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INTRODUCTION

In the last two decades, lanthanide chemistry has received a growing
interest from many fields of chemistry, going from catalysis to the
investigation of biological macromolecules, to the use as contrast agents in
MRI medical applications.! Especially for their use in catalysis, lanthanides
offer a unique and smooth variation of many physico-chemical properties
along the series, rich coordination chemistry with high and variable
coordination numbers (CN), which makes them suitable elements to design
catalysts, able to fit to several substrates and reactions.*”

For all these applications, the structural investigation becomes an
important prerequisite for a more rational development of such systems.
For example, in asymmetric catalysis, different lanthanides modulate small
structural variations, which play an important role in the stereoselectivity.”

The research developed in the present thesis concerns the solution study
of structure and dynamics of chiral ytterbium complexes. Some of the
investigated molecules are recognized asymmetric catalysts, while some
other ones have a potential interest in this field and represent systems of
widespread interest in the lanthanide chemistry and in its applications.

We focused our study on ytterbium systems, as the Yb(III) ion offers
unique spectroscopic properties, with particular reference to the
paramagnetic contribution to NMR, and to the optical properties

observable through near-infrared circular dichroism (NIR CD).
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INTRODUCTION

Indeed, YDb(III) has a [Xe/df '’ electronic configuration, which is
paramagnetic for one unpaired electron. The paramagnetic interaction
between this electron and the NMR sensitive nuclei of the ligand strongly
affects the ligand NMR spectra, influencing both shift and relaxation
times. The paramagnetic NMR shift results from the sum of two
contributions: the contact (or Fermi) shift, arising from the electron
delocalisation, and the pseudocontact (or dipolar) shift due to the (long-
range) electron-nucleus dipolar interaction." Referring to chapter 2 for a
more detailed discussion of the theoretical bases of this method, we just
mention here that the pseudocontact shift is directly related to the nuclear
position, and that the analysis of these shifts with a specially designed
computer program (PERSEUS), allowed us to optimise a structure of the
complex from the experimental data. In general, for lanthanide complexes,
the separation between contact and pseudocontact shift is needed to have
structural restraints, thus several elegant procedures were developed.”®” In
the case of the Yb(III)-complexes, it is commonly accepted that the contact
contributions are small, compared to the dipolar shifts, and can be safely
neglected for structural inferences, at least for nuclei separated by more
than three bonds from ytterbium.**%12% The results presented and
discussed in this thesis confirmed the validity of this assumption.**

In addition to the magnetic properties, Yb(III) has peculiar optical
properties:'® its optical spectrum shows f-f intra-configurational transitions,
whose absorption that fall in the near-IR range within 850-1050 nm.'®!'" In
chiral complexes, the detection of optical transitions is much easier in CD,
because it derives only from chiral Yb-species, and is not influenced by
contributions due to achiral species or to the solvent. Furthermore, the NIR
wavelengths are sufficiently far from the ligand UV absorptions to avoid
interferences with the ligand transitions. Sign, intensity and wavelength of

the bands reflect the ligand crystal field around the metal and the chiral
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INTRODUCTION

distortion of the coordination polyhedron.'” As a result, NIR CD provides a
fast and easy technique to monitor structural changes in solution involving
the coordination sphere around the metal (as well as ligand exchange,
expansion of the coordination number, structural rearrangement, etc...). In
recent years, the progress in the study of NIR CD of Yb-complexes has
offered a series of reference spectra of complexes for which the solution
structure and the NIR CD spectrum are simultaneously known,'3!#18192021
This allows one to interpret the NIR CD spectrum in terms of analogies
with similar complexes and to make reasonable hypotheses about the
geometry of the coordination polyhedron.

The present thesis demonstrates how paramagnetic NMR and NIR CD
can be complementarily used for a detailed structural study of Yb-
complexes. The former provides a refined solution structure of the complex,
the latter information about the chiral arrangement around the metal and
allows one to easily investigate dynamic processes as ligand exchange,
proton exchange, etc.... not excluding the use of other techniques, as UV
CD, ESI MS to get a complete description of the investigated systems.

The final aim of this work extends itself to define a general strategy for
the structural study of Yb(III)-complexes and to test how these techniques
can provide precious information on both structural and dynamical aspects.
For such a reason, we investigated several molecules ranging from the

stable polydentate complexes to labile aggregates.

The present thesis is organized in two parts: the first part is composed of
chapters 1, 2, and 3, and concerns the introduction to the experimental
techniques as NMR and NIR CD and to the methods used in this work.

Chapter 1 is a brief summary about the physico-chemical properties and

the main aspects of lanthanides coordination chemistry.
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INTRODUCTION

Chapter 2 is an introductive chapter about the analysis of the
paramagnetic contributions to NMR. In the first part of the chapter the
contributions of the paramagnetic interaction to shift and relaxation times
are described. The second part of the chapter shows how these
experimental constraints can be used to optimise a solution structure
through the computer program PERSEUS.

Chapter 3 is an introductive chapter on the NIR CD spectroscopy of
Yb(IIT) complexes. Some examples, taken from literature, are used to
illustrate how NIR CD can be used to derive structural information on the
investigated complex.

The second part is composed of chapters 4, 5, and 6, and contains the
results obtained in this work. In each chapter, a different category of
molecules is studied, developing and testing a methodology for the
structural study in solution. In order to introduce the reader to the
different topics, the first sections of each chapter (namely § 4.1, 5.1, 6.1),
were dedicated to an introduction to the subject analysed.

In chapter 4 we studied the heterobimetallic complexes Na,[Yb((S5)-
BINOL),] and K;[Yb((S)-BINOL),]." These are two catalysts, active in the
enantioselective hydrophosphonylation of cyclic imines,” and belonging to a
family of heterobimetallic catalysts introduced first by the group of
Shibasaki in the 1992.** The study was oriented to the determination of
the solution structure, through the analysis of paramagnetic NMR data,
which demonstrate the existence of differences from the X-ray
crystallographic structure. The solution structure was completed with a
study of the ligand lability, investigating the exchange between the bound
BINOL in K,[Yb((R)-BINOL),] with both free (R)-BINOL-H, and (S5)-
BINOL-H,. These studies revealed the labile character of the ligand and

! BINOL is enantiopure 1,1-bis(2-naphtholate), and BINOL-H, indicates enantiopure
binaphthol.
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shed new light on the behaviour of such systems, which may orient the
hypotheses about the catalytic mechanism.

In the chapter 5 we investigated [Yb((S)-THP)] and [Yb(THED)], two
complexes structurally analogue to DOTA (see Figure 5.1 and Appendix B,
C)." The tetraazamacrocyclic ligands are a family of polydentate ligands
able to give very stable chelates with lanthanides (with stability constants
up to 10*® for DOTA). The stability of the complexes stimulated in the
past years a large interest toward these molecules, in particular for their
biological application, as they can be used to vehiculate lanthanides in
biological tissue (for example [Gd(DOTA)| found widespread application as
MRI contrast agent). Furthermore, [Ln(THED)] complexes were found
active catalysts in the phosphate ester hydrolysis, with potential
application in the RNA cleavage.”*® In spite of these potentialities, the
Ln’" complexes of THED and the homochiral (S)-THP were not yet
structurally investigated in detail: only two crystallographic structures,
corresponding to the heterochiral species [Eu((R,S,R,S)-THP)(H,0)]*" and
[Eu((R,R,R,S)-THP)(H,0)]**, have been reported up to now.”® Thus, their
ytterbium complexes [Yb((S)-THP)] and [Yb(THED)| represent an
interesting subject for a detailed structural solution study.

We report the solution structure of [Yb((S)-THP)] and [Yb(THED)],
discussing conformational dynamics, as well as solvent coordination and the
effect of pH. [Yb((S)-THP)] was studied in several solvents observing that
in non-protic solvents (as acetonitrile or DMSO), the complex undergoes a

dimerization process with a consequent structural rearrangement of the

I The ligand THED is 1,4,7,10-tetrakis-(2-hydroxyethyl)-1,4,7,10-tetraazacyclo-
dodecane, while (S)-THP, which is the homochiral analogue of THED, is 1,4,7,10-
tetrakis-((5)-2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane. The DOTA ligand is
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid.
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INTRODUCTION

monomeric moieties. The analysis of the NMR spectra allowed us to
determine also the solution structure of the dimer.

In chapter 6 we investigate the formation of labile adducts between Yb-
complexes and chiral diols. In particular it was studied the interaction
between diols and [Yb(fod),| (a popular shift reagents), and between diols
and ytterbium triflate (Yb(OTf),). These studies culminate with two new
methods for the determination of the diol absolute configuration through
NIR CD. NIR CD is sensitive only to the diol/Yb-complex chiral adduct, as
both the chiral diols and the achiral Yb-species do not give NIR CD. The
study, conducted with a large variety of diols (including prim-sec, sec-sec,
and sec-ter diols), demonstrated that the shape of the NIR CD spectrum is
directly correlated with the diol absolute configuration. As we observe CD
in the NIR region, this method can be applied to the analysis of diols with
strong UV absorption, which can not be analysed otherwise.*"*

The combination of NIR CD and paramagnetic NMR is thus
demonstrated to be particularly effective to investigate conformational and

configurational issues, as well as to follow dynamic processes.
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CHAPTER 1
Basic Aspects of Lanthanide Chemistry

The rare earth elements are a large subgroup of the periodic table that
offers a unique and gradual variation of many chemical and physical
properties. Furthermore, the differences with respect to the d-transition
metal complexes make these elements attractive for application in catalysis,
and organometallic chemistry. In this chapter will briefly summarize the
main chemical properties of the lanthanides derived from their peculiar
electronic configuration (§ 1.1), and how these properties reflect in the

coordinative behaviour of the rare earth complexes (§ 1.2).

1.1. Electronic Configuration and Chemical Properties

The electronic configuration of lanthanides is characterized by the
gradual filling of the inner 4f orbitals ([Xe]6s® 5d' 4f", where n goes from 0
for La to 14 for Lu). The outer 6s and 5d electrons have ionisation
potentials comparable to those of the alkali and alkali earth metals (Table
1.1), and are easily lost to give cationic species. The trivalent state Ln(III)
is generally the most common oxidation state, but tetravalent (Ln(IV)) and
divalent states (Ln(II)) are also know; in particular Ce, Pr, Nd, Th, Dy and
Ho may give Ln(IV) compounds, while Sm, Eu, Er, Tm and Yb may
exhibit divalent forms.! These non-trivalent states are easily reduced or

oxidized to more stable Ln(III) forms; only Ce'* and Eu®" can give stable
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complexes in water.! For the purposes of this work, we concentrate our

attention on the Ln(III) complexes, even if Sm(II) and Ce(IV) compounds

are of great interest in the applications for catalysis and organometallic

chemistry.?

Table 1.1. General chemical properties of rare earth elements.'

ELECTRONIC CONFIGURATION

IONIC RADIUS (A)?

ELEMENT SYMBOL ZL7 | OXIDATION
Arowmic (Ln’) |ToNic (Ln*) | CN =6 |[CN =9 (eV) STATES
Lanthanum La [Xe]6s%5d " [Xe]4f* 1.03 1.22 | 36.2 3
Cerium Ce | [Xe]6s*5d'4f? [Xe]df! 1.01 120 | 36.4 3, 4
Praseodymium Pr [Xe]6s* 5d"4f? [Xe]4f? 0.99 1.18 | 37.55 3,4
Neodymium Nd [Xe]6s*5d 4f* [Xe]4f? 0.98 1.16 | 38.4 3,4
Promethium Pm [Xel6s* 5d"4f° [Xe]4f* - - - 3
Samarium Sm [Xe]6s* 5d"4f6 [Xe]4f? 0.96 1.13 | 40.4 2,3
Europium Eu [Xe]6s*5d 4f" [Xe]4f® 0.95 1.12 | 41.8 2,3
Gadolinium Gd [Xe]6s* 5d'4f" [Xe]4f” 0.94 1.11 | 38.8 3
Terbium Th [Xe]6s* 5d4f° [Xe]4f® 0.92 1.10 | 39.3 3,4
Dysprosium Dy [Xel6s* 5d 4f"° [Xe]4f? 0.91 1.08 | 40.4 3,4
Holmium Ho [Xe]6s* 5d "4f" [Xe]4f" 0.90 1.07 | 40.8 3,4
Erbium Er [Xe]6s*5d 4f" [Xe]4f' 0.89 1.06 | 40.5 2,3
Thulium Tm | [Xel6£5d%f"  [Xe]df® 0.88 105 | 4185 | 2,3
Ytterbium Yb [Xel6s* 5d 4f" [Xe]4f" 0.87 1.04 | 435 2,3
Lutetium Lu [Xe]6s*5d'4f™ [Xe]df™ 0.86 1.03 | 40.4 3

*Y [ = Sum of the first three ionization potentials

Scrolling along the series, we can see that the electronic configuration for

a generic Ln(III) cations is [Xe]4f" and, except La’" and Lu®*, the Ln(III)

ions are paramagnetic. Moreover, the ionisation energies of the elements,’

the optical properties,* and the magnetic moments of numerous complexes®

' Aqueous solutions of Ce'' are strong oxidant and aqueous solutions of Eu®' are

sensitive to the presence of dissolved oxygen.

4




1.1 ELECTRONIC CONFIGURATION AND CHEMICAL PROPERTIES

prove that the f orbitals are shielded from the ligand effects, in agreement
with the inner character of the 4f with respect to the 5d orbitals (Figure
1.1). Consequently, the ligand gives only a minimal perturbation of the

electronic potential of the forbitals.?

02 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74
A (au)

Figure 1.1. Plot of the radial charge density (P°) of the 4f, 55, 5p-, and 6s-

orbital function for Gd* ion (radius in atomic units).”

