental results measured at 303 K and 210 K.} respectively. The chemical
shifts represented by “a” are averages of the cis and trans conformers at 303 K. The “a’ and “b” subscripts refer to protons pointing
out of the plane and inside the plane, respectively, whereas the “i’ and “0” subscripts refer to protons pointing inside and outside of

the aromatic rings, respectively.
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1254 41534 557 *126.4

(118.5) (146.3) (144.6)  (1188)
a125.4  [115.6] [144.1] 4 H[143.1] [116.3] 111296.11
(117.6) {120.9} {145.4} {144.1}  {122.0} ( )

({134, ZL} {{109.0}} [117.5]

[115.5] {{108.2}}{{135.2}} to0d JHigy {1226}

{120.8} Hisp 109.9}}
{{108.2}5"‘\3: —13 T (%Zg g) 16,,,,, U 72
a 17\ H [0)
(11%8 %) (144. 5) < [144.3] H17||III|| Ve \\\\1_1 E116 1])
[116.0],, N 14 [%ﬁ g]H H {145.1} {121.7}
{121 0) Hi40 Hyy {143.3} {{135. ﬂ 18 ({10838
((108.9)} {{134.0}} 18 -
24126.2 _
(119.7) (119.0)
[117.1] [117.4]
(122.4} {122.9}
{{109.5}} {{109.9}}

Annex 11d. 1JCH of 31 (in Hz): experimental values (this work), no brackets; and calculated values using B3LYP/ccJ-pVTZ, in
parenthesis; ®B97X-D/ccJ-pVTZ, in square brackets; B3ALYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly
brackets. The “a” superscripts represent experimental results measured at 303K. The “a’ and “b” subscripts refer to protons pointing
out of the plane and inside the plane, respectively, whereas the “i’ and “0” subscripts refer to protons pointing inside and outside of

the aromatic rings, respectively. The values of ljani and 1JC 18H18a are equal, and the same is also true for 1JCUHQ and 1JC 18Hb-
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2126.2 b155.1
®126.5 (146.1)
w72 (1163) [144.6]
b126.9 [116.8] g {157.0}
114.7) {124.6) {{136.9}}
165 ({109:4})
(120.6) H13b,?
((109-1)) 177,
140 ‘e,

®126.9 S
(116.5) H16b\ >
(11741 appgn
{126.1} = b1365
{{110.2}} (115.0)
[116.8]
{123.8}
{{108.9}}

(146.4)
(114.7) [144.5]
Has ) (1508)
(115.4) {{108. 7}} {{136.8}}
[116.3]
{122.3} Hwb/,,,’-
(H10s8)) 13 (144.9)
Hi4o Hyg [143.1]
{1496} h
{{135.6}}H
Hiso 11y, | N 151 N
\
1173 %16 8 9 20‘\\“\\\\\\
[117.3] 2
{{110.0}}(115.7) Hiev 11
[117.1]
{122.9} 32-Cy,
{{109.9}}

Annex 1le. 1JCH of 32-Cy, and 32-D, (in Hz): experimental values (this work), no brackets; and calculated values using

B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/cc]J-pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-

IV, in double curly brackets. The “a” and “b” superscripts represent experimental results measured at 303 K and 223 K,

respectively. The “a’ and “b” subscripts refer to protons pointing out of the plane and inside the plane, respectively, whereas the

(6’

and “0” subscripts refer to protons pointing inside and outside of the aromatic rings, respectively.
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Annex 12. "Jey of 7, 15, 16 and 30 - 32 for n > 1 (in Hz): Calculated values using B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/cc]-
pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-IV, in double curly brackets. The "Jcy values are given

only when the absolute value exceeds 1.0 Hz.

| 7 | 16 | 30 | v«ciss15 | wans-15 | 31 | 32-C,, | 32D,
2
J
(-5.5) (-4.9) (-4.7) (-5.9) (-4.1) (-5.8) (-5.1) (-4.9)
C1H13a [-5.9] [-5.7] [-4.5] [-6.5] [-4.3] [-6.4] [-5.5] [-5.4]
{-5.3} {-5.1}) {-3.8) {-5.8) {-4.1} {(-4.4) {-5.0} {-4.5)
{{-561} | {{-55}} | {{-4.2}} | {{-6.0}} {41} | {{-6.0}} {{-5:2}} {{-5.1}}
(-5.5) (-5.2) (-4.9) (-4.1) (-5.9) (-3.9) (-3.9) (-4.0)
CI1HI13b [-5.5] [-5.1] [-4.6] [-4.3] [-6.5] [-4.4] [-4.3] [-4.4]
{-5.3} {-5.0} {(-4.8) {-4.1}) {-5.8} {-3.9} {-3.8) {-3.7}
(=551 | (5.1} | ({470 | {{-42}} {{-62}} | {{-4.1}} {{-4.0}} {{-4.1}}
(-5.5) (-5.9) (-3.9)
C4H15a [-5.9] [-6.6] [-3.9] - -
{-5.3} {-5.8} {-3.3)
{{-5.8}} {{-6.0}} | {{-3.9}}
(-5.5) (-3.9) (-5.0)
C4H15b [-5.5] [-4.4] [-4.9] - -
{-5.3} {-3.7} {-4.6)
{{-5.5}} {{-4.0}} | {{-4.8}}
(-5.9) (-4.1) (-3.9)
C4H16a - [-6.5] [-4.3] [-4.4]
{-5.8) {-4.1) {-3.7)
{{-6.1}} {{-4.2}} {{-3.9}}
(-4.1) (-5.9) (-5.0)
C4H16b - [-4.3] [-6.5] [-5.4]
{-4.1}) {-5.8} {(-4.2}
{{-4.2}} {{-62}} | {{-5.2}}
(-5.9) (-4.1) (-5.7)
C7HI15a - [-6.5] [-4.3] [-6.3]
{-5.8) {-4.1} {-4.3}
{{-6.2}} ({42} | {{-6.1}}
(-4.1) (-5.9) (-4.0)
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C7HI5b [-4.3] [-6.5] [4.4]
[4.1) {-5.8) [-4.0}
{{-4.1}} {{-6.2}} {{-42}}
(-5.0)
C10H19a [-5.4]
[(-4.2}
{{-5.3}}
(:3.9)
C10H19b [-4.4]
{37}
{{-4.2}}
(:3.3) (-2.9) (:3.3)
Cl13H14a [-3.4] [-2.9] [-3.5]
[-2.9) [-2.7) (-2.7)
{{-3.3}} {{-2.8}} | {{-3.3}}
(-3.3) (-2.9) (-2.9)
C13H14b [-3.6] [-3.4] [-2.6]
[-2.9) [-2.8) [-2.6)
{{-3.5}} {{-29}} | {{-2.6}}
(-3.4) (2.7) (3.2) (-4.0) (2.7)
CI3H14i [-3.7] [-2.9] [-3.7] [-4.4] [-4.0]
{-3.5) (-2.8) {-2.9) {-3.5) [-2.9)
{{-3.6}} {{-2.9}} {{-3.5}} {{-4.3}} {{-3.8}}
(2.7) (:3.4) (:2.6) (-2.4) (-4.0)
C13Hl140 [-2.9] [-3.7] [-2.9] [-2.8] [-4.4]
[-2.8) {-3.5) [-2.5) [(-2.1) {-3.5)
{{-2.9}} {{-3.5}} {{-2.9}} {{-2.6}} {{-4.2}}
(:3.3) (-2.9) (:3.3) (-3.8) (:3.7) (2.7) (-3.3) (:3.2)
Cl4H13a [-3.4] [-3.4] [-3.5] [-4.1] [-4.0] [-2.9] [-3.7] [-3.6]
{-2.9) [-2.8) (2.7} {-3.9) [-3.6) [-2.6) {-3.0) {-3.0)
{{-3.3}} {{-33}} [ {{-3.3}} {{-3.9}} {{-3.8}} {{-2.9}} {{-3.5}} {{-3.4}}
(-3.3) (-2.9) (-2.9) (-3.7) (:3.8) (:3.6) (-3.8) (-3.8)
C14H13b [-3.6] [-2.9] [-2.6] [-4.0] [-4.1] [-4.1] [-4.2] [-4.2]
[-2.9) [-2.7) [-2.6) {-3.6) {-3.9) {-3.3) {-3.6) [-3.4)
{{-3.4}} {{-29}} [ {{-2.6}} {{-3.8}} {{-3.9}} {{-3.8}} {{-3.9}} {{-3.8}}
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(-3.4) (:3.4) (:3.6)
Cl14H15a [-3.7] [-3.7] [-4.0]
{-3.5) {-3.5) (-3.4)
{{-3.5}} {{-3.6}} {{-3.8}}
(2.7) (2.7) (:3.5)
C14H15b [-2.9] [-2.9] [-3.9]
[-2.8) (-2.8) (-3.2)
{{-2.8}} {{-2.9}} {{-3.8}}
(2.7) (-3.6)
C14H15i [-2.8] [-2.8]
[-2.7) [-2.9)
{{-2.7}} {{-2.8}}
(-3.6) (2.7)
C14H150 [-2.8] [-2.8]
[-2.9) (2.7}
{{-2.8}} {{-2.7}}
2.7) (:3.4) (3.2) (-3.6) 2.7)
C15H14i [-2.9] [-3.7] [-3.6] [-2.8] [-2.8]
[-2.8) {-3.5) {-2.9) {-2.9) (2.7}
{{-2.8}} {{-3.5}} {{-3.5}} {{-2.8}} {{-2.7}}
(3.4) (2.7) (2.7) (2.7) (-3.6)
C15H140 [-3.7] [-2.9] [-3.0] [-2.8] [-2.8]
{-3.5) [-2.8) [-2.6) [-2.7) [-2.9)
{{-3.6}} {{-2.8}} {{-2.9}} {{-2.7}} {{-2.8}}
(3.1) (4.1
CI5HI16i [-3.7] [-3.4]
{-3.7) (-3.6)
{{-3.5}} | {{-3.5}}
(-2.8) (-2.3)
C15H160 [-2.9] [-2.9]
[-2.9) (2.2
{{-29}} | {{-2.6}}
(-3.3) (:3.3) (-3.8)
Cl6H15a [-3.6] [-3.9] [-3.6]
{-2.9) (-3.4) (-3.4)
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{{-3.4}} {{-34}} [ {{-34}}
(-3.3) (:3.6) (-3.0)
C16H15b [-3.4] [-3.9] [-2.9]
{-2.9) {-3.5) {-2.8)
{{-3.3}} {{-3.7}} [ {{-2.9}}
(-2.8)
Cl6H17a [-2.9]
[-2.9)
{{-2.9}}
(:3.1)
C16H17b [-3.7]
{-3.7)
{{-3.7}}
(-2.4) (-3.4) (:3.4) (-4.0)
CI6H17i [-2.7] [-3.7] [-3.7] [-4.4]
{-1.9) {-3.5) {-3.5) (-3.5)
{{-2.5}} {{-3.6}} {{-3.6}} {{-4.1}}
(-3.6) (2.7) (2.7) (2.4)
C16H170 [-3.1] [-2.9] [-2.9] [-2.8]
(-2.8) [-2.8) (-2.8) (2.2
{{-2.9}} {{-2.9}} {{-2.9}} {{-2.6}}
(:3.8)
C17H16a [-4.2]