The progressive increase of the nuclear charge along the series is
responsible for the well-known ionic radius reduction, which is called
lanthanide contraction. The ionic radius goes from 1.03 A in La** to 0.86
A for Lu** in six coordinated complexes (CN = 6), and from 1.22 A to 1.06
A for CN = 9 (Table 1.1); these values are comparable with the radius of

the Ca’" ion.!
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1.2. Coordination Chemistry of Ln(11I) Ions

The electronic configuration of the Ln’' directly reflects in the
coordination chemistry of these metals: the inner character of the f orbitals,
and consequently the scarce overlap with the ligand orbitals, is the reason
of the predominantly ionic nature of the metal-ligand bond.'* Moeller et al.
have pointed out that, even in the most stable complexes, the bond
strength is of the same order of magnitude as the Ln**~H,O interaction.”
Measurements of bond distances have also confirmed the highly ionic
nature of lanthanide bonding. Consequently, aspects of the d-transition
metal chemistry as the o donor and w acceptor, the “18 electrons rule”, or
the formation of multiple bonds (Ln=0 or Ln=N) are not observed in the
lanthanide chemistry.

The electrostatic character of the bond allows variable coordination
numbers (CN) and irregular geometries that often can not be simply
described as “planar”, “tetrahedral” or “octahedral”. For this reason, the
geometry of the lanthanide complexes is hardly predictable and should be
experimentally determined. Furthermore, the ligand arrangement may be
different in the solution and the solid-state structure because of the
presence of conformational dynamics or of solvent coordination (see
examples in chapter 4 and 5) thus, a specific study is often required. The
CN’s are usually higher than for d-transition metals and may reach 9 for
Yb or Lu and 11 for the larger La."*®

The non-directionality of the bond and the CN flexibility are the main
aspects of the rare earth coordination chemistry that distinguish them with
respect to d-transition metals, which typically give directional covalent
bonds. This makes lanthanides suitable elements in catalysis: potentially,
smaller activation energy is required to expand or reduce the coordination

sphere of the metal, facilitating the substrate binding and the product
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release. Furthermore, lanthanide catalysis allows reactions that are
“orbitally forbidden” in covalent complexes, offering a valid alternative to
the traditional d-transition catalysts.

According the HSAB terminology of Pearson,” lanthanides cations are
usually considered as “hard” Lewis acids, having a strong preference for the
oxygen donor atom with respect to the nitrogen and sulphur (O >> N > S,
F > Cl).

Water, alcohols, ethers, DMSO and many common solvents have oxygen
donor atoms, so they are coordinating molecules that compete with the
lanthanide ligands. Thus, the choice of the solvent is important and
severely restricts the possible ligands used, especially when the solvent is
water.

Chelation is the predominant form of complexation in lanthanide
chemistry, because the entropic driving force, that arises from the
coordination of polydentate ligands, compensates for the competition of the
solvent and allows the formation of stable complexes. The stability depends
on the nature and the number of coordinating donors: chelating N-ligands
as ethylendiamine dissociate in water and in oxygenated solvents,' but if
the ligand has O donors, as in EDTA, the stability of the complex greatly
increases, with binding constant in water as high as 10'>-10% M.

The crystallographic structure of the [La(EDTA)(H,0),]” shows that
three water molecules are bound with an overall CN = 9. The negatively
charged carboxylic oxygens are more strongly bound to the metal than the
neutral water and the nitrogen, as indicated by the shorter crystallographic
bond lengths: 2.54 A for La—O of EDTA against 2.60 A for La—O of water,
and 2.86 A for La—N.

Other similar polydentate ligands were derived by changing the number
of pendant arms: HEDTA (N’-hydroxyethylethylenediamine-N, N, N~
triacetic acid), DTPA (diethylenetriamine- N, N,N’,N’, N”-pentaacetic acid)



CHAPTER 1 BASIC ASPECTS OF LANTHANIDE CHEMISTRY

DCTA (1,2-diaminocyclohexane-N,N,N’, N’-tetraacetic acid). In particular,
DTPA (octadentate with five carboxylic donor) establishes high stability
constants in water with all Ln** ions (210%): for this reason it is used to
remove radioactive rare earth metals from the body following accidental
exposure." Other macrocyclic polydentate ligands derived from DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) are often used in
the application and will be described in detail in chapter 5.

Water is a very strong ligand for Ln*" ions, and it is even observed in the
crystallographic structure of complexes that are crystallized from solvent
having only small traces of water." In view of the difficulty that competing
ligands experience in attempting to replace water, lanthanide complexes are
generally synthesized starting from anhydrous salts (as LnCl;, Ln(OTY),,
alcoholates,...) where the anions are more easily replaceable.

In aqueous solutions, Ln*' ions bind several water molecules: their exact
number may be controversial, luminescence measurements have suggested
values of 10 for La*"~Nd*", and 9 for Th*—Lu*"."* The rate constants for
the exchange processes in the Ln** hydration sphere ([1.1]) are
approximately estimated to 8107 s' for La*~Eu*", 4.10" s* for Gd** and
1-10" s for Dy**~Lu’", and depend either on the nuclear charge or on the

number of water molecules in the coordination sphere

[Ln(H,0),]*" + H,0* = [Ln(H,0), ,(H,0)*’" + H,0 [1.1]

[Ln(H,0),]*" = [Ln(H,0), ,(OH)*** 4+ H* [1.2]

Increasing the pH, hydrolysis of bound water is favoured ([1.2]) leading
to the complete precipitation of the lanthanide hydroxides Ln(OH),.
Together with hydroxide precipitation, the formation of polymetallic
species as Ln[Ln(OH),]*" or colloids may be observed: if the lanthanide
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hydroxides is desired, a careful control of the precipitation conditions is
needed.”” The Ln(OH); solubility decreases along the series in
correspondence with the ionic radius reduction, passing from a solubility of

8:10°° mol/L for La’" to 6-10 7 mol/L for Lu**,
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CHAPTER 2
NMR of Lanthanide Complexes

Most of the structural results presented in this thesis are obtained from
the analysis of NMR data, and especially from the analysis of the
paramagnetic contributions to the NMR spectra of lanthanide complexes.
Apart for lanthanum (La*") and lutetium (Lu*"), which have the fshell
completely empty (4f°, for La*") and full (4", for Lu®*"), in all other Ln**
ions the partial filling of the forbitals gives a variable number of unpaired
electrons, which are responsible for the molecular paramagnetism.

Irrespective of its origin, molecular paramagnetism directly influences the
NMR spectrum, in fact the magnetic moment of the unpaired electrons
generates a magnetic field that may interact with the nuclear magnetic
dipole (the so called hyperfine interaction), and produces additional
contributions to both the NMR shift and the relaxation times of the
observed nuclei. These paramagnetic contributions (67", R"™) are
determined by taking the difference between the observed shift and
relaxation rate (6°”,R°”) and those expected for same nucleus in a

diamagnetic complex (¢ dia ,R’dm)i

(sobs — (sdia + (Spam

2.1
§para — é‘obs _ 5dm ( )

" The correct diamagnetic reference is not a trivial matter. In most cases the lanthanum
complexes are good references for the early lanthanides (Ce-Eu) and the lutetium
complexes are for the late series (Tb-Yb). In the applications described in chapter 4, 5,

6, each specific case will be discussed.

11
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Rlobs - %bs - }lz’a + plar’a - Rldm + Rlpam
Tt -
b 1 1 1 di (2:2)
R2os_ - _|_ _Rza _|_R2pam

_ bs dia ara 2
T? T T?
2 2 2

In this chapter we report a brief description of the main aspects of
paramagnetic NMR, with particular regard to the case of lanthanide ions

and referring to the literature for a more exhaustive treatment."*?

2.1. The Paramagnetic Shift

The paramagnetic shift due to the hyperfine interaction can be
distinguished in two terms, the Fermi or contact coupling and the dipolar
or pseudocontact coupling: the first is related to the electron-nucleus
magnetic interaction when the electron is localized exactly on the nucleus,
the second is described by the long-range magnetic dipolar coupling. In the
nuclear spin Hamiltonian (HZE;), contact and pseudocontact couplings
provide two terms (H,,A and H ., respectively) in addition to the Zeeman

con pc)
(H ) and chemical shift Hamiltonians ( H

s )11

Zeeman

H=H,6 +H, +H, +H

spin Zeema

v (2.3)
Although both terms accounting for the hyperfine interaction describe a
spin-spin coupling, they are both proportional to the electron spin

polarization and consequently proportional to the external magnetic field

I Other Hamiltonian terms, as J-coupling, are omitted because they are not influent at

this level.

12
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(see details in § 2.1.1 and 2.1.2). This implies that they give rise to two
additional contributions to the NMR shift: a contact (6°") and

pseudocontact (87¢) term
§para — é*con + épc + é*bulk (24)

The additional term &™* accounts for the effects derived from the
modified magnetic susceptibility of the whole sample, and it is generally
cancelled by using an appropriate internal reference:* for sake of simplicity

this term will be dropped in the following discussion.

2.1.1. The Fermi Contact Shift

The contact coupling is proportional to the spin density p at zero
distance from the nucleus, which in turn is the difference of the electron

density of the two spin polarizations S = 1/2 and S = -1/2'

2 2

(2.5)

p=1v,,0) -|v, 0
where W(0) is the MO wavefunction on the nucleus. The p, d, f, ... orbitals
have vanishing electron density on the nucleus, thus only the s-components
of the MO contribute to the contact coupling. The contact Hamiltonian is
proportional to the scalar product between the nuclear and electronic spin
operators I and S, respectively,

H,  =AI-S (2.6)

con

where,

13
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1=11,+jI,+21,

. . (2.7)
S=i8,+j9,+2S,
and A is the contact coupling constant
A=Lop 2.8
= 2y gy 2 P, (2.8)

35

the sum runs over all the s-components of the MOs of the molecule, 7 is
the Planck constant, 4 is the magnetic permeability in vacuum, s, is the
Bohr magneton, g, is the Landé coefficient for the free electron, 7, is the
nuclear magnetogyric ratio and S is electron-spin quantum number. For
sufficiently high magnetic field (A << g,u »B,), and by replacing the

electron spin term with its expectation value <SZ>, the contact

Hamiltonian becomes'"

H,, =AIL(S) (2.9)

Calculating the energy difference for close nuclear levels (AM, = 4+1), the
NMR contact shift becomes

A g.upS(S +1)
ny,  3kT

5o = (2.10)

§°" increases lowering the temperature (oc T7'), as expected for the
Curie law.
In close analogy to J coupling, the propagation of the electron spin

density from the metal center to the observed nucleus occurs through the

i This is correct in view of the faster electronic relaxation with respect to the NMR
time scale.

14
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magnetic polarization of the contiguous electronic clouds (Figure 2.1), and
is enhanced in presence of electron delocalisation. In such a way the contact
shift may reach to the s-orbitals of hydrogen or hetero-atoms not directly

involved in metal bonding.

@D @

A B C

Figure 2.1. Propagation of the electron spin density p through polarization of
the electronic clouds. An unpaired electron, located in a 2p orbital, may
polarize the electronic clouds in s or o orbitals, propagating the spin density p

onto the nucleus (A) or onto the closest nuclei (B) and (C).

The through-bond spin density propagation is sensitive to the
conformation of the ligand backbone and sometimes it allows one to get
structural information. For example, in ligands with nitrogen donors the

contact shift may be correlated with the M-N-C-H dihedral # (Figure 2.2),'

through a relation analogous to the Karplus rule

8" =acos’ @ +bcosl + c (2.11)

15
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This simple expression becomes more complicate changing the donors,
the metal, or the ligand complexity."” As a consequence, apart from few a
cases, obtaining structural information from contact shifts remains a hard

matter.

Figure 2.2. Conformational dependence of the proton contact shift in

proximity of the metal (M).

2.1.2. The Pseudocontact Shift

The pseudocontact coupling is due to the through space dipolar
interaction between the electron and nuclear magnetic dipoles. In the

classical picture, this is described by the dipole-dipole interaction (2.12)

Edip — _

5 3

14, {3(% r)(py ) (1 'Hg)} (2.12)

. —

¥ In case of d-transition metal, where the metal coordination may involve s-donation

and p-retrodonation, this Karplus-type rule may contain also sin’¢ term or more

complicated expressions (Ref. 1 and reference therein).
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where, p, and p, are the nuclear and electronic dipoles, and r is the vector
between them. In the quantum mechanics, the dipolar Hamiltonian is

introduced

_ My 3p-t)r  p _ My N
Hdip——zhfy{——— -I——Eh'yju-D'I (2.13)

with I the nuclear spin operator (2.7), u the effective magnetic dipole

resulting from the electron distribution and D the dipolar tensor

2

. 32° —r 3xy 3xz
D= 5 3zy 3y> —r? 3yz (2.14)
3xz 3yz 322 —r?

For nuclei sufficiently far from the metal the electronic distribution can
be approximated to an electric dipole centered on the metal (Metal-
centered point-dipole approximation), and D contains the coordinates of
the nucleus with respect to it. Expressing the magnetic dipole g in terms

of the external field B, and of the magnetic susceptibility tensor x

p=—%x-B, (2.15)

H, =-—LB -(xD)-1 (2.16)

This is formally analogue to the diamagnetic term describing the sum of

Zeeman and chemical shift Hamiltonian

17
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Hdz'a = HZeeman + HCS - _hlleO ' (1 o 6-) 1 (217)
where & is the chemical shielding tensor and 1 is the identity operator.