[(-3.4)
{{-3.9}}
(3.1)
C17H16b [-3.7]
{-2.9}
{{-3.5}}
(:3.5) (2.4) (-4.0)
C17H18i [-4.0] [-2.8] [-4.4]
(2.7} [(-2.1) {-3.5)
{{-3.8}} {{-2.6}} {{-4.0}}
(:2.5) (-4.0) (2.7)
C17H180 [-2.8] [-4.4] [-4.0]
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(2.0} {35 (2.3
{{-2.7}} {{-4.1}} {{-3.5}}
(:3.5)
CI8HI7i [-3.9]
(-2.7)
{{-3.6}}
(:2.6)
CI8H170 [-2.8]
{-2.0)
{{-2.7}}
(2.4 (-4.0)
CI8H17a [-2.8] [-4.4]
(2.1} {-3.5)
{{-2.4}} {{-3.6}}
(-4.0) (-2.3)
CI18H17b [-4.4] [-2.7]
{-3.5) [-2.2)
{{-4.1}} {{-2.5}}
(3.2)
C18H19a [-3.6]
{-3.0}
{{-3.3}}
(:3.8)
C18H19b [-4.2]
(-3.3)
{{-3.9}}
(-3.6) (2.7)
CI8HI19i [-2.8] [-2.8]
[-2.9) [-2.7)
{{-2.9}} {{-2.8}}
(2.7) (-3.6)
C18H190 [-2.8] [-2.8]
[-2.7) [-2.9)
{{-2.8}} {{-2.9}}
(-4.1) (2.7) (:3.6)
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C19H18i [-4.4] [-2.8] [-2.8]
{(-3.6} {(-2.7} {-2.9}
{{-4.2}} {{-2.8}} {{-2.9}}
(-2.4) (-3.6) (-2.7)
C19H180 [-2.8] [-2.8] [-2.8]
{-2.2} {-2.9} {(-2.7}
{{-2.6})} {{-2.9}} {{-2.8}}
°J
(7.2) (6.9) (6.8) (6.8) (6.9) (6.6) (6.5) (6.6)
C1H3 [7.7] [7.5] [7.7] [7.3] [7.5] [7.3] [7.1] [7.2]
(7.7} (7.2} (7.0} (6.8} (6.9} (6.8} (6.8} (6.9}
{{7.7}} {{7.3}} {{7.5}) {{7.2}} {{7.3}} {{7.1}} {{7.0}} {{7.1}}
(7.2) (7.0) 6.7) (6.9) (6.8) (6.5) (6.6) (6.4)
C1H5 [7.7] [7.6] [7.6] [7.5] [7.3] [7.3] [7.1] [7.1]
(7.7} (7.2} (6.9} (6.9} (6.8} (6.8} (6.8} (6.7}
{{7.7}} {{7.1}} {{7.2}} {{7.4}) {{7.1}} {{7.1}} {{6.9})} {{6.9})}
4.1) (2.0) (5.6)
ClH14a [4.4] [2.1] [6.0]
(2.2} (2.0} (5.5}
{{3.9}} {{2.0}} {{5.8}}
4.1 (2.0) (3.7)
C1H14b [4.4] [2.2] [3.2]
(2.2} (2.0} (4.4}
{{4.2}} {{2.1}} {{3.9}}
(2.4) (8.5) (2.9) (7.6) 4.2)
C1H14i [2.6] [9.1] [2.4] [8.4] [4.4]
(2.4} (8.5} {2.6} (7.2} (3.6}
{{2.5}} {{8.9}} {{2.5}} {{8.0}} {{4.2}}
(8.5) (2.4) (8.3) (4.8) (7.8)
ClHl140 [9.1] [2.6] [9.2] [4.9] [8.4]
{8.5) (2.4} (8.2} (4.2} (7.4}
{{8.9}} {{2.5}} {{8.6}} {{4.6}} {{7.9}}
6.7) (6.3) 6.1) (6.5) (6.5) 6.1) (6.2) 6.1)
C2H6 [7.2] [6.6] [7.0] [7.0] [7.0] [7.0] [6.5] [6.7]
(7.0} (6.4} (6.3} (6.6} (6.6} (6.4} (6.4} (6.3}
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{{7.2}} {{6.6}} {{6.6}} {{6.7}} {{6.8}} {{6.8}} {{6.6}} {{6.3}}
(6.3) (7.0) (72) 4.2) (5.7) 2.7) (6.3) (5.6)
C2H13a [6.8] [7.5] [7.2] [4.6] [6.2] [4.0] [6.8] [5.9]
(7.7} (7.0} (7.3} (4.2} {5.7) {2.0) [6.4) {5.5)
{{7.3}} {{7.1}} {{7.2}} {{43}} {{5.9}} {{3.5}} {{6.3}} {{5.7}}
(5.4) @.7) (3.0) (5.7) 42) 6.1) (4.4) (4.7)
C2H13b [5.8] [4.7] [2.9] [6.2] [4.6] [6.3] [4.9] [5.0]
(4.8 [4.2) [2.4) (5.7} [4.2) [6.3) (3.9} [4.4)
{{5.0}} {{4.6}} {{2.9}} {{6.0}} {{4.3}} {{6.3}} {{45}} {{49}}
(6.4) (6.5) 6.1) (6.5) (6.5) 6.1) (6.2) (6.1)
C3H5 [6.9] [6.9] [7.0] [7.0] [7.0] [6.7] [6.5] 16.7]
{7.0) (6.6) (6.3) [6.6) (6.6) (6.4) [6.4) (6.3)
{{6.9}} {{6.6}} {{6.5}} {{6.5}} {{6.7}} {{6.6}} {{6.5}} {{6.4}}
(7.6) (4.6) 6.4)
C3H15a 8.1] [4.9] [6.3]
(7.7 (4.3) [6.4)
{{7.8}} {{4.7}} {{6.3}}
(3.5) (5.7) @.1)
C3H15b [3.9] [6.2] [4.2]
[4.8) (5.6) {3.6)
{{3.8}} {{5.9}} {{4.0}}
(4.2) (5.7) (6.3)
C3H16a [4.6] [6.2] [6.8]
(4.2} {5.7) [6.4)
{{42}} {{5.9}} {{6.5}}
(5.7) (4.2) (4.2)
C3H16b [6.2] [4.6] [4.7]
(5.7} [4.2) {3.8)
{{59}} {{4.3}} {{4.6}}
(4.4) (6.2)
C3H17a [4.9] [6.7]
(3.9} (6.3}
{{4.6}} {{64}}
(6.3) (4.3)
C3H17b [6.8] [4.7]
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[6.4) (3.9}
{{6.3}} {{4.5}}
(7.2) (6.9) (6.6) (6.8) (6.8) (6.5) (6.5) (6.4)
C4H2 [7.7] [7.0] [7.4] [7.3] [7.3] [7.2] [7.1] [7.1]
[7.7} (6.9} {7.0} (6.8} (6.8} (6.7} (6.8} (6.7}
{{7.7}} {{7.0}} {{7.2}} {{7.1}} {{7.1}} {{7.1}} {{7.0}} {{7.0}}
(72) (6.8) 6.7) (6.9) (6.9) (6.6) (6.5) (6.6)
C4H6 [7.7] [7.5] [7.6] [7.5] [7.5] [7.3] [7.1] [7.2]
(7.7} (7.0} {7.0} (6.9} (6.9} (6.9} (6.8} (6.9}
{{7.7}} {{7.2}} {{7.3}} {{7.3}} {{7.3}} {{7.2}} {{6.9}} {{6.8}}
(2.2) (4.0)
C4H16i [2.5] [3.2]
2.1} (3.4}
{{2.3}} {{3.3}}
(8.6) (8.1)