Neglecting the H,, , the nuclear-spin Hamiltonian (2.3) can be re-written

con

HTL’ILC — —h'}/]B

spin 0

-(1—5—+i5<1”j).1 (2.18)
47

For a B, aligned along the zaxis, and averaging (2.18) for all molecular

orientations, the energy difference between levels with AM, = +1 is

AE = hy,B,(1- 0™ + %tr{iﬁ}) (2.19)
m

where, ¢ is proportional to the trace of & (o :%(Jm +o,, +Jzz):
= %tr{&}). The chemical shift is obtained dividing (2.19) by the Zeeman

energy hvy B,

5= 1 gy 1D
hvy,B, 127
s =1— o™ (2.20)

57 = étr{iﬁ}

where we made explicit the diamagnetic and pseudocontact shifts. As D is
a traceless tensor, the isotropic component Y"°1 of the magnetic
susceptibility gives no contribution to ¢, which depends only on the

anisotropic part of the magnetic susceptibility X'

X'=x - tr{xjl = x—x"1 (2.21)

18
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In the metal-centered Cartesian coordinates (2.22) becomes

11 [ree ), B )L Be )
60

= __5 | 1 1 (223)
127 7 | + 6,7y + 6x,,72 + 6x,.y2

By choosing the coordinate system oriented along the principal axes of X',

this is re-written in (2.24)

2 .9
57 =D, (3 cos 3(9 1) 4D, sin 6’(3:08 2¢p
r T
L xe 1[3 }
D =— |y - wlo |2 2.24
3 |
Dy =1 5( - —ny)}

where the position of the nucleus is described by the polar coordinates (r, 6,
¢ in Figure 2.3), and the coefficients D, and D, contain the principal value
of the magnetic anisotropy tensor. For molecules with axial symmetry (C,

with n > 3), X, = X‘yy = X‘y and vy, = X;‘, eq. (2.24) simplifies to

19
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3
r

5P _ @{(3 cos’ 0 — 1)}

N (2.25)
N
127

In both (2.24) and (2.25) the terms (300829—1)/7“3 and
(sin26’0082g0—1)/7‘3 explicitly contain the coordinates of the observed
nucleus, and make the pseudocontact shifts a precious source of information
about the complex geometry (these terms are called geometrical factors

(GF)). It should be noticed that the pseudocontact shift does not depend

on the magnetogyric ratio 7, and so is independent of the nature of the

observed nucleus.

Figure 2.3. Polar coordinate reference system.

In Figure 2.4A we report the angular dependence of the pseudocontact
shift for tensors with axial symmetry: all the nuclei that are in the polar
region, i.e. with # < 54.7° are downfield shifted (6" >0) for 2 > 0 and
upfield shifted for @ < 0. Conversely, the nuclei in the equatorial region (&

20
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> 54.7°) are upfield shifted (6" <0) for @ > 0, and downfield shifted for
9 < 0. The nuclei at the magic angle (6 = 54.7°) are not shifted by the
pseudocontact interaction (6" =0), even when are very close to the metal.
For  complexes with non-axial tensor, the rhombic term

(sin® @ cos 2 — 1)/ r® must be considered, and the §”° loses the cylindrical

symmetry (Figure 2.4B,C).

Figure 2.4. Graphical representation of the pseudocontact-shift function. The

surfaces are calculated from (2.24) for points having shift of the same
magnitude: blue surface indicate negative shift, red surface indicates positive
shift. A) axial symmetry (D, = 1000; D, = 0), B) and C) non axial
symmetry, D, = 2000; D, = 1000 and D, = 1000; D, = 1000, respectively.

Equations (2.23-25) are effective within the limits of the metal-centered
point-dipole approximation: if not, the whole electronic orbital distribution
should be considered.* For d-transition metals significant deviations for the
point-dipole approximation are estimated for distances lower than 7 A from
the metal.! At variance, in lanthanides the inner character of the forbital
strongly reduces this deviation: Golding et al., calculate 6" from the exact
charge distribution in forbitals, showing that the deviation from the point-

dipole approximation is negligible for distances larger than 3-4 A.* In the
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case of f' configuration (Yb’") in a tetragonal distortion, the error in the
metal-nucleus distance calculated by using the point-dipole limit is of the
order of (0.6-2.4)-10% A at 2 A (<1.5%) and reduces to less than (0.4~
1.5)-10% A at 3 A (<0.5%).

2.2. Paramagnetic Relaxation

In addition to contributing to the hyperfine shift, the electronic
paramagnetism affects also nuclear relaxation. Longitudinal and transverse
relaxation times (Tl and T, respectively) are generally shortened by the
interaction with the paramagnetic center (eqs. 2.2), with relaxation rates
that depend on the nature of the metal and on their distance from the
observed nucleus.

Three main mechanisms are responsible for paramagnetic nuclear

relaxation: the dipolar, the Curie and the contact mechanisms.

2.2.1. The Dipolar Relaxation Mechanism

The electron-nucleus dipolar interaction (2.12-13) depends on the relative
position and orientation of their magnetic dipoles, thus, the continuous
reorientation of the molecule with respect to the magnetic field due to the
molecular tumbling, as well as the change in the electron-spin-state because
of the electronic relaxation, generate stochastic fluctuations of this
interaction, and cause dipolar relaxation. The correlation time 7, for these

fluctuations is a combination of the rotational correlation time" 7., the

V It should be more appropriate to use the term “reorientational” correlation time,
because in solution the full molecular rotation is prevented by the frequent hits with the

22



2.2 PARAMAGNETIC RELAXATION

electronic correlation time 7 _.,” and one derived from the chemical

E
exchange 7,

7! = T; + 7'; + 7';41 (2.26)

[dipolar 7] .

The relaxation rates are described by the Solomon equations™®’

ro Lo 2(tY ViES(S +1)
L Tld”’ 15\4n7r r® ( )
2.27
T 37'0 67‘0
X 5 T 5 2 T 2
1+(w1 —ws)27-0 1+w17‘c 1+(w1 +wS)27‘C
Rdip — 1 _i(ﬂo )2 7?93#238(54_1) v
2T 15\4r 70 2.2
2.28
T 37 67 67
x| 47, + c + ¢+ < + &
¢ 1+(w1—w5)27'20 1+W§7'i, 1+(wl+w5)27'20 1+w§720
piv _ L _ (1Y Vg SS+1)
oot 15 \4r rf
1p
47 T 37 67 67
X 20 5 T ¢ 5 T g 5 T ¢ 5 T g 2
1+wB7-C 1+(w1_ws)27-o 1+w17'c 1+(w1+ws)27‘0 1+ws7‘0
(2.29)

solvent. As “rotational correlation time” is a very commonly used term, in this work we
keep this expression.

Y' The electronic correlation time 7 is related to electronic relaxation. In principle,
longitudinal (7)) and transverse relaxation times (7Ty;) may be distinguished in 7; =
T,y and 73, = T In the present work we consider the fast motion limit for the

electron, with 7|, = T,;, and consequently 7, = Tjp = Typ.

23



CHAPTER 2 NMR OoF LANTHANIDE COMPLEXES

where all the constants are the same reported above, w, and w, are the
nuclear and electronic Larmor frequencies, respectively. The spectral
density terms (reported in the square brackets) describe the efficiency of
the relaxation mechanism as a function of the Larmor frequencies and the

correlation time. The Rld;p term is the longitudinal relaxation rate in the
rotating frame, and w, is the nuclear Larmor frequency upon rotation
around the spin-lock radio frequency field B,. As ‘wQBTQO‘ <<1, Rld;” is
substantially equal to R;”p and will be omitted in the following
lab

description.

In the fast motion limit (‘w%é‘ <<1 and ‘szé‘ << 1) we have

47

piv _ piv _ 4 (uo ]2 719:1,5(S +1)
T T2 T

. T (2.30)

7,6 C

The constant 7?93/1238(5 +1)/7’6 is proportional to the square of the

nuclear-electron dipolar interaction, and is strongly influenced by the

metal-nucleus distance (7).

2.2.2. The Curie Relaxation Mechanism

The fluctuation of the electronic magnetic dipole averages around an
“effective” magnetic dipole p arising from the different populations of the
electronic states, and proportional to the external field B, (2.15). The
dipolar interaction between p and the observed nucleus fluctuates under
the effect of molecular tumbling, and is responsible for the Curie
relaxation. As p is averaged over the S states, the correlation time here
contains only the rotational and exchange terms

1

[Curie 7] T, = T; + 7'341 (2.31)
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and the relaxation rates are thus expressed”™’

owie 1 2(p V¥ 1i9liyBS(S + ) 37,
Rl = Curie & 2 6 2 _2 (232)
T 5\ 4 (BkT) r 1+ w7,
coie 1 1(y V¥ iglnsBrS(S + DF 37,
gowe o 1 _1 o e (2.33)
" 5\4r (BkT)r L+ w7,

that, in the fast motion limit (‘uﬁTi,‘ << 1) become

Curie 6 Curie 6 H
RO = 2 gOwie — —( 0
7 5\4r

| s IS OF .
(3kT)* 1" ¢ ’

The Curie relaxation rates R, and R, are never equal, even in the fast

motion limit, and significantly increase with the external magnetic field

(o Bg) This relaxation mechanism is strongly temperature dependent: in

addition to the explicit 77> term, the temperature largely influences also

7,- The magnetic field and temperature dependence in the dipolar

relaxation is generally smaller and hardly evaluated, as it depends only on

the implicit contribution included in 7.

2.2.3. The Contact Relazation Mechanism

The contact interaction also contributes to the nuclear relaxation with a
contact relaxation term. In this mechanism, the correlation time 7,
depends only on the electronic and the exchange correlation times, as the
contact interaction is essentially scalar and scarcely influenced by molecular

orientation
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[contact T ! = 7'; +7 (2.35)

C] c M

The expression for R, and R, are given by the Bloembergen equations’

2
R =25(5 1)@) _Te (2.36)
3 n) 1+ WwTy,
R = Lgs+ 1)@)2 ror—c (2.37)
2 3 n)| ¢ 1+wirs, '

where A is the coupling constant (2.8). In extreme narrowing condition

(‘szé‘ <<1) (2.36) and (2.37) simplify in
con con 2 A ?
Rl = R2 = gS(S + 1) E TC (238)

Apart from the donor ligand nuclei themselves, the contact relaxation is
generally much smaller than the dipolar and Curie terms and often may be
neglected.! The relative importance of the dipolar and Curie mechanisms is
strongly variable with the nature of the metal, the magnetic field and the
electronic and rotational correlation times, and must be evaluated for each
specific case. For all the relaxation mechanisms reported above, the
relaxation rates are proportional to the square of the magnetogyric ratio
(7?): it derives that proton and fluorine are much more affected by

relaxation than most heteronuclei (**C, N etc.).
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2.8 PARAMAGNETIC PROPERTIES OF LANTHANIDES

2.3.1. Paramagnetic Shift

The paramagnetism of the lanthanide ions is due to the partial filling of

the 4f orbitals. In these elements, the total electronic spin angular moment

(S) and orbital angular moments (L) are strongly coupled by the spin-orbit

interaction, so their magnetic properties are better described by the total

angular moment J (|J| =|L £ S5]).

Table 2.1. Electronic properties of lanthanide ions." The spectroscopic states **''L, are

referred to the ground state. The pseudocontact shifts (07 )are calculated for a nucleus

with the GF = 1 in an axially symmetric tensor. The values <S Z>J are calculated

including the excited states. The relative linewidths are calculated from (2.48-50) using

the electronic correlation time reported in Ref. 1, and scaled to Yb linewidth 10 Hz.

c
Ln(III) | 7L, (2041)| 9, <SZ>J ( prpm) 5PC/<SZ>J LINPE{ES:;V(EHZ)
Ce™ *Fyn (6) 6/7 0.98 1.6 1.5 2.3
Pr? Hy  (9) 4/5 2.97 2.7 0.9 5.2
Nd* ‘I, (10) | 8/11 4.49 1.0 0.2 5.7
Pm* I, (9) 3/5 4.01 -0.6 -0.1 2.7
Sm*’ °H;,, (6) 2/7 -0.06 0.2 0.2 0.2
Eu* F, (1) - -10.68 | -1.0 0.1 -
Gd* S (8) 2 -31.50 | 0.0 0.0 100-10*
Tb* Fy (13) 3/2 | -31.82 | 20.7 -0.6 109.5
Dy** “H,, (16) 4/3 | -28.54 | 238 -0.8 151.0
Ho™ °, (17) | 5/4 | 2263 | 94 0.4 149.0
Er*® Ly, (16) 6/5 | -15.37 | -7.7 0.5 104.3
Tm* "Hy (13) | 7/6 -8.21 | —12.7 1.5 47.1
Yb* Frn (8) 8/7 -2.59 | -5.2 2.0 10.0
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The equations of the paramagnetic shift and relaxation rates are easily
derived replacing the spin quantum number S with J, and the
corresponding Landé factor g, with g, that contains the orbital
contribution. Table 2.1 reports, for each Ln*" ion, the spectroscopic states
with the calculated values of Jand g, .

The hyperfine contact shift in lanthanides is less important than in the d-
transition metals,"*" because of the inner character of the 4f orbitals. The
propagation of the contact coupling occurs through overlap of the donor
orbitals and the outer 6s orbitals of the metal, which are in turn polarized
by the 4f electrons. The contact shift equation (2.10) corrected for the J

term 1is

é‘COn — —
iy, 3kT hy,B

Ao ViU 4y 29)

0

where, A is described in (2.7) and <S Z>J is the expectation value of the

electronic spin zcomponent.*!

The pseudocontact shift is due to the anisotropic part of the magnetic
susceptibility (eq. 2.22), which is in turn originated by the electronic orbital
contributions. However, only when the lanthanide ion is immersed into
ligand crystal-field, the spherical symmetry around the metal is removed
and the magnetic susceptibility anisotropy arises. Bleaney'? provided an
elegant procedure to derive in a general way the 67 from the ligand
crystal-field parameters. The effect of the crystal-field on the electronic spin

Hamiltonian H;fm is spanned into a sum of spin operators O} of k rank

involving the J,, J,, J, components

I Tt should be mentioned that the constant A contains the electronic Landé factor 9.,

which is not replaced by g¢,.
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2.8 PARAMAGNETIC PROPERTIES OF LANTHANIDES

H, = 19,0057 - By + quA%<7"k><J [KI.7)0; (2.40)

where: £k = 2, 4,6, and 0 < ¢ < &, ,uOgJ,Lcﬂ,J - B, is the Zeeman term, B, is
the magnetic field vector, J is total angular moment operator, A{ is the
energy crystal-field coefficient of order ¢ and rank £, <7’k> is the average of
the K" power of the electronic radius in the 4f orbitals, and (J|k|J) are
numerical factors calculated from the electronic state of each lanthanide
ion. From this Hamiltonian the magnetic susceptibility tensor x is derived,

which is inserted in (2.24) to give

py ST +1)(27 —1)(27 +3)

o= 60(kT)’ ;

X {DZ mj_l +(Dy = Dy) " 9208%0}

D, =(r’)JlalT)(4; - A)) i
D, = (r*)Jial)(~A2 — A?)

D, = (r’}(JlalJ)(24))

where Dy, D,, D, contain the crystal-field parameters. Bleaney'* observed
that while the isotropic component of the magnetic susceptibility depends
on the temperature with 7' (Curie law), the anisotropic part depends on
T2, and contains only crystal-field terms with rank k = 2.t

Assuming an isostructural series of axially symmetric complexes and

considering a plausible value of A20 <7‘2> = +10 cm* for all the lanthanides,

Bleaney'? estimated the pseudocontact shift with (2.41) for a nucleus with

il The lanthanide ions Eu** and Sm®** do not follow (2.41) because of the presence of

excited levels close to the ground state, and they have a different temperature
dependence (Ref. 12).
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(3cos” @ — 1)/7'3 =1 (Figure 2.5 and Table 2.1). Notably, the two Tbh*" and

Dy*" ions give the strongest shifts, of opposite sign with respect to Er’*,
Tm’", and Yb’". In Figure 2.5 these shifts are plotted together with the

values of — <S Z>J (2.39) in order to show the tendency of each metal to give

contact and pseudocontact shift contributions.

40 1 40
. |
orc | | —<SZ>

30 | - 30 J
20 - -1 20

10 | 110

Oe % 0

-10 - -10

-20 | | | | | | | | | | | | | | -20

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 2.5. Relative contributions of the pseudocontact (7¢, black points)
and contact terms _<SZ>J (empty points), along the Ln(IIl) series, as

reported in Table 2.1.%"

The T2 dependence of the pseudocontact shift proposed by Bleaney is
correct under the assumption that crystal field splitting energy (AE, ) of

X Other values of the crystal field coefficient, even negative, are equally possible; so the
data here reported should be considered only for the relative intensity of the shift in the

different lanthanide ions.
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the J manifold is small compared to kT, otherwise T " terms of higher
order (n > 2) should be considered. McGarvey estimated that 77
contributions in the D, and D, constants (see (2.24)) are not negligible but
not exceed the 10% of the 7% term." He concludes that the contact shift
(proportional to T7") can not be easily separated from the pseucontact part
(depending on the 77> and T terms) by simply fitting the trend of the
shifts at variable temperature, because the 7', 772, and T functions
have very similar trends even in a wide range of temperatures.””'* The
assumption that the crystal field splitting is smaller compared to kT

(AE,, > kT) is often not acceptable, as AE_ . may also be AE, [kT >2 or

higher (see for example § 3.1.2 and § 4.5). More recently, Mironov et al.”
calculated the anisotropy of the magnetic susceptibility D, along the
lanthanide series, including all the crystal field terms, and for several
regular and distorted coordination polyhedrons. These values were
compared with that expected from the Bleaney theory, (that limits the
crystal field terms to A9). It results that, under a qualitative point of view,
the trend of D, along the Ln®" series expected from Bleaney (Figure 2.5 and
Table 2.1) is still acceptable, but in a quantitative analysis the Bleaney
values may show large deviation from the ones calculated including all the
crystal field terms. Mironov also evidenced how D, has a remarkable
dependence on the geometry of the coordination polyhedron and is largely

influenced by small distortions in the ligand arrangement.'”

2.3.2. Paramagnetic Relazation

The paramagnetic relaxation contributions, corrected for the spin-orbit

effect, and in absence of chemical exchange, are thus summarized
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dip — 3(/&0) 7395#23‘](‘] + ]‘) %
L 15\U4n 70
(2.42)
T 37'0 67'0
X + +
1+(w1—ws)27'20 1+w§7‘20 1+(w1+ws)27‘20

gy _ i(uo) V19515 (J + 1)

215 r "
3 6 6
x{47'0+ ‘¢ + Tg 5+ e 5 T Tg 2}
1+(w1—w5)27'0 1+w17'0 1+(w1+ws)27'0 1+wS7'C
(2.43)
con 2 A ? TE
R ==J(J +1) — 55 (2.44)
3 h) 1+ Wy
R =L+ 1)(é)2 T (2.45)
3 n)| P 1+ wir '
Curie _ 2( Ho 7§gjﬂ4BBQ[J(J + 1)]2 37,
=5 3KT)Pr° 1+ o7 (2.46)
T ( )r + Wi T,
cwie  1( 1y ¥ V29505 BT (T + D 37,
R2 = — 5 6 47' +W (247)
5\ 47 (BET)r B l+wir,

With the exclusion of the donor atoms, the contact relaxation is
generally negligible compared to other terms. For all lanthanide ions, apart
from Gd*", the correlation time of the dipolar mechanism is dominated by
the electronic correlation time 7, (10"%-10")"'° that is much smaller than

the rotational correlation time. The very short value of 7, is due to the
efficient electronic relaxation (Orbach-type process),'” favoured by the

presence of several states near in energy to the ground state. This is not the

32
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case of Gd**, for which the ground state is a singlet (*S;,) without low

lying excited levels, and 7, is considerably higher (10%-107)."®

E
In the absence of chemical exchange (or better for 7, << 7, ), for small
molecules (‘w?ﬁo‘ <<1 and ‘wijé‘ << 1), and for all the lanthanides except

Gd’", equations (2.42)—(2.47) become

i pap A1\ V19015 (T +1)
R™ = R :§(ﬁj 7] Jjﬁ T, (2.48)
con con 2 A 2
R =R = §J(J +1) o) T (2.49)
0
RCum'e — QRCurie _ ﬁ(ﬁj2 ’7?931“4333 [J(J + 1)] e (250)
1 72 5\47r (3kT)r° R

2.3.3. Choice of the Lanthanide Ion

To get structural information from the paramagnetic shifts the
pseudocontact shift must be separated from the contact shift. As mentioned
above, these terms can not be distinguished on the bases of the different
temperature dependence.’® For an isostructural series of lanthanide
complexes, the contact and pseudocontact shifts vary in a predictable way,

being proportional to <SZ>J and to the Bleaney coefficient ((2.41) and
Table 2.1), respectively. The combination of equations (2.3), (2.39), and

(2.41) allow one to extract linear plots of the experimental shift as a
function of these coefficients, and to isolate contact from pseudocontact
contributions.!***1%% The linearity of these plots may also used to check
the isostructurality of the complex geometry along the lanthanide
series.?*?*:%2 Forsberg et al. determined the contact and pseudocontact

shift for the all the protons of a [Ln(DOTA-like)| derivative analysing the
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shifts for 10 Ln*" complexes.” These data showed that the ytterbium ion
has the more favourable ratio between pseudocontact and contact shift, and
contact shifts is generally negligible with respect to pseudocontact one (at
least for protons more than three-bonds distant from the metal). This
analysis and those conducted on several lanthanide complexes make
generally accepted that contact terms might be neglected for ytterbium
complexes.?!4:100:21b,23,24,30

The choice of Yb(III) is also supported by the small relaxivity of this ion.
Indeed, Yb(IIT) has only one unpaired electron (*F,, ground state) and

considerably small 7 and J factors (see Table 2.1). Consequently,

o 9
the NMR spectra of Yb(III) complexes have comparably narrow lines
dispersed over a large spectral window (because of the large magnetic
susceptibility anisotropy), which leads to resolved multiplets for most
resonances of small molecules.? All these aspects contribute to making

Yb(IIT) one of the most suitable metals for using paramagnetic constraints

in structural analysis.

2.4. Solution Structure Determination

2.4.1. The PERSEUS Program

The above described relations between the nuclear coordinates and &%¢,
T, and T, ((2.24-25), (2.48-50)) gives the theoretical fundament for the use
of paramagnetic NMR data as structural constraints in the determination
of the solution geometry.

The pseudocontact shift provides geometrical information only once the
magnetic anisotropy tensor is known. The principal values of this tensor
can be calculated from the crystal field parameters (2.41),'*' but they
significantly changes as a function of the ligand cage geometry and can not

be correctly determined a priori; furthermore, the knowledge of the
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orientation of the principal axes may not be immediate for rhombic tensors
(D, = 0). In principle, also the relaxation times can be calculated from the
nuclear coordinates, but in practice the rotational and electronic correlation
times rarely are enough accurate to give a satisfactory prediction of the
relaxation constants.

The approach used in this thesis is to fit both structure and
paramagnetic constants (magnetic anisotropy tensor and relaxation
constants) from the experimental data. For each NMR-sensitive nuclei one
can collect one ¢ and the T, or T, data, but they provide only two
structural constraints that are not enough to fix the nuclear coordinates
(three for each nucleus), the five tensors parameters and the relaxation
constants. Thus, without additional information the molecular geometry
can not be obtained. In the applications here reported (chapter 4, 5, and 6)
the paramagnetic NMR data are used to adjust only some degrees of
freedom of the molecular model and not to determine the complete set of
nuclear coordinates. In particular, by keeping constant the distances and
the bond angles between the covalently connected nuclei (i.e. C-H, C-C
distances, H-C-C, C-C-C angles, etc.) and adjusting only the bond
conformations (i.e. the dihedral angles), the required number of variables
strongly reduces, and for small or partially rigid systems these can be
sufficient to define a molecular geometry.

The maximum number of structural variables () that can be optimised
depends on the number of experimental pseudocontact shifts (np) and
relaxation times (n,) available, as well as on the tensor symmetry (axial or
rhombic). As the X' tensor is traceless and symmetric, only five parameters
are needed to define it (rhombic case), and in the case of axial symmetry

(X's = X', ) they are reduced to three. Calling ¢ the number of parameters
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needed to define the X' tensor and s that one used to fix the relaxation

constant,” it results that
v=mn,+n,—t-s (2.51)

In practice, to use a larger number of experimental constraints is
preferable, in order to compensate for experimental errors and to obtain
more accurate structures.

In this thesis, the structural calculation is obtained through the program
PERSEUS (Paramagnetic Enhanced Relaxation and Shift for Eliciting the
Ultimate Structure).”” PERSEUS rearranges the structure of the initial
starting model in order to minimize the difference between the calculated
and experimental data. The starting model may be a crystal structure as

well as the result of a grossly optimised model that approximate the

i

complex structure;® if a crystal structure is used the C-H distances are
often shorter than their real values® and should be corrected.”” The input
model is deformed by rotating around the bonds (ligand conformations),
and by moving the metal position; PERSEUS simultaneously fits the X'
tensor and the relaxation constants. These structural and magnetic
parameters are continuously changed until the target function F' is

minimized

* We have s = 1 if the relaxation times are used, and s = 0 if they are not used.

! Qince PERSEUS optimises the ligand conformational, the starting model may only
approximate the real structure. On the contrary, it is important that the bond-lengths
and the bond-angles (not optimised by PERSEUS) are set to accurate values (see values

reported in Ref. 27).
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iA‘(épc(calc) . (spc(exper))Q éB (Rpar(calc) . Rpar(exper))? ic (7” B TO)Z
F:izll z ( ;2 +m:1m Zﬂ ( ;” +l:121021
pc(exper par(exper)\2
() (RO z()

(2.52)

The first two terms of F' consider the agreement among the calculated
and the experimental pseudocontact shift and relaxation rates.™ The third
term is introduced to force the metal-donors distance r, to be kept in
proximity of the crystallographic bond-length (7}0): this term may be used
to add another plausible constraint in addition to experimental data. The
coefficients A, B, , and C, adjust the relative weight of each constraint.

The minimization routine in PERSEUS searches the local minimum in the
space of the structural and magnetic degrees of freedom around the initial
conditions: to be sure of the accuracy of the minimized structure, different
initial conditions (tensor values, rotation angles, ...) should be checked in
order to arrive as close as possible to the absolute minima.

An index of the agreement between the experimental data and the

calculated structure may be represented by the agreement factors R(6"¢)

and R(p"") (Willcott’s agreement factors)®

. 5pc(calc) . 5pc(exper) 2
R(67) = \/ 2. 5 ( 5pc(expgr))2 ) (2.53)
‘ pam(calc) . pam(exper) 2
R(ppam) — \/Zz (pzz‘(ppam(elz;er)y ) (254)

X The target function F is general, thus the relaxation rate index 1 and 2 (relative to

the longitudinal and transverse mechanisms) are omitted.

37



CHAPTER 2 NMR OoF LANTHANIDE COMPLEXES

para

where the sums run over the ¢ experimental data and p are the

paramagnetic relaxation rate R'*" or RJ"*. ™

2.4.2. Paramagnetic Constraint Reliability and Dynamics

The paramagnetic constraints offer a unique possibility to investigate the
solution structure of ytterbium complexes. In particular the pseudocontact
shifts are directly related to the nuclear position through eq. (2.24-25), and
they are easily determined from the NMR spectrum. It is remarkable how
o7"’s are very sensitive to small changes in the ligand arrangement: two
complexes having slightly different geometries or even two different
conformers of the same complex have different NMR spectra.

In Yb(III)-complexes it is often observed that the ligand shifts of a
nucleus in two different conformers may be separated by several tens of
ppm, which corresponds, at routinely used magnetic fields, to a frequency
difference often larger than the conformational exchange rate. In such
conditions the conformational dynamics is slow on the NMR time scale,
and the resonances of the two species can be distinguished (see Chapter 5
for some examples).

Frequently, processes as conformational equilibria, ligand exchange,
chemical equilibria, which are fast, on the NMR time scale, in diamagnetic
complexes (as the La’" or Lu®" complexes), are drawn into a slow regime in
the analogue Yb(III)-species. In this case, the inspection of EXSY
experiments allows one to monitor in detail the conformational dynamics
and, through a quantitative analysis of the EXSY integrals, it is possible to

estimate the exchange rate of the conformational equilibrium.**’

il We prefer to change the symbol of the relaxation rates from R to g™ to avoid

confusion with the symbol R of the Willcott term.
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In slow exchange regime the pseudocontact shifts of the exchanging
species are reliable constraints for the structural determination, and can be
used to establish the geometry of the single species. At variance, when the
exchange is fast, on the NMR time scale, the observed shift is the result of
the weighted average of the shifts of the single exchanging species, and does
not correspond any more to a reliable geometry.