C4H160 [8.5] 8.8]
(8.6} (7.7}
{{8.4}} {{8.0}}
2.4) (8.5) 4.3)
C4H17i [2.6] [9.1] [4.4]
(2.4} (8.5 {3.7)
{{2.5}} {{8.8}} {{3.9}}
(8.5) 2.4) (8.0)
C4H170 [9.1] [2.6] [8.6]
(8.5} (2.4} (7.6}
{{8.8}} {{2.5}} {{7.9}}
(4.8) (4.2)
C4H18i [4.9] [4.4]
[4.5) (3.6}
{{4.7}} {{3.9}}
(4.8) (4.8)
C4H180 [4.9] [4.9]
[4.5) [4.8)
{{4.9}} {{4.9}}
(6.7) (6.4) (6.2) (6.5) (6.5) (6.2) (6.2) (6.1)
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C5H3 [7.2] [7.2] [7.3] [7.0] [7.0] [6.3] [6.5] [6.7]
{7.0} {6.6} {6.3} {6.6} {6.6} {6.5} {6.4} {6.3}
{{7.0}} t{6.8}} | {{7.0}} {{6.8}} {{6.8}} {{6.5}} {{6.4}} {{6.5}]
(7.6) (2.5) (4.5)
C5Hl15a [8.1] [2.9] [5.0]
{7.7} {2.3} {4.3}
{1{7.9}} ({2.8}} | {{4.8}}
(3.5) (6.3) (5.9)
C5HI15b [3.9] [6.8] [5.3]
{4.8} {6.5} {5.8}
{{4.2}} {{6.6}} | {{5.6}}
(2.6) (6.4) (4.6)
C5H16a [2.9] [6.8] [5.0]
{2.6} {6.4} {4.4}
{{2.8}} {{6.5}} {{49}}
(6.4) (2.6) (5.6)
C5H16b [6.8] [2.9] [6.0]
(6.4} {2.6} {5.4}
{{6.6}} {27} {{5.8}}
(4.8) (4.7)
C5H17a [5.0] [5.0]
{4.5} (4.4}
{{49}} {{4.9}}
(5.4) (5.6)
C5H17b [6.8] [5.9]
{5.2} {5.5}
{{6.4}} {{5.9}}
(6.7) (6.3) (6.4) (6.5) (6.5) (6.2) (6.2) (6.1)
C6H2 [7.2] [6.6] [7.6] [7.0] [7.0] [6.6] [6.5] [6.7]
{7.0} {6.4} {6.6} {6.6} {6.6} {6.4} {6.4} {6.3}
{{7.0}} {{6.5}} | {{6.9}} {{6.7}} {{6.7}} {{6.5}} {{6.4}} {{6.5}}
(6.3) (7.0) (5.8) (5.7) (5.7) (4.0) (6.2) (4.3)
C6H13a [6.8] [7.5] [6.0] [6.2] [6.2] [2.8] [6.7] [4.7]
{7.7} {7.0} {5.6} {5.7} {5.7} {3.5} {6.3} {3.9}
H7.2}} (7.3 | ({59} {{5.9}} {{5.9}} {{3.8}} {{6.6}} {{4.6}}
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(5.4) @.7) (72) 4.2) 42) (6.2) (4.3) (6.2)
C6H13b [5.8] [4.7] [7.2] [4.6] [4.6] [6.7] [4.7] 16.7]
[4.8) (4.2} {7.3) (4.2} (4.2} (6.3) {3.9) (6.3)
{{5.2}} {{4.5}} {{7.2}} {{4.5}} {{4.5}} {{6.6}} {{4.5}} {{6.5}}
(7.2) (7.0) 6.7) (6.8) (6.8) (6.4) (6.6) (6.4)
C7H9 [7.7] [7.6] [7.6] [7.3] [7.3] [7.2] [7.1] [7.1]
(7.7 (7.2} (6.9) (6.8) (6.8) (6.7) (6.8) (6.7)
{{7.7}} {{7.3}} {{7.3}} {{7.0}} {{6.9}} {{7.0}} {{6.9}} {{6.9}}
(7.2) (6.9) (6.8) (6.9) (6.9) (6.6) (6.6) (6.4)
C7H11 [7.7] [7.5] [7.7] [7.5] [7.5] [7.2] [7.1] [7.1]
(7.7 (7.2} {7.0) (6.9) (6.9) (6.9) (6.8) (6.7)
{{7.7}} {{7.4}} {{7.4}} {{7.2}} {{7.0}} {{7.0}} {{7.0}} {{7.0}}
.1) (2.0) (3.7)
C7H13a [4.4] [2.1] [3.2]
(2.2} {2.0} (4.4
{{42}} {{2.0}} {{3.3}}
.1) (2.0) (5.6)
C7H13b [4.4] [2.2] [6.0]
(2.2} {2.0) (5.5}
{{3.9}} {{2.0}} {{59}}
(2.4) (8.5) 2.2)
C7H14i [2.6] [9.1] [3.1]
(2.4} (8.5) {2.0)
{{2.5}} {{8.9}} {{2.8}}
(8.5) 2.4) (8.7)
C7Hl140 [9.1] [2.6] [8.9]
(8.5) (2.4) (8.5)
{{8.8}} {{2.5}} {{8.8}}
(6.7) (6.3) 6.1) (6.5) (6.5) (5.9) (6.2) (6.0)
CSHI2 [7.2] 6.6] [7.0] [7.0] [7.0] [6.8] [6.5] 6.6]
{7.0) (6.4) (6.3) [6.6) (6.6) (6.2} [6.4) (6.3)
{{6.9}} {{6.5}} {{6.6}} {{6.7}} {{6.7}} {{6.4}} {{6.3}} {{6.4}}
4.2) (5.7) (2.6)
C8H15a [4.6] [6.2] [4.5]
[4.2) (5.7) (2.0}
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{{4.2}} {{5.9}} {{3.8}}
(5.7) (4.2) (6.2)
C8H15b [6.2] [4.6] [6.1]
{5.7} {4.2} {6.4}
{{5.9}} {{4.4}}) {{6.2}}
(6.4) (6.5) (6.1) (6.5) (6.5) (6.1) (6.2) (6.1)
C9HI1 [6.9] [6.9] [7.0] [7.0] [7.0] [6.7] [6.5] [6.7]
{7.0} {6.6} {6.3} {6.6} {6.6} {6.3} {6.4} {6.3}
{{7.0}} {{6.8}} | {{6.6}} {{6.7}} {{6.8}} {{6.6}} {{6.3}} {{6.4}}
(5.4)
C9H19a [6.2]
{5.2}
{{6.0}}
(4.8)
C9H19b [4.9]
{4.5}
{{4.8}}
(7.2) (6.8) (6.7) (6.8) (6.8) (6.6) (6.6) (6.4)
C10H8 [7.7] [7.4] [7.5] [7.3] [7.3] [7.2] [7.1] [7.1]
{7.7} {7.1} {6.9} {6.8} {6.8} {6.9} {6.8} {6.7}
7.7} {73y | {7.2}} H7.2}} {72} 7.1} {{6.9}} {{6.9}}
(7.2) (6.9) (6.6) (6.9) (6.9) (6.5) (6.6) (6.4)
CI0HI2 [7.7] [7.0] [7.4] [7.5] [7.5] [7. 3] [7.1] [7.1]
{7.7} {6.9} {7.0} {6.9} {6.9} {6.8} {6.8} {6.7}
H7.7}) ({691} | {{7.1}} H7.1}) (7.1} (7.1} {{6.9}} {{6.9}}
(4.2)
CI0HI18i [4.5]
{3.7}
{{4.3}}
(8.0)
C10H180 [8.5]
{7.6}
{{8.0}}
(6.6)
C10H16i [6.9]

S53






(6.8)

{{6.9}}
(8.6)
C10H160 8.9]
(8.6)
{{8.9}}
(6.7) (6.2) 6.1) (6.3) (6.3) 6.1) (6.2) (6.0)
CI1H9 [7.2] [6.8] [6.4] [6.8] [6.7] [6.8] [6.5] 6.6]
{7.0) (6.3) (6.1} (6.3) (6.5) (6.3) [6.4) (6.3)
{{7.2}} {{6.6}} {{6.1}} {{6.6}} {{6.6}} {{6.6}} {{6.4}} {{6.5}}
4.1)
Cl11H19a [4.8]
{3.6)
{{4.7}}
(6.3)
C11H19 [6.7]
[6.4)
{{6.6}}
(7.4)
Cl1H17a [7.5]
(7.4
{{7.5}}
(6.3)
CI11H17b 6.5]
(6.5)
{{6.5}}
(6.7) (6.3) (6.4) (6.3) 6.4) 6.4) (6.2) (6.1)
CI2H8 [7.2] 6.6] [7.6] [6.8] [6.8] [6.7] [6.5] 16.7]
{7.0) (6.4) [6.6) (6.3) (6.5) (6.6) [6.4) (6.3)
{{7.0}} {{6.6}} {{7.2}} {{6.5}} {{6.6}} {{6.6}} {{6.4}} {{6.6}}
(2.6) (6.4) 4.0)
CI2H15a [2.9] [6.8] [3.2]
[2.6) (6.4) (3.5)
{{2.8}} {{6.6}} {{3.8}}
(6.4) (2.6) (6.0)
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CI2H15b [6.8] [2.9] [6.8]
(6.4} [2.6) {5.8)
{{6.6}} {{2.8}} {{6.6}}
(4.3) (42) @.1) (4.8) (4.8) (4.8) (4.3) (3.8)
CI3H2 [4.7] [4.5] [4.2] [5.2] [5.2] [5.1] [4.1] [4.0]
(4.1} {4.0) [4.0) [4.8) [4.8) {4.9) [4.3) (3.9}
{{45}} {{4.2}} {{4.0}} {{4.3}} {{5.0}} {{5.0}} {{4.1}} {{3.9}}
(4.3) (4.3) 42) (3.8) (3.8) (3.8) (3.9) 4.2)
CI13H6 [4.2] [4.3] [4.3] [4.1] [4.1] [4.2] [4.6] [4.5]
[4.1) [4.1) {4.0} (3.8} {3.8) {3.9) [4.0) [4.3)
{{4.1}} {{4.1}} {{4.0}} {{3.9}} {{3.9}} {{3.9}} {{42}} {{43}}
(8.9) (3.0) 9.1)
C13H15a [9.6] [3.2] [9.5]
(8.9) (3.0} (8.8)
{{9.0}} {{3.1}} {{9.3}}
(3.0) (8.9) (2.9)
CI13H15b 13.2] [9.6] [3.8]
(3.0 (8.9) (2.5)
{{3.1}} {{9.0}} {{3.3}}
(6.2) (5.5)
CI13H15i [7.2] [6.1]
{5.9) (5.2}
{{6.8}} {{5.8}}
(5.5) (6.2)
C13H150 [6.1] [7.2]
(5.2} (5.9}
{{5.3}} {{6.5}}
(5.2) (4.4)
Cl4H16a [5.5] [4.8]
[4.8) [4.0)
{{54}} {{4.6}}
(8.5) (8.4)
C14H16b [9.5] [9.2]
(8.3} (8.3}
{{9.0}} {{8.9}}
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(4.3) (3.2) @.1)
C15H3 [4.7] [4.1] [5.7]
[4.1) (3.3) {4.1)
{{4.5}} {{3.8}} {{4.9}}
(4.3) (3.8) (3.8)
CI5H5 [4.7] [4.2] [5.5]
[4.1) (3.8) {3.9)
{{4.5}} {{3.9}} {{5.0}}
(8.9) (3.0) (8.9) (5.2) (4.4)
C15H13a [9.6] [3.2] [9.8] [5.5] [4.8]
(8.9) (3.0} (8.6) [4.8) [4.0)
{{9.0}} {{3.1}} {{9.0}} {{5.0}} {{4.5}}
(3.0) (8.9) (3.6) (8.5) (8.4)
CI15H13b [3.2] [9.6] [3.1] [9.5] [9.2]
(3.0} (8.9} {3.2) (8.3} (8.3}
{{3.1}} {{9.0}} {{3.1}} {{9.0}} {{8.9}}
(4.8) (4.8) 4.8)
CI15HS [5.2] [5.2] [5.1]
[4.8) [4.8) {4.9)
{{5.0}} {{5.0}} {{5.0}}
(3.8) (3.8) (3.8)
CI5HI2 [4.1] [4.4] [4.1]
(3.8} {3.9) {3.9)
{{4.0}} {{4.2}} {{3.9}}
(8.9)
C15H17a [9.5]
(8.6)
{{9.0}}
(2.6)
CI5H17b [2.9]
(2.8)
{{2.9}}
@.7)
C17H9 [5.1]
{4.8)