In fast exchange, information about the rate of the dynamics can be
derived from the analysis of the peak linewidth. At variance, structural
information can be obtained only once the shifts of the single species are
extrapolated. A common example is the case of a ligand in fast exchange
between a free form and a form bound to the metal complex: the ligand
resonances are averaged to a shift that is weighted on the relative amounts
of free and bound forms. With an NMR titration of the ligand, the relative
amounts of the two species changes and the ligand shifts move towards the
resonances of the more abundant species: thus, the analysis of the titration
curves allows one to extrapolate the shifts of the pure bound form. In turn,
the shifts of the bound form can be properly used for structural
determination (see examples in chapter 6).

Otherwise, fast or intermediate exchanges can often be drawn into a slow
exchange by lowering the temperature. This procedure is especially effective
in Yb(III)-complexes because lowering the temperature not only reduces the
exchange rate, but it also increases the anisotropy of the magnetic
susceptibility (following the T trend), and consequently the frequency
difference among the resonances of the exchanging species.

In conclusion, the reliability of the paramagnetic constraints depends on
the presence of dynamics that can affect them. In particular, is important
to exclude the presence of fast exchange before the use of paramagnetic
data (especially 67) in a structural calculation. An important alarm bell is

the inspection of the peak linewidth: peaks larger than what is expected on
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the bases of the pure paramagnetic relaxation (see eq. (2.48-50)), strongly
suggest the presence of dynamics or chemical equilibria, and it requires a
specific discussion.

In the slow exchange conditions as well as in the absence of chemical or
conformational exchanges, the solution structure obtained from the fitting
of the paramagnetic constraints are the best solution model compatible
with the experimental data: the examples reported in Chapter 4-6 show
structure with errors around 0.1-0.2 A. As the pseudocontact shifts and the
relaxation rates are larger in proximity of the metal, the precision of the
calculated structure becomes better near the metal. In spite of this, nuclei
that are three or less bonds distant from the metal may have significant
contact shift contributions, which should be discussed or considered in the
optimisation.

Finally, even in absence of chemical or conformational equilibria, a
molecule in solution undergoes librations or small motions that are
generally much faster than the conformational exchange, and are not
resolved by the paramagnetic interaction. This kind of mobility probably
represent the very limit in the modelling of the solution structure; anyway,
in most the cases the displacement range in the nuclear position due to
these motions is limited, so that the error reflected in the pseudocontact
shift (or in the relaxation times) is comparably small, allowing one to fit

accurate geometries.
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CHAPTER 3
Near-IR Circular Dichroism of Yb(III) Complexes

In Yb(III) complexes it is possible to observe the CD related to the f—f
electronic transitions of the metal. These fall around 980 nm in the near-IR
range (NIR), and are scarcely influenced by the UV-Vis transitions typical
of organic ligands, so the NIR CD can be detected even in molecules having
strong UV-Vis absorptions. While the UV-Vis CD provides information on
the chiral arrangement of the ligand,! Yb(III) NIR CD offers a
complementary point of view giving information about the chiral distortion
of the coordination polyhedron around the metal.

In the present chapter we report some theoretical elements on the optical
transitions in Yb(III) ions (§ 3.1) and how these may be used to provide
precious information about the metal coordination (§ 3.2), in order to

introduce this technique largely used in chapter 4, 5, and 6.

3.1. Some Elements of Theory

Circular Dichroism 1is the difference between the extinction molar

coefficients measured using left (e,) and right (e,) circularly polarized

light?

R

Aa‘:gL—gR

where the absorption spectrum measure the average value
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€, T €,
2

€ = (3.2)

In absence of external fields, CD arises only in the presence of chiral non-
racemic compounds and it has opposite sign for the two enantiomers.

Considering a single transition between the ground state ‘A0> and the

excited one ‘Aa>, the intensities of the absorption and of the corresponding
CD bands (also called Cotton effect) depend on the oscillator strength

(D,,) and the rotational strength (R, ), respectively’

Oa

3
_ 3hcl0 lnlojfos P (3.3)

Oa 87r3NA %

3
- 3h3¢217(:3 ]l\an 10 I 50;\5 . (3.4)
where h is the Planck constant, ¢ is the vacuum light speed, N, is the
Avogadro number, and 7 is the light wave number, £, is the degeneracy of
the starting level, the numerical factor 10° is introduced to accommodate
the extinction molar coefficients in the commonly used M 'cm ! units. Both
the oscillator strength D,, and the rotational strength R, are related to the
electric (P = <A

<M0a - <AO Aa>)

A, > ) and magnetic transition dipoles

m

DOa = ‘POa‘2 + ‘MOa

‘2

R, =Im(P, -M, ) (3.6)

Oa

46



3.1 SOME FELEMENTS OF THEORY

and the rotational strength corresponds to the imaginary part of the of the
scalar product of the electric and magnetic transition dipole. The intensity
of the Cotton effect with respect to the absorption band is quantified by
the dissymmetry factor g

9= ? (3.7)

2
, We

which is in turn proportional to the R / D, ratio. If ‘POG‘Q >> ‘MO(L
can write*

4R, 4Im(P, -M,) 4Im(P -M ) 4M,
D, B[ +M,[ Re®,P) P,

Oa

a

9o, = cos(n) (3.8)

where 7 is the angle between the transition dipole vectors P, and M, . As
a consequence, in order to have an appreciable CD, the observed transition

must be magnetically allowed.

3.1.1. Spectroscopic States in Ln(I11) Ions

The optical properties of most of the Ln(III) ions are explained by terms
of 4f — 4f intraconfigurational radiative transitions.

The electronic Hamiltonian for the free lanthanide ion, limited to the 4f
shell, is described by four terms, whose Hff and H ffo account for the
electron-electron coulombic repulsion and the spin-orbit coupling,

respectively

B2 N N 72 N2 N
B = sV oy 28 3 Sc(n)s, -1, (3.9)
/ 2mi=1 ' =1 T i<jT. =1 !
i ij N
" Hij
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CHAPTER 8 NEAR-IR CIRCULAR DICHROISM OF YB(III) COMPLEXES

where #i = h/27r, m and e are the electron mass and charge, respectively, Z°

is the shielded nuclear charge, r; and r; are the electron-nucleus and the
electron-electron distances, ((r;) is the spin-orbit function, and s; and 1, are
the spin and orbital angular moment operators for the single electron, and
all the sums run over the N electrons of the 4f orbitals. Depending on the

relative importance of the terms H¢

if and H ffO two approximations are

possible:

For HZC>H5;) we are in the Russel-Saunders coupling, and the spin-

orbit coupling is considered as a small perturbation on the electric level

structure determined by diagonalizing H ff.
For Hff<H fj? occurs the so called j-7 coupling, in which the spin and

angular moment are coupled in the J quantum number (|J| =|L £ 5]), and
the coulombic interaction perturbs the J scheme.

The case of lanthanides is an intermediate situation (intermediate
coupling), in which the Russel-Saunders coupling can be adopted only as a
first approximation, and successively one must evaluate the effect of the
spin-orbit coupling that generates a separation of the spectroscopic *S*VL
states, on the basis of the different quantum numbers J.

The combination of these interactions is responsible for the complex
system of 4f levels observed for the Ln(III) ions, which is depicted in Figure
3.1.> In some cases (as for Eu®") there is a large number of states, which
gives rise to very complicated electronic spectra. On the contrary, for the
empty 4f° (La®"), half-filled 4f " (Gd®"), and filled 4f ' configurations
(Lu**), only one level is possible in the 4fshell.

In Ln*" complexes, the 4f orbitals have very scarce overlap with the
ligand orbitals (see chapter 1), as a consequence, the presence of the ligand
introduces only a weak interaction with the 4f orbitals, which can be

accounted for on the bases of the crystal-field theory. In the crystal-field
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3.1 SOME ELEMENTS OF THEORY

theory, the electronic Hamiltonian of the complex (HffOT) is calculated

from the free-ion Hamiltonian by introducing the perturbation due of the

crystal-field term H 40?
TOT __ free CF
H4f —H4f +H4f (3.10)
The crystal-field Hamiltonian is in turn decomposed into the sum

CF kk
Hi =X B/C, (3.11)

where C]; are the intraconfigurational spherical tensor operators of rank k
and order ¢, and Bf are the corresponding crystal field parameters.

The action of the crystal field removes the degeneracy of the J-levels,
splitting the free-ion electronic levels into sublevels.® The direct
consequence is that the electronic transitions also split into a series of
bands. The intensity of the crystal-field energy split depends on the crystal
field parameters, and is a function of both the donor nature and the
complex geometry.

Figure 3.2 schematically shows the typical absorption region for each
Ln(IM) ions:” the spectra cover all the UV-Vis-NIR and IR regions. For
complexes having absorption in the Visible region, these transitions are also
responsible of the complex color.

As many of these transitions are electric dipole forbidden (AL = 0)
generally the absorption spectra are weak, only Th*' and Ce®" have molar
extinction coefficients ¢ as higher as 10%. Because the 4f orbitals are well
shielded from ligands, vibrational couplings are limited and the absorption

bands are comparably sharp.
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Figure 3.2. Absorptions spectra of Ln**

ions in solution down to 1000 nm.
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CHAPTER 38 NEAR-IR CIRCULAR DICHROISM OF YB(III) COMPLEXES

3.1.2. f-f Transitions in Yb(III)

The spectroscopic states of Yb*' free ion are composed by only two
terms: 2F7/2 for the ground state, and 2F5/2 for the excited one, and are
separated by an energy gap about 980 nm (NIR range).

The crystal-field of the ligand splits the ground and the excited state in
two patterns of four and three sublevels, respectively. The energy
separation among the level in the ground-state pattern is of the order of kT
(207 cm™ at 298 K), so all the four sublevels of the *F., configuration are

considerably populated at room temperature (Figure 3.3).

solid state solution
- 3' (10893 cm)
=~ T 2' (10571 cm-")
£ 3' (10485 cm')
‘; -
o
s 2' (10288 cm)
W 1" (10217 cm™) 1’ (10194 cm-")
=
=
- 4 (715 cm™)
3 (652 cm™)
i 4 (348 cm)
200cm™ | | 3 (118 cm™) 2 (124 cm)
2 (67 cm™)
- 1(0 cm-) 1(0cm”)

Figure 3.3. Diagram of the energy levels of Yb™ determined both at the solid
state (Nay[Yb(dpa),]-13H,0)® and in solution ([Yb((R)-DOTMA)])’. The

arrows show the transitions assigned in the corresponding NIR spectrum.
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3.1 SOME ELEMENTS OF THEORY

This allows up to 12 possible transitions in absorption and CD spectra
whose center of gravity is around 980 nm. All the transitions are electric
dipole forbidden (AL = 0) and many are magnetic dipole allowed (AJ = 1):
this reflects in weak absorptions (due probably with some coupling with 5d
levels)” and comparably high rotational strength (3.6), with dissymmetry
factors g that can be g > 0.25.”

03 Ly

900 950 1000 1050 1100
A (nm)

Figure 3.4. NIR absorption (A) and CD spectra (B) of [Yb((R)-DOTMA)],
(¢ = 0.16 M, pathlength 1 cm). The second part of each spectrum is
expanded by a factor of 5 (A) and 50 (B).
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The high g¢values and the absence of interferences from the solvent
absorption bands make the CD spectra easy to acquire and sensitive,
compared to the corresponding absorption spectra.’ Furthermore, in the CD
spectra, it is often possible to resolve overlapping bands when the sign of
their Cotton effects are opposite. This is evident looking at the CD and
absorption spectra of the macrocyclic complex [Yb((R)-DOTMA)]" (Figure
3.4). The enhanced resolution of its CD spectrum allowed the
determination of all the 12 transition bands and the assignment of the
electronic levels (Figure 3.3).°

On lowering the temperature two distinct effects are observed in the
spectra: (i) the spectral lines are narrowed, (ii) the population of the lower-
lying sublevel of the ground state increases, with a consequent increase of
the CD intensity of transitions originating from this level. As a
consequence, by comparing the intensity of the CD-bands in spectra
recorded at room temperature (298 K) and at 193 K it is possible to
identify the transitions starting from the ground state, that is the first step

in the assignment of the whole spectral pattern (see also § 4.5.2).”

3.2. Yb NIR CD for the Structural Determination

The intensity, sign and frequencies of the NIR CD Cotton effects are
related to the crystal field coefficients (eq. 3.11), which reflect the nature

" In the NIR region often fall vibrational overtones of the common solvents. These
absorptions are more intense of the Yb(III) bands, and the not perfect subtraction of
the solvent bands introduce artefact and reduces the quality of the spectrum. On the
contrary, the CD is sensitive only to the chiral compounds, and the solvent does not
give any bands, so the transitions of the complex are easily recognized.

i (R)-DOTMA is (1RAR,7R,10R)-a,&’,a”’,’-tetramethyl-1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid.
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and the arrangement of the coordination polyhedron around the metal.
Ytterbium complexes that have the similar coordination polyhedron have
also similar NIR CD spectra. Examples of this are found comparing the
NIR CD spectra of macrocyclic [Yb(DOTA-like)] complexes. Indeed, in
these molecules the coordination polyhedron can assume a square
antiprismatic (SA) or a twisted-square antiprismatic (7SA) geometry (see §
5.1 for further details). It is demonstrated that complexes as [Yb((R)-
DOTAMPH)], [Yb((S)-DOTAMNp)], and [Yb(S-(RRRR)-NO,BnDOTMA)]
have a SA arrangement in solution,"™" while [Yb((R)-DOTMA)], and
[Yb(S-(5555)-NO,BnDOTMA)] are essentially TSA.""™ The NIR CD
spectra of these systems show that the spectra of the SA forms are each
other closely related, as well as those of the T'SA forms: but the TSA and
the SA NIR CD spectra are largely different, demonstrating the relation
between geometry and NIR CD spectrum. This is also true for other Yb-
systems as the heterobimetallic complexes Nay[Yb((S)-BINOL),] and
K;[Yb((S)-BINOL),|"* (further details are in § 4.5).