S56






{{4.9}}

(8.6)
C16H18a [9.4]
(8.4}
{{9.0}}
@1
C16H18b [4.0]
(3.7}
{{3.9}}
(6.6)
C16HI18i [7.1]
(6.4}
{{6.8}}
(3.8)
C16H180 [4.0]
{4.0}
{{3.9}}
(9.0)
C17H19a [9.5]
(8.8}
{{9.0}}
(4.4)
C17H19b [4.9]
{4.0}
({4.6})
(5.5) (5.5)
C17H19i [6.1] [6.1]
(5.2} (5.2}
{{5.8}} {{5.8}}
(6.2) (6.2)
C17H19% [7.2] [7.2]
(5.9} (5.9}
{{6.8}} {{6.8}}
(4.4)
C18HI16a [4.7]
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{4.0}
{{4.5}}

C18H16b

(8.9)
[9.6]
(8.7)

{{9.2}}

C19H9

(3.8)
[4.1]
{4.0}

{{4.0}}

CI19H11

(4.2)

[4.5]

{42}
{{4.3}}
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[45.2] 2571 a57 1
{45.9} (60.2) (61.2) (60.2)
{{41.7}} [57.8] [583] [56.9]
{59.3} {60.9} {59.3}
((543})((547}) 11534))

7

Annex 13a. 1JCC of 7 (in Hz): experimental values (this work), no brackets; and calculated values using B3LYP/ccJ-pVTZ, in
parenthesis; ®B97X-D/cc]-pVTZ, in square brackets; B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly

brackets. The “a” superscripts represent experimental results measured at room temperature.
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63.3
([g‘ég)] [583] (64.2)
©0.1) (€01 (60,1 2.7 (633) | (64.0}
w3 B3 @ 0 B SIS
{[22‘98% {{{23;99}}}{{539}}{{545}}{452} {{41.0}} {{39.5}} [310]
{{41.4}} {{39.5}} (33.8) 7 {32.7}
[33.2] (31.9) 4.0 Do ([22-2 ,{{28 1}}
{34.7} ' [57.9] . . “
o7l (3 1%60) eere \ [33?'16]} (648} 3031 (638 161 1550)
(31.0) (638)  [58.4] ((27.3}) ((sa4)) [44] (15300 (36.8)
{{26.9}} (153.4)) (o04) ((53.5)) 17Q((32.0}}

8}}

Annex 13b. 1JCC of 16 and 30 (in Hz): calculated values using B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/ccJ-pVTZ, in square
brackets; B3LYP/Huz-1V, in curly brackets; and ®«B97X-D/Huz-IV, in double curly brackets.
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A .

(333) 440 A

{{30.0}} (40.6) 258 ONGI2 1
[4271 (50.9) “(56.3)

{43.7} [56.7]

{{39.4)}(58.5) D88l (43.6) (50.7)  (56.2)
{60.9} 39011 [57.2]  [57.9]

5334 1553y 399N 870 (607)
({53.7)1{{54.4}}

cis-15 trans-15

Annex 13c. 1JCC of 15 (in Hz): experimental values (this work), no brackets; and calculated values using B3LYP/ccJ-pVTZ, in
parenthesis; ®B97X-D/cc]-pVTZ, in square brackets; B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly

brackets. The “a” superscripts represent experimental results measured at 210 K.*
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263.6 (643)  Sl4
(68.0) 5721 (©7.8)

[57.6]  {64.5) {[ggg]} 25'57;)
46 {65.6} ({53.7}} (533 30.8]
(29.9) {{53.7} ' (32.6}
[32.7]
(34.5) ’///,,,,{ {28'0(;}2 5
{{29.8}} : :
[57.2] [65254] {[ggi]} 17 /{[ggg]}
{63.8} b : :
(s341) (Soeyy (530) 1) ((314))

[42.5] [42.8]
{45.0} {44.8)
2 )
{{39.2}} 31 {{39.5}}

Annex 13d. 1JCC of 31 (in Hz): experimental values (this work), no brackets; and calculated values using B3LYP/ccJ-pVTZ, in
parenthesis; ®B97X-D/ccJ-pVTZ, in square brackets; B3ALYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly

brackets. The “a” superscripts represent experimental results measured at 303 K.
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369
g (@64 (B
b32.9 43.8 [56.5] {62.7}
325 (345) 1g08) (62
(243) (4271 5301y L55.1})

b :1 .

(67.8) (64.1)
[57.3] [56.4]
(24.9)  G46) (594} (58.8)
[30.9] {[jégl} {{54.3}} {{53.4}}

{{27.9}) t{40.1})

(29.4)
[34.3]

Annex 13e. 1JCC of 32-D; and 32-C,;, (in Hz): experimental values (this work), no brackets; and calculated values using B3LYP/ccJ-

pVTZ, in parenthesis; ®B97X-D/cc]J-pVTZ, in square brackets; B3LYP/Huz-IV, in curly brackets; and ®B97X-D/Huz-1V, in

double curly brackets. The “a” and “b” superscripts represent experimental results measured at 303 K and 223 K, respectively.
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Annex 14. "Jcc of 7, 15, 16 and 30 - 32 for n > 1 (in Hz): Calculated values using B3LYP/ccJ-pVTZ, in parenthesis; ®B97X-D/ccJ-pVTZ,
in square brackets; B3LYP/Huz-1V, in curly brackets; and ®B97X-D/Huz-1V, in double curly brackets. The "Jc values are given only when
the absolute value exceeds 1.0 Hz.