All these examples indicate that NIR CD is essentially sensitive to the
arrangement of the first coordination sphere, and is scarcely affected by the
structural changes far from the metal that let unchanged geometry and
charge of the coordination polyhedron.

On the other side, if the coordination sphere is perturbed, e.g.
introducing an axial ligand in the macrocyclic complexes, the CD

immediately reflects this change. The gradual addition of an axial ligand

1 DOTAMPh is 1,4,7,10-tetrakis[( R)-1-(phenyl)ethylcarbamoilmethyl]-1,4,7,10-tetraaza-
cyclododecane; DOTAMND is 1,4,7,10-tetrakis[(.S)-1-(1-naphthyl)ethylcarbamoilmethyl]-
1,4,7,10-tetraazacyclododecane;  S-(RRRR)-NO,BnDOTMA is (1R4R,7R,10R)-
a,a,a’” " -tetramethyl- [(S)-2-(nitrobenzyl)] -1,4,7,10- tetraazacyclododecane- 1,4,7,10-
tetraacetic acid; S-(85SS5)-NO,BnDOTMA is (15,45,75,105)-a,a’,a”,’”’-tetramethyl-
[(S)-2-(nitrobenzyl)]-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
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(as DMSO) to the [Yb((R)-DOTAMPh)] and [Yb((S)-DOTAMNDpD)]
complexes produce a drastic change in the band intensity around 980 nm
(Figure 3.5), and this was demonstrated to occur in concomitance with the

axial coordination of the DMSQO.'""
4

Ag
(x 100) |
2

2 ul DMSO
1 ul DMSO e
0.5 ul DMSO

pure MeCN

I I I | I I I | I I I | I I I | I I I | I
920 940 960 980 1000 1020
A (hm)

Figure 3.5. NIR CD spectra of the titration of [Yb((R)-DOTAMPL)] in
CH,CN (¢ = 20mM, pathlength = 1cm) with DMSO (addition from 0.5 to 10
wL in a 0.5 mL of solution of the complex).

In chapter 5, we shall treat in further examples how the analysis of the
analogies/differences among the NIR CD spectra of chiral [Yb(DOTA-like)]
complexes makes possible the assignment of the arrangement of
coordination polyhedron, providing an essential piece of information for the

structural determination.*

3.3. References

! (a) Harada N., Nakanishi K., Circular Dichroic Spectroscopy-Ezciton Coupling in
Organic Stereochemistry, 1983, University Science Books: Mill Valley, CA. (b)
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CHAPTER 4
Structural Study of Yb-Heterobimetallic Catalysts

Heterobimetallic lanthanoid catalysts are a family of Ln(IIl) complexes of
general formula M,[Ln(BINOL),], (BINOL is enantiopure 1,1’-bis(2-
naphtholate),’ and the alkaline metals are M = Li, Na, K, Figure 4.1). The
first complex synthesised was Li;[La(BINOL),], introduced by Shibasaki et

al. in 1992 as stereoselective catalyst for the nitroaldolic reaction.’

M~
©© d (')o © 1: Ln=Yb, M=Na
79 N

M 2: Ln=Yb, M=K

Ln.
O\' Ny 3: Ln=Yb, M=Li
M- © 4: Ln=Lu, M=Na

Figure 4.1. Formula of the heterobimetallic catalysts used.

From that date on, Shibasaki and co-workers have found that these
systems are effective stereoselective precursors for many other reactions
such as the aldol-type condensations, the Michael reaction, imines and

aldehydes hydrophosphonylation, the Diels-Alder reaction, the epoxidation

: BINOL-H, was used to indicate the enantiopure binaphthol.
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of enones, etc. (Figure 4.2).>° Independently, Greeves et al. studied the
application of such systems to the stereocontrolled addition of alkyl-lithium
reagents to aldehydes.**

The high performances of these catalysts,”> and the application of such

24,5

systems to important and diverse reactions,”*” justify the interest toward

the structural study and the catalytic mechanism of these systems.

~

Asymmetric C-P
bond formation

Asymmetric C-O
bond formation

CHIRAL HETEROBIMETALLIC

LANTHANOIDIC CATALYSTS - Hydrophosphony-
. Enonps . lation of aldehydes
epoxidation - Hydrophosphony-

) \lation of imines )

4 )
Asymmetric C-C bond formation

Nitroaldolic reaction
Aldol condendensation
Michael addition reaction
Diels-Alder reaction

- .

Figure 4.2. Some important applications of heterobimetallic lanthanoid

complexes in asymmetric catalysis.

In this chapter, we focused our attention on the ytterbium
heterobimetallic catalysts Na,[Yb((S)-BINOL),] (1), K,[Yb((S)-BINOL),]
(2), Li;[Yb((S)-BINOL),] (3), exploiting a solution structural study through
NMR and NIR CD spectroscopies. The determined solution structures were
compared to the crystallographic structures discussing their differences. The
solution investigation was also extended to a study of the ligand lability,
which introduced new elements about the behaviour of such systems that

constitute the bases for a further investigation of the catalytic mechanism.
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4.1 CATALYTIC ACTIVITY AND REACTION MECHANISM

4.1. Catalytic Activity and Reaction Mechanism

4.1.1. Stereoselective Nitroadolic Reaction

The stereoselective nitroaldolic condensation (Henry’s reaction, Figure
4.3) was the first example of heterobimetallic lanthanoidic catalysis.
Lanthanide alkoxides, such as La,(OtBu),, were well known to promote
Henry’s reaction,” but only when the alkoxides were replaced by chiral
binaphtholate in Lis[La((S)-BINOL),|] the reaction proceeded with high
yield and e.e. (Figure 4.3).!

0 OH

Lis[La((S)-BINOL)]
H 3.3 mol % NO;
. CHgNO, >

THF, -42 °C, 18h

91% (90% e.e.)

Figure 4.3. Enantioselective nitroaldol reaction catalysed by Lij[La((S)-
BINOL),].

The versatility of both hydroxyl and nitro groups, makes this reaction of
great interest in the synthesis of amino-alcohols for pharmacological and
biological applications.’

The enantioselectivity depends on the lanthanide ion and the alkali metal
that compose the catalyst: the lithium complexes induce high e.e., whereas
the sodium catalysts produce almost racemates.” Figure 4.4 reports the
trend of the e.e. obtained through catalysts of different lanthanide ions: the
best results are generally obtained with metals of the first part of the series,
but there are considerable differences depending on the substrates used. In
some cases, an additional improvement of the catalytic efficiency can be

achieved using binaphtholate substituted in position 6 and 6°.°
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Figure 4.4. Enantioselectivity of the nitroaldolic reaction catalysed by
Li;[Ln((R)-BINOL),] as a function of the Ln** ionic radius and the substrates

used.?

In order to rationalize these results the mechanism reported in Figure
4.5 was proposed.” The coordination of nitromethane (first step) involves
the interaction with both the lanthanide and the alkali metal ion: the
combined effects of the acidic character of the Ln*" ions and the basicity of
the binapholate promote the proton extraction and the nitronate
enolization (adduct IT). The coordination of the aldehyde (III) activates the
carbonyl for nitronate insertion (IV). The cycle concludes with the proton
exchange and the release of the products that regenerate the catalyst (I).

The first step, with the formation of the nitronate, is supposed to be the
rate-determining step,” and it is directly influenced by the nature the

lanthanide and the alkali metal used. The lithium complexes are probably
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the best systems because they are basic enough to promote enolization and

stabilize the nitronate."

Q/Li\
o Lo )
R'/\/N02 - I CH3N02
Li

\Co‘l)i.ll_:a‘ | L
. Q H &La "0

Li N
I‘\/ + \ /O\ /CH2
v _O i, N+
g o

'> R'CHO
C\l:;_a-'-hi O \(

Figure 4.5. Catalytic cycle proposed for the nitroaldolic addition.

The chiral discrimination depends on the relative orientation between the
nitronate and the aldehyde, which is induced by the chiral ligand
environment in the adduct III. Models based on the crystal structure of
Na,[La((S)-BINOL),| support the stereoselective insertion of the nitronate
(IIT — IV), but experimental evidences of the intermediates III-IV are still

A “second generation” of heterobimetallic catalysts was built enriching the catalysts
Li;[La(BINOL),] with 1 equivalent of LiOH. This new catalyst showed an increased
activity: with 1.0 mol % of Li;[La((S)-BINOL),]-LiOH one obtain results comparable to
those reported using 3.3 mol % of Li,[La(BINOL),] (Ref. 2). The enhanced basicity of
the second-generation catalyst is supposed to promote the formation of the nitronate
species. FAB MS spectrometry evidenced the formation of an adduct between the

nitronate and a fragment of Li;[La((S)-BINOL),]-LiOH (Ref. 9).
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lacking.” It was suggested’ that little structural differences among the
complexes of different Ln*" ions are probably the cause of the different
enantioselectivity found for each substrate and might justify the trends

observed in Figure 4.4.

4.1.2. Michael Addition Reaction

Heterobimetallic catalysts are effective also in the asymmetric aldol

condensation and in the Michael reaction (Figure 4.6)."""

e} (0]
COOR"  Na,[La((R)-BINOL)]
+ R < (10% mol) )
COOR' THF ¥ coor
H  coor

up to 98% yield
up to 92% e.e.

o)
o COOCH3z Na[Ln((R)-BINOL)] Ph, pH

+ (10% mol) >
PhJJw/Ph o Ph COOCH;
COOCH;, soa COOCHj

Ln=La: 93% vield; 77% e.e.
Ln = Pr: 96% yield; 56% e.e.
Ln= Gd: 54% yield; 6% e.e.

Figure 4.6. Examples of enantioselective Michael addition.

The sodium complexes are generally the best catalysts for this reaction
(often with e.e. >90%), at variance of the lithium systems that give nearly
racemic products.'!

Generally, the Ln*" ions of the beginning of the series give higher e.e.
(especially Nay[La(BINOL),] and Nay[Pr(BINOL),]), with significant

differences depending on the substrates.'! The solvent plays an important
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role: pure THF for some substrates must be replaced by more apolar
mixture as THF /toluene, toluene or CH,Cl,.>"

The proposed catalytic cycle is similar to the one seen for the nitroaldol
reaction (Figure 4.7). The ambivalent basic and Lewis acid character of
these catalysts promotes the enolization of the malonate and the activation
of the enone, respectively (II). Both the substrates remain bound to the
catalyst that induces the stereocontrolled insertion of the malonate (III).
The malonate remains anchored to the complex through the sodium ion
and transfers a proton to the binaphtholate (II). Probably, in THF the
malonate may dissociate from the catalyst attacking the enone directly
“from the solution” and without stereocontrol; for this reason, in less polar
solvents as CH,Cl, or toluene, where this dissociation is prevented, higher
enantiomeric excess is obtained. Last step is the proton exchange that
regenerates the free catalyst (I).

o

0 _Oa % 40
Na\e\ig..,,,o) 0 COOMe
[
COOMe‘> “Na + <
( I COOMe

COOMe
N
O/N? O/ g
Na-O. = NazOa I 4
a\ (?wA'lLaqu Cm:g_‘a..lllo o
< : N OMe

Cﬂ/ N AR

Ho Meo " H oJ o5

“m\\i/) @om
OMe

I \/

Figure 4.7. Catalytic cycle proposed for the Michael addition.
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Shibasaki et al. reported NMR evidences of the interaction of the enone
with the catalyst;'! furthermore, computer simulations were used to support

the malonate insertion on the ciclohexanone (IIT)."

4.1.8. Hydrophosphonylation of Imines

Heterobimetallic catalysts are active in the enantioselective
hydrophosphonylation of the imines'? and aldehydes.'®'*'® This reaction
leads to the formation of new C—P bond through the addition of alkyl
phosphonates to the C=N and C=0O double bond (Figure 4.8).

A N HN/R
| (I? Ks[lza((R?);BlN(D)L)a] 5
5-20% mol :
H o T HROCH,), > P(OCH,),
Il
(0]
up to 82% yield

up to 96% e.e.

(0]
/
(HaCO)F,

B
—N
o] Ka[Yb((R)-BINOL);] .
HsC CHs 4+ (5-20% mol) NH
HsC s CHs HP(OCH,), > HsC CH;
THF/Toluene (1:7)
50 °C H3C S CH3

up to 97% yield
up to 98% e.e.

Figure 4.8. Enantioselective hydrophosphonylation of acyclic imines (A) and

thiazolines (B).

The products are chiral a-hydroxy and a-amino phosphonates, which
recently met a wide interest in the synthesis of biologically active enzyme
inhibitors.'®” In the imine hydrophosphonylation, the potassium systems
are the more active catalysts (yields and e.e. over 90-95%), where sodium
and lithium complexes still produce high e.e. but much lower yields

(generally <55%). The complexes of the early lanthanides (as K;[La((5)-
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BINOL),|) give efficient hydrophosphonylation on acyclic imines (Figure
4.8A)," at variance, the hydrophosphonylation of thiazolines (Figure 4.8B)
is much better catalysed by smaller lanthanides (Gd, Dy, Yb), and the
ytterbium complex K;[Yb((S)-BINOL),] (2) is the most efficient.">"

(oK

Nv ‘>/7 c? "’o \< H _OR'
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K—On 7 #° K<On: »Oj K< O%vb A0
\\t'Ybuuyo Ollll le '”O _) SNt ‘ "1({0
C/A: \ K \ /K ~ ;\

7 AN T O K \OH
] H '
H % OR' \ OR ma \ OR'

- oP: .P
(E\> ,,')P\OR' g b~ >R % \OR'j

Figure 4.9. Catalytic cycle proposed for the enantioselective
hydrophosphonylation of thiazolines. For the sake of simplicity, the

substituents on the thiazolin ring are not reported.

The mechanism of the thiazoline hydrohosphonylation catalysed by 2 was
studied in detail (Figure 4.9)."7%

The phosphonate is the first coordinated substrate, because of the
oxophilicity of the Ln’' ions, as supported by *P NMR evidences."” To
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generate the nucleophilic phosphorus for the imine insertion (IIIb), the
phosphonate/phosphite tautomerism must be invoked (equilibrium between
IT and IIla). Groger et al. demonstrate that thiazolines must be activated
by a Lewis acid to allow the phosphite insertion;'” for this reason,
coordination to the lanthanide in the intermediate IV is postulated. In the
last step, the proton exchange between the product and the complex
regenerates the catalytic species (I).

It is supposed that the phosphonate/phosphite tautomerism is the slow
passage in the catalysis. This step is promoted by the potassium complexes
better than by other alkali metal, probably in view of the higher basicity of
the potassium binaphtholate (ROK > RONa > ROLi).* Introducing
substituents on the ligand (i.e. 6-6’ disubstitued binaphtholate)*' or
changing the alkyl groups of the phosphonate (i.e. using a cyclic
phosphonate) the catalytic efficiency improves, reaching e.e. up to 98-
99%.% The rigid conformation of cyclic phosphonates may reduce the
activation entropy in the coordination and promote phosphonate
enolization through anomeric effects, favouring the formation of the

nucleophilic phosphite.?’
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4.2. The Synthesis of Ln-Heterobimetallic Complexes

4.2.1. State of Art

The first lanthanide heterobimetallic catalyst that appeared in the
literature was Liy[La((S)-BINOL),];' it was synthesised from La(#BuO), (1
mol eq.), (S)-BINOL-H, (1.5 mol eq.), LiCl (2 mol eq.) and H,0 (10 mol
eq.) (Figure 4.10). The complex was prepared in THF and directly used for

LiCl
CO (2.0 mol eq.)
OH THF

La(t-BuO); + —— > Lig[La(BINOL)3]

OH  H,0
(10 mol eq.)

1.5 mol eq.

the catalysis.

Figure 4.10. First synthesis of heterobimetallic catalyst

Since the stoichiometry of the catalytic complex became clearer, the
procedure was optimised and two different synthetic approaches were
devised (Figure 4.11). The first (A)? starts from the inexpensive
LaCl;-7H,0, dispersing it in a THF solution of lithium binaphtholate (2.7
mol eq.) and in presence of a base (NaOtBu or NaOH 0.3 mol eq.).”*" The
second (B) starts from the more expensive La(iPrO),;: the complex is
obtained stirring the salt in a THF solution of (5)-BINOL-H, (3.0 mol eq.),
in presence of 3.0 mol eq. of a strong base (as BuLi),”” after 14 h of stirring
1 eq. of H,O was added.” By changing the nature of the base (i.e. NaOtBu,
KN{Si(CH,),},), the sodium and the potassium complexes are obtained."

il The base is added to promote the disgregation of the lanthanide chloride. Using dry
LaCl;, small amounts of water (about 10 mol equivalents) must be added together with

the base. The relative amount of lithium binaphtholate and base reported in literature is

variable (Ref. 22).
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l l OLi NaOtBu 0.3 mol eq.
OO OLi THF, 50 °C, 72h A

2.7 mol eq.

LaClye 7H,0  +

Lis[La(BINOL)3](H,0)

CO 1) BuLi 3 mol eq.
OH B

THF, rt, 14h

OH
OO 2) H,0 1 mol eq.

3.0 mol eq.

Figure 4.11. Synthetic procedure proposed by Shibasaki for the synthesis of
heterobimetallic complexes. A) starting from the rare earth halide, B)

starting from the rare earth isopropoxides.

Independently, Aspinall and co-workers developed a different synthetic

route to produce these complexes under anhydrous conditions (Figure

4.12).%
. OM THF
Ln{N(SiMe3)5}3 + OH —» M3[Ln(BINOL)3] +3 HN(SiMe3)2T
Iy
3.0 mol eq.
M= Li, Na, K

Figure 4.12. Synthetic pathway for the synthesis under anhydrous conditions.

The only by-product of this synthesis is HN(SiMe;), that is easily
removed under vacuum. This synthesis is completely free from alkali

chlorides; this makes easier the crystallization of the complex. In such a
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way, it was possible to crystallize the lithium derivatives, which are hardly

crystallized through the previous procedures.**

4.2.2. New Synthetic Route

In this work, we introduced a different synthetic procedure, that starts
from the Yb(OTY), (Figure 4.13). This procedure was used in the synthesis
of the ytterbium sodium and potassium complexes Na,[Yb((S)-BINOL),]
(1), K;[Yb((S)-BINOL),] (2).*

OO NaOtBu (or KN(SiMes),)
.0 mol eq.
OH (6.0 mol eq.)

Yb(OTf); + » Na,[Yb(BINOL),]

OH
O THF, rt, 1h (or K3[Yb(BINOL)3])
H,0O (1.0 mol eq.)

3.0 mol eq.

Figure 4.13. New synthetic pathway using Yb(OTf),.

This synthesis resulted advantageous because the Yb(OTf), is completely
soluble in THF, not expensive and it is commercially available as
anhydrous salt. Moreover, by changing the nature of the base, sodium or
potassium complexes are obtained. Finally, the complete absence of alkali
halides allowed the easy crystallization of the complexes'' through a slow
addition of m-hexane to the complex solution; the crystals obtained in this
way have the quality and the dimension for X-ray structure

determination.?
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4.3. Crystallographic Structures of Heterobimetallic

Complexes

The first crystallographic  structures reported for lanthanide
heterobimetallic complexes were those of the sodium species Nay[Pr((.5)-
BINOL),], Nay[Nd((S)-BINOL),] and Nay[Eu((S)-BINOL),]." Later on, the
X-ray structure of many other complexes have been reported: for Ln = La
(M = Na)," Ln = Sm (M = Li),” Ln = Eu (M = Li),” Ln = Yb (M = Li*
and Na*?*), and also for yttrium analogues Ln = Y (M = Li' and Na®).
Catalytic tests demonstrate that the solutions obtained dissolving crystals
are catalytically active,””” and both NMR' and mass spectroscopy (FAB
MS, ESI MS,” and LDI-TOF MS") showed that these complexes are
present as single species, which does not dissociate in solution.

In the present thesis, we determined the X-ray structure of 1.6THF: it
shows a homoleptic coordination of the lanthanide, where three
binaphtholate units are symmetrically disposed around the metal, endowing
the complex with a main C; axis, and reminiscent of the shape of a
pinwheel (Figure 4.14). Each alkali metal is bound to two distinct
binaphtholic units and to two THF molecules. The octahedral coordination
around the lanthanide allows for the A/A chirality, which combined with
the S chirality of the BINOL gives rise to two possible diastereomeric
arrangements. In spite of this, in the solid-state” and in solution only one
species is observed, which has A chirality (using (S)-BINOL).”"
Apparently, the sterical hindrance of the BINOL favours the A form that
has the 1,1’-intranaphtholic axes oriented almost parallel to the (5 axis

(Figure 4.14 and Figure 4.15).

v X-ray diffraction of the crystals powder was performed to rule out the presence of

crystals of a second species.
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The crystal structures of the complexes of the beginning of the series (La,
Pr, Nd, Eu)""' show a water molecule axially coordinated that is absent in
the structure of the smaller lanthanides (Yb, Y).” Europium is at the
borderline between these two groups: crystal structures of Lij[Eu((S)-

BINOL),] with or without a coordinated water are available.”

Y tterbium ' Binaphtholic
unit

3
(2%
o]

Figure 4.14. Model of the solid state structure of Na,[Yb((S)-BINOL),]-6THF.

The THF molecules coordinated to sodium are omitted for sake of simplicity

We found that 1 crystallize without coordinated water even in presence
of small amounts of water in the mother solution (up to 3 equivalent).”” In
this complex, Yb has only CN = 6 that is much smaller than the usual CN
= 8 or 9, probably as a consequence of the large sterical hindrance of the
binaphtholate.

In spite of the high symmetry expected for 1, the crystal structure shows
several distortions. The arrangement of the ligands, reproduced in Figure

4.15, shows that the (; symmetry axes of the BINOLs are not
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perpendicular to the principal (5 axis but form an angle o with it, which
can be considered a measure of the conicity of the structure. This also
reflects in Ln—-O bond lengths that are longer for the naphtholate moiety of
the upper hemisphere of the complex than for the Ln—O bonds of the lower
hemisphere. This bond-length difference is comparable with the one
observed in the structures of the Pr, Nd, and Eu complexes, which are
distorted by the coordination of a water molecule (Table 4.1). The conical
distortion, assumed by the ligands, breaks the D; symmetry and reduces

the molecular symmetry to the (5 point group.

Figure 4.15. Schematic view of the ligand arrangement, the oxygen atoms are

omitted for clarity.

The crystal structures reported for the Li;[Yb((S)-BINOL),] show a much
less pronounced conical distortion:* it is possible that the alkali metals play
a role, but there are not enough X-ray structures to extend the correlation

and to confirm this hypothesis.
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Table 4.1. Crystallographic Ln—-O bond lengths in different complexes measured in the

4.4 SOLUTION STRUCTURAL STUDY

upper hemisphere of the molecule (first row), and in the lower one (second row).

Nay[Pr((S)-BINOL),]

Nay[Nd((S)-BINOL),]

Nay[Eu(($)-BINOL),]

Nay[Yb((S)-BINOL),]

2.386 A

2.363 A

2.312 A

2.230 A

2.365 A

2.338 A

2.286 A

2.203 A

4.4. Solution Structural Study

4.4.1. The Solution Structure of Nas/Yb((S)-BINOL),/

In the previous paragraph it was shown that the crystal structure of 1 is
conically distorted, even if there is no water axially coordinated. On the
contrary, the '"H NMR spectrum of 1 shows only six proton resonances that
correspond to one naphtholic unit, which indicates that in solution the
structure has an effective D, symmetry.** The contrast between the
crystallographic structure and the NMR data suggests that, upon
dissolution, 1 undergoes a structural rearrangement (static rearrangement),
or alternatively, that it might be simultaneously present as two conically
distorted structures with opposite conicity o in fast exchange with respect
to the NMR time scale (dynamic rearrangement, Figure 4.16).

The hypothesis of dynamic rearrangement was investigated analysing the
NMR paramagnetic shift (see details in Ref. 25): to have only six proton
peaks, the equilibrium of Figure 4.16 must be fast enough to average the
resonances of the nuclei of the upper with those of the lower part of the
complex (i.e. to average the shift of the proton 3 and 3’, 4 and 4’, and so
on). As the paramagnetic NMR shift strongly depends on the position of
the nuclei (see Chapter 2), the proton shifts in the upper and lower

hemisphere are expected to be quite different for a static conformation.
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Figure 4.16. Dynamic rearrangement hypothesis for 1. The exchanging species

with conical distortion +o and —« are represented on the left and on the

right, respectively.

In particular, on the basis of the crystallographic structure we calculate
that the protons 3 and 3’ would be separated by more than 15 ppm
(equivalents to more that 4500 Hz at 300 MHz of '"H Larmor frequency)!
The dynamic rearrangement should be fast enough to average at least these
4500 Hz into a single resonance having the observed experimental
linewidth. So, these data, combined with the experimental 'H NMR
linewidth of 1, made possible to fix the lower limits for exchange rate in
Figure 4.16 to & > 10" s'. This kinetics rate is fast enough to reasonably
exclude the presence of such dynamics.?” Furthermore, even lowering the
temperature down to —100 °C, no decoalescence of the proton resonances is
observed, confirming again that a real static rearrangement occurs upon
dissolution, and an accurate determination of the solution structure is
needed.

The solution structure was calculated on the basis of paramagnetic NMR
data of 1 (shifts and relaxation rates), and using the computer program

PERSEUS (§ 2.4.1). PERSEUS rearranges an initial starting model in order to
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get the best match between the experimental paramagnetic data’ and the
6" and T calculated from (2.25) and (2.48-50), The crystallographic
structure of 1 was used as starting model.” In the structural optimisation,
PERSEUS rearranges the position of the binaphtholate with respect to Yb (3
variables) and the amplitude of the internaphtholic dihedral angle 6 (1
variable) (Figure 4.15); the geometry of each naphtholic moiety remains
unchanged with respect to the starting model."™ The number of
experimental constraints (6 'H paramagnetic shifts, 6 C paramagnetic
shift and 6 "H T,) is large enough to fit all the structural variables (4), and
the paramagnetic parameters (3 parameters for the magnetic anisotropy
tensor, and 1 parameter for the relaxation rates), (further details in Ref.
25).

In Table 4.2, the data fitted on the crystallographic and the rearranged
solution structures are compared. The ligand conformations are described
by three angles: «, which measures the conical distortion, ¢, the
internaphtholic dihedral angle, and 7/, which is the dihedral among the C;
axis, the binaphtholic C, axis and the intranaphthalenic 1-1’ axis (Figure
4.15). The R(6") and R(p"") agreement factors™ for the shift and
relaxation rates, respectively, indicate that the rearranged structure gives a

much better agreement with the experimental NMR data. This can also be

¥ The experimental paramagnetic shifts are determined through (2.1) and (2.2) using
the shift of the Nay[Lu((S)-BINOL),| as diamagnetic reference and neglecting the

contact contributions.
Vi The PERSEUS calculations were conducted in this case with and without correction for
the C-H bond-length to 1.10 A, with no appreciable differences.

¥ Only the conformational degrees of freedom are changed (see § 2.4.1).

Vil These agreement factors are defined following the equations (2.53) and (2.54), where

(Spc(calc para(calc)

)andp

are the mean values calculated over all the equivalent nuclei.
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shown comparing the experimental and calculated NMR, spectra (Figure

4.1).

Table 4.2. Conformational and magnetic parameters for the crystallographic

and solution structures.