7] 16 30 | trans-15 | cis-15 | 31 | 32-Cy | 32-D;
J
(-1.9) (-2.1) (-1.9) (-1.6) (-1.6) (-1.6) (-1.7) (-1.9)
C1C3 [-2.1] [-1.8] [-1.9] [-1.9] [-1.9] [-1.7] [-1.7] [-1.7]
{(-2.2} {-2.0} {-1.8) {(-1.7} {-1.7} {-1.6} {-1.7} {-1.6}
{({-213} | {{-2.0}} | {{-1.9}} | {{-1.8}} | {{-1.8}} | {{-1.6}} | ({{-1.7}} {{-1.7}}
(-1.9) (-2.1) (-1.7) (-1.5) (-1.5) (-1.6) (-1.6) (-1.7)
C1C5 [-2.3] [-1.9] [-1.8] [-1.8] [-1.8] [-1.7] [-1.6] [-1.6]
{(-2.2} {-2.1} {-1.7} {(-1.7} {-1.7} {(-1.7} {-1.6} {-1.9}
{{-213} | {{-2.0}} | {{-1.7}} | {{-1.8}} | {{-1.8}} | {{-1.7}} | ({{-1.6}} {{-1.8}}
(-2.4) (-2.0) (-2.2) (-1.9) (-2.0) (-2.1) (-2.2) (-1.9)
CICl14 [-2.7] [-1.7] [-2.2] [-2.1] [-2.1] [-2.0] [-2.1] [-2.2]
{-2.5) {-2.5) {-2.3}) {-1.9} {-2.0} {-1.6} {-1.9} {-2.1}
{{-26}} | {{-2.0}} | {{-2.2}} | {{-2.0}} | {{-2.1}} | {{-2.0}} | ({{-2.1}} {{-2.2}}
(-1.9) (-1.9) (-1.7) (-1.5) (-1.6) (-1.6) (-1.7) (-1.7)
C2C4 [-2.1] [-1.7] [-1.7] [-1.8] [-1.9] [-1.7] [-1.7] [-1.6]
{(-2.2} {-1.9} {-1.7} {(-1.7} {-1.7} {(-1.7} {-1.7} {-1.9}
(=213} | ({-1.8}} | {({-1.73} | {{-1.8}} | {{-1.8}} | {{-1.7}} | ({{-1.7}} {{-1.7}}
(2.5) (2.3) (2.4) (3.9) (3.8) (3.0) 2.7) (2.8)
C2C13 [3.1] [2.5] [2.8] [4.0] [3.9] [4.0] [3.1] [3.1]
(2.6} (2.9} {2.5) (3.9} (3.8} {2.9)} (3.1} (2.7}
{{3.0}} | {{2.6}} {{2.7}} {{40}} | {{3.9}} | {{4.0}} {{3.1}} {{3.1}}
(2.5) (2.9) (3.2)
C3C15 [2.5] [2.9] [3.6]
(2.6} (3.2} {3.3)
{{2.5}} | {{2.9}} {{3.5}}
(3.2) (3.8) (3.2)
C3Cl16 [3.3] [3.9] [3.6]
(3.2} (3.8} {3.1}
{331} | {{3.9}} | ({{3.4}}
(-1.9) (-1.9) (-1.9) (-1.5) (-1.5) (-1.8) (-1.6) (-1.9)
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C4C6 [-2.1] [-1.8] [-1.9] [-1.8] [-1.8] [-1.8] [-1.6] [-1.7]
(2.2} {-1.9} [-1.8) {-1.7} {-1.7) {-1.8} {-1.6) {-1.6}
({-2.1}} | {{-1.8}} {{-1.9}} {({-1.8}} | {{-1.8}} | {{-1.8}} {{-1.6}} {-1.7}}
(-2.4) (-2.3) (-2.3)
C4Cl16 [-2.7] [-2.4] [-2.2]
{-2.5) 2.3} (2.1}
{{-2.6}} | {{-24}} {{-2.2}}
-1.9) (-2.0) (-2.3)
C4C17 [-2.1] [-2.1] [-2.2]
{-1.9} {-2.0) {-1.9}
{{-20}} | {{-2.0}} | {{-2.2}}
2.5) (3.4) (2.5)
C5CI15 [2.5] [3.5] [2.9]
[2.6) {3.9) (2.7}
{{2.5}} {{3.6}} {{2.3}}
(3.7) (3.2) (2.6)
C5C16 [3.8] [3.3] [3.0]
(3.7} {3.2) (2.7}
{{3.3}} {{3.3}} {{29}}
2.5) 2.3) (2.8) (3.7) (3.8) (3.4) (3.2) (3.3)
C6C13 [3.1] [2.5] [3.4] [3.8] [3.9] [3.6] [3.6] [3.7]
[2.6) {2.9) [2.8) (3.7} {3.8) (3.5} {3.5) (3.1}
{{3.0}} {{2.6}} {{3.2}} {{3.3}} {{3.8}} {{3.5}} {{3.5}} {{3.6}}
(-1.9) (-1.9) 1.7) -1.5) (-1.6) 1.7) (-1.6) (-1.9)
C8C10 [-2.1] [-1.7] [-1.7] [-1.8] [-1.9] [-1.7] [-1.6] [-1.7]
(2.2} {-1.9} {-1.7) {-1.7} {-1.7) {-1.7} {-1.6) {-1.6}
({-2.1}} | {{-1.8}} {{-1.7}} ({-1.8}} | {({-1.7}} | {({-1.7}} {{-1.6}} {-1.7}}
2.5) 2.3) (2.4)
C8Cl14 [3.1] [2.3] [2.8]
(2.6) {2.9) [2.5)
{{3.0}} {{2.3}} {{2.7}}
(3.9) (3.8) (3.0)
C8C15 [4.0] [3.9] [3.1]
(3.9} (3.8) {3.0)
{{3.9}} {{3.9}} {{3.1}}
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2.7) (2.8)
C8C16 [3.1] [3.1]
(3.1} (2.7}
{{3.1}} {{3.1}}
]
8.1) (2.0 (8.3) (8.9) (8.9) (1.6) (8.4) (8.9)
Cl1C4 (8.8] [2.0] [9.5] [9.5] [9.5] [1.7] [9.6] [9.6]
(8.7} (2.0} (9.7} (8.9} (8.9} (1.7} 9.3} (6.3}
{{8.6}} | {{2.0}} {{94}} {{9.5}} {{9.5}} {{1.7}} {{94}} {{9.5}}
(3.0 (2.6) (2.2)
C1C7 [3.1] [1.5] [2.7]
(3.0} (1.5} (2.4}
{{3.0}} | {{1.5}} {{2.6}}
(9.6) (4.5) (8.2) (9.0) (9.0) (3.6) (8.0) (8.8)
C2C5 [10.3] [4.5] [9.2] [9.6] [9.6] [3.7] [9.1] [9.2]
(9.8} (4.6} 9.3} (9.2} (9.2} (3.7} (8.9} (8.7}
{{99}} | {{4.5}} {{9.2}} {{94}} {{94}} {{3.7}} {{9.0}} {{9.1}}
(1.5) (1.3) (1.4) (1.6) (1.6) (1.5) (1.3) (1.4)
C2C14 [1.5] [1.3] [1.5] [1.8] [1.8] [1.2] [1.3] [1.2]
(1.6} (1.3} (1.4} (1.6} (1.6} (1.2} (1.4} (1.0}
({15} | {{1.3}} {{1.5}} {{1.7}} {{1.7}} {{1.2}} {{1.3}} {{1.2}}
(3.5) (3.8) (3.6)
C2C15 [3.8] [3.5] [3.9]
(3.6} (3.5} (4.2}
{{3.8})} | {{3.5}} {{3.9}}
(3.5) (3.8) (3.6)
C2C16 [3.7] [4.1] [3.2]
(3.5} (3.9} (3.2}
{{3.7}} {{3.9}} {{3.2}}
(3.6) (4.5)
C2C17 [3.7] [3.9]
(3.7} (3.2}
{{3.7}} {{3.9}}
(9.6) (4.5) (8.2) (9.0 (9.0) (3.6) (8.0) (8.8)
C3C6 [10.1] [4.5] [9.2] [9.6] [9.6] [3.8] [9.1] [9.2]
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{9.8} {4.6} {9.3} {9.2} {9.2} (3.8} (8.9} (8.7}
{{99}1} | {{45}} {{9.2}} {{94}} {{94}} {{3.8}} {{9.0}} {{9.1}}
(3.5) (3.5) (3.6) (3.9) (3.8) (3.5) (3.6) (4.5)
C3C13 [4.0] [3.1] [3.8] [4.1] [4.1] [3.0] [3.7] [3.9]
(3.6} (3.1} (3.6} (3.9} (3.9} (3.0} (3.7} (3.2}
{{3.8}} | {{3.1}} {{3.8}} {{3.9}} {{3.9}} {{3.0}} {{3.7}} {{3.9}}
(1.5) (1.6) (1.4)
C3C16 [1.7] [1.2] [1.6]
(1.6} {1.3} {14}
{173 | {{1.2}} {{1.5}}
(1.6) (1.6) (1.3)
C3C17 [1.8] [1.8] [1.0]
(1.6} (1.6} (1.4}
{{1.7}} {{1.7}} {{1.3}}
(3.5) (3.5) (3.6) (3.6) (3.6) (3.7) (3.5) (4.5)
C5C13 [4.0] [3.1] [3.8] [3.7] [3.8] [3.5] [3.6] [3.9]
(3.6} (3.1} (3.6} (3.6} (3.6} (3.5} (3.9} (3.2}
{{3.8}} | {{3.1}} {{3.8}} {{3.7}} {{3.8}} {{3.5}} {{3.6}} {{3.6}}
(1.3) (1.3) (1.4) (1.6) (1.6) (1.6) (1.1) (1.4)
C6C14 [1.0] [1.3] [1.5] [1.8] [1.8] [1.3] [1.3] [1.2]
{1.0} {1.3} (1.4} (1.6} (1.6} {1.3} {1.3} {1.0}
{{1o}} | {{1.3}} {{1.5}} {{1.7}} {{1.7}} {{1.3}} {{1.3}} {{1.2}}
(3.6) (3.6) (3.4)
C6C16 [3.7] [3.8] [3.1]
{3.6} {3.6} (3.1}
{{3.7}} {{3.8}} {{3.1}}
(9.6) 4.5) (8.2) (9.0) (9.0) (3.6) (8.0) (8.8)
C8Cl11 [10.3] [4.5] [9.2] [9.6] [9.6] [3.7] [9.1] [9.2]
{9.8} (4.6} {9.3} 9.2} 9.2} (3.7} (8.9} (8.7}
{{99}}) | {{4.5}} {{9.2}} {{94}} {{94}} {{3.7}} {{9.0}} {{9.0}}
(9.6) 4.5) (8.2) (9.0) (9.0) (3.6) (8.0) (8.8)
CoC12 [10.1] [4.5] [9.2] [9.6] [9.6] [3.8] [9.1] [9.2]
{9.8} (4.6} {9.3} 9.2} 9.2} (3.8} (8.9} (8.7}
{{99}1}) | {{4.5}} {{9.2}} {{94}} {{94}} {{3.8}} {{9.0}} {{9.0}}
(3.9) (3.8) (3.5)
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C9C15 [4.1] [4.1] [3.0]
(3.9} (3.9} (3.0}
{{3.9}} {{3.9}} {{3.0}}
(3.6) (4.5)
C11C16 [3.7] [3.9]
(3.7} (3.6}
{{3.7}} {{3.7}}
(3.5)
C12C17 [3.0]
(3.2}
{{3.0}}
J
(-1.0)
C2C18 [-1.1]
{-1.1}
{{-1.0}}
(-1.0)
C3Cl14 [-1
{-1
{-1
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