OPTIMISED CRYSTALLOGRAPHIC SOLUTION
PARAMETERS STRUCTURE STRUCTURE

9 (1900 + 60) ppm A® (1770 + 50) ppm A®
0 (63 £1)° (13+2)°
Y (11+£1)° (19+2)°
« 5+£1)° 0°

R(6%°) % 13% 5.5%

R(p™™™)% 1.8% 3.7%

The solution structure is D, symmetric (o = 0) with the intra-

binaphtholic dihedral angle # about 10° larger than in the crystal structure
and with some minor variation about the angle ¢ (Figure 4.18 and Table
4.2). The increased angle faccounts for the flexibility of the BINOL,* and
it is not surprising that in solution, with an increased mobility of the
ligand, this angle changes to accommodate the structural rearrangement.
Even comparing ¢ in different crystallographic structures, one can observe
that 6 changes over more than 11° along the lanthanide series allowing the
ligand to adapt to the variations of the cation size.*™

The complex 1 remains uncoordinated by water in solution. Indeed we

observe that upon addition of a small amount of water to a solution of 1

* Aspinall et al. reported that MM?2 calculation done on Li,[Y((R)-BINOL),] produced
intra-binaphtholic € angles 12° larger than the one observed in the XRD structure, in

good agreement with what found in solution.
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(up to 3 equivalents), the H,O resonance is neither shifted nor a new peak
of bound water is observed, demonstrating that there is no interaction with

the paramagnetic center.

4.4.2. Accuracy of the Solution Structure of Nay[Yb((S)-BINOL),]

The accuracy in the atomic position of the solution geometry is not the
same for all the nuclei in the molecule: indeed, pseudocontact shifts and
relaxation rates depend on r~ and 77, respectively ((2.25) and (2.48-50)),
and are much more sensitive to variations affecting the nuclei close to
metal than that far from it. On the other side, the 6”*“’s of nuclei closer
than three bond lengths from the metal may be affected by contact
contributions. In 1, almost all the nuclei used in the fitting are more than
three bonds lengths from Yb (only the C-3 is three bond lengths) and the

contact term may be neglected (as discussed in § 4.4.3).

6 7
6
H-NMR BC-NMR
i experimental 8
N experimental 3
.
calculated
calculated l ‘ I I ‘ | ‘ ‘
PO T SN SO SN SR [N TN AT TN TN NN SN SN TN T T TR TR TR TR N S IR TN N SR T TR T N TN TR S S S SN T SUN SN SN TR S SR S |
40 30 20 10 0 150 140 130 120 110
3(ppm) &(ppm)

Figure 4.17. '"H and "C spectra reconstructed on the basis of the calculated

and experimental data.
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Furthermore, BINOL is a rigid ligand with only one degree of freedom
(the rotation around the 1-1’ bond), so the error induced by the ligand

mobility is reduced.

Yo

Figure 4.18. Superimposition of crystallographic (grey) and solution structure
(blue). For sake of clarity, only the binaphtholate groups (neglecting the
oxygen atoms) are reported. Notice the difference in the dihedral €, and in the

tilt angle o in the projections from the top (A) and from one side (B).

All these considerations may explain the very good agreement observed
between the calculated and experimental spectra of Figure 4.17.

To estimate the error in the structural parameter optimised by PERSEUS,
one can observe the plot of the agreement factor R(67¢) (or R(p"™)), when
the optimised variable are moved around their minima. Figure 4.19 reports
the shift agreement factor R(67°) for structures optimised with different
angles 6. The minimum is found for # = 73.5° but all the angles in the
range 73 + 2 ° can be accepted as well, as they produce a variation of
R(67¢) within 5 % (which is the same order of uncertainty of the NMR
data).
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Figure 4.19. Plot of the agreement factor R(8”°) calculated for solution
structure with different inter-naphtholic dihedral angle 6. The R(§ P C)’S are

calculated optimising solution structures with fixed #angles.

It should be noticed that the angle & is determined with a larger error
with respect to « (Table 4.2): this is essentially due to the cylindrical
symmetry of the pseudocontact interaction.* Indeed, as the pseudocontact
shift (2.25) depends only on the radius r and the azimutal angle,” the NMR
shift is much more sensitive to a displacement along «, which produces
direct variations in the azimutal angles, than in #, which affects r and the
azimutal angle marginally. This example shows well how the resolution in

the solution structure cannot be uniform for all nuclei in the molecule.

* Minor contributions, derived from the BINOL flexibility, can not be completely
excluded.
! The azimutal angle is the angle ¢ in Figure 2.3 and (2.25) that should not be confused
with the intra-binaphtholic dihedral angle that, in this chapter, is also called 6.
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4.4.3. Comparing the Solution Structures of Na,[Yb((S)-BINOL),/,
Li,[Yb((S)-BINOL),] and K,[Yb((S)-BINOL),J: the Role of
the Alkali Metal.

The 'H NMR spectra of the complexes K;[Yb((S)-BINOL),| (2) and
Li,[Yb((S)-BINOL),] (3) show only six resonances as 1. Taking as
diamagnetic reference the lutetium complex Na,[Lu((S)-BINOL),] (4), the
paramagnetic shift of 1, 2 and 3 are plotted against the geometrical factor

(GF = (300829—1)/7”3 see (2.25)) of the solution structure of 1 (Figure
4.20).

100 LA ““‘\\\\‘\\\\‘\\\\
80: 1 y=1770x R=0.99993
1H 6?0 I 2 y=0.645x R=0.99938
60 3 y=4040x R=099988
40 -
20 |
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qgpoL e
-10 -5 0 5 10 15 20 25

GF (x103) A3

Figure 4.20. Plot of the '"H pseudoconact shift of the complexes 1, 2, and 3,

against the geometrical factors (GF) of the solution structure of 1.

The straight lines obtained in all the cases demonstrate that the solution
structure optimized for 1 is compatible also with the data for complexes 2
and 3. The differences in the NMR spectra depend on the different
anisotropy susceptibility factors @ that scales proportional shifts for the
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three complexes.”*" As observed for 1, the 'H NMR spectrum shows that
also 2 is not coordinated to water in solution.?

The linearity of the paramagnetic shift as a function of the GF's (Figure
4.20) clearly shows that the pseudocontact interaction dominates almost
entirely the paramagnetic shift: indeed, contact contribution can not be
proportional from a complex to the other, and it must be negligible with
respect to 67¢.

In contrast with the solution, the crystallographic structures 1 and 3 are
not equivalent (§ 4.3), and their distortion can be related to the nature of
the alkali metals. In the crystal is possible that the ligands are partially
constrained and assume different conformations with respect to the
solution: so, passing from 3 to 1, the larger ionic radius of Na* produces a
stronger conical distortion.*

Following Bleaney’s theory,>”* the variation of the @ factor in 1, 2, and
3 is connected to the different crystal-field around the metal. As the
structure is the same for all these complexes, we suppose that the crystal
field variation is due to the change in the charge density on the donors.
Probably, the alkali metals M differently polarizes the M—-O bond and
induces different charges on the oxygen, which in turn influences the crystal

field on Yb.

i Strictly speaking, Figure 4.20 demonstrates that the geometries of 1, 2 and 3 have the
same GFs. In general, it is possible that different structures have the same GF's. This is
the case of the conformers of the Ln[DOTA] complexs (see Chapter 5), but in the
present case we found it unrealistic, and 1, 2 and 3 can be surely assigned to the same
structure.

i por the sake of precision, plotting the “C paramagnetic shifts of 2 against the GF of
1, the carbon 3 does deviate from the line, probably because of contact contribution.

This is not surprising as it is only three-bonds away from Yb.
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4.5. NIR CD Solution Study

4.5.1. Comparison between Na,[Yb((S)-BINOL),] and K,[Yb((S)-
BINOL),]

As described in chapter 3, NIR CD spectroscopy reflects the distortion of
the coordination polyhedron around ytterbium, and is extremely sensitive
to the changes in the arrangement and charge distribution of the donors.
Thus, the analysis and the comparison of the NIR CD spectra of different
complexes allows one to obtain indications about the geometries around the
metal.

The NIR absorption and CD spectra of 1 and 2 show a remarkable
correspondence in the sign and intensity of the bands (Figure 4.21), but a
different spectral width (larger for 1 than for 2), which produces the
apparent frequency shift between the two spectra. The analogy between the
NIR CD spectra confirms again that the two complexes have the same
coordination polyhedron, in agreement with what observed through NMR.

Instead, the difference in the spectral width indicates that the two
complexes have different crystal-fields around the metal, which induces
distinct separation in the F-levels of Yb. Then, three indications are
derived from the NIR CD spectra:

1. 1 and 2 have the same solution structure;
1. 1 and 2 have the same CN and both remain uncoordinated by
the solvent.
1e. 1 and 2 have a different charge distribution, probably due to the
different polarization of the M—O bond.
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Figure 4.21. Absorption and NIR CD spectra of 1 (solid line) (12.6 mM) and
2 (dotted line) (19.4 mM) in dry THF.

4.5.2. Analysis of the NIR CD Spectrum

Extracting structural information from the NIR CD spectrum requires a
detailed analysis, in order to correlate intensities, width and frequencies of
the bands with the arrangement of the coordination polyhedron, hence with
the crystal field parameter. This is a very complicated matter, that can not
be completely developed within the present work, we limit ourselves to
tentatively assign the observed bands to electronic transitions, which is the

first step in the interpretation of the whole spectrum.
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This analysis was successfully achieved for the macrocyclic [Yb((R)-
DOTMA)] complex,” where all the 12 possible transitions were resolved
and assigned (Figure 3.4). In many other complexes the overlap among the
bands prevents one to resolve all the transitions, hampering the spectral
assignment.

Keeping in mind the scheme of electronic levels of Figure 3.3, the
transition at shorter wavelength (895 nm for Na,[Yb((S)-BINOL),] and 905
nm for K,;[Yb((S5)-BINOL),]) can be reasonably assigned to the higher
energy transition that starts from the lower-lying level of the ground state
(1-3’ in Figure 3.3). Notably, no other transition are observed up to 935
nm: even assigning this band to the transition starting from the second
level of the *F,, manifold (2-3’), one must conclude that the first two
sublevels of the ground state are separated by at least 290 cm ™' (for 2).
Assuming a Boltzmann statistic, the population of the second level at room
temperature is lower than 25% of the first one, and consequently, the “hot
bands” originating from the levels 2, 3, 4, are expected to be weak. So, it is
not surprising that many bands are hardly discerned and often overlapped
with the stronger ground state transitions.

Lowering the temperature, two distinct effects are expected in the NIR
spectra:

1. the increase of the Rotational Strength for the transitions
starting from the sublevels 1 due to its increased population;
1. the reduction of the bands linewidth, with the consequent

enhancement of the bands resolution.

In Figure 4.22, the spectra of the complex K;[Yb((S)-BINOL),| recorded
at 298 K and 193 K are compared: almost all the bands are evidently
sharper and resolved at low temperature, and other 6 weak bands and

shoulders are identified in addition to stronger bands at 905, 958, 974 nm.
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Figure 4.22. NIR CD spectra of the complex 2 recorded at 298 K (dotted
line) and 193 K (solid line).

To obtain the Rotational Strengths for each transition (3.4), the spectra
at 298 K and 193 K were deconvoluted as a sum of 9 single peaks centered
at 905, 930, 944, 953, 958, 974, 983, 998, 1015 nm.™ The bands at 930, 944,
953, 983, and 1015 nm are largely overlapped and have integrals much
smaller than the bands at 905, 958, and 974 nm, so their quantitative
measure is not considered because is too error prone. Only the bands at
905, 958, 974, and 998 nm are intense enough or resolved to be accurately

integrated. Considering Lorentzian lineshape, equation (3.4) simplifies into

*¥ For each transition, a Lorentzian lineshape in the wavenumber domain was assumed.

The peak intensities were obtained by fitting the experimental spectra with the function
9

y = Zﬁszndx/l +(x — ﬁi/ﬂﬁi)z , where AE?MX is the maximum peak intensity,
i=1

ﬂiin the peak wavenumber and 2A§7; is the half-high peak linewidth.
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If Ae is expressed in M 'ecm ™, and the wave number in cm ™, in the cgs

units the Rotational Strength becomes

) Ly AT A,
R =2.297x10 L (4.2)

)
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Using the practical Debye-Bohr magneton units (1 Debye (D) = 10"
esu, and 1 Bohr magneton (u;) = 9.27 10 erg gauss '), (4.2) becomes

7€ A" Ap
1 1 1

R, =0.248 (4.3)

V..
Y

Comparing the rotational strength of the bands at 298 and 193 K (Table
4.3), it is apparent that these values increase at low temperature for the
bands at 905, 958, and 974 nm, and reduces for that one at 998 nm.

This indicates that the three more intense bands are those starting from
the level 1 in the *F; /o set, which becomes more populated on lowering the
temperature. Reasonably, the bands at 939, 944, 953 nm can be assigned to
the transitions 2-3’, 3-3’, 4-3’, respectively, as reported in Figure 4.23 and
Figure 4.24. The assignment of the spectra of 1 is performed through the

simple comparison with the assignment of 2 at 298 K.
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Table 4.3. Intensity and Rotational Strength (R(7T)) calculated for the four
main transitions in Figure 4.22 at 298 K and 193 K. The Corrected

Rotational Strengths (R’) are calculated from (4.5) and expressed in Debye-

Bohr magneton units (D ;).

T=298 K T=193 K
Ae(£0.01) R(T)(x10°) R’ | Ae(£0.01) R(T)Nx10%) R’
TRANSITION

(nm) M 'em ! D (x10%) | M'ecm' D (x10%
905 13 0.34 2.24 3.21 0.52 3.00 4.30
958 12 -2.09 -16.7 -23.9 -2.97 —~18.6 —26.6
974 11 3.52 17.9 25.6 6.00 20.5 29.4
998 21’ (32 0.19 -2.04 -11.9 -0.15 -0.779 7.9

In these tentative assignments several transitions fall at wavelength
higher than 1000 nm (<10000 c¢cm'), where only very weak bands, hardly
(Figure 4.23). These

transitions are those starting from the levels 3 and 4 of the 2F7/2 set, which

distinguished from the baseline, are observed
are much less populated than the levels 1 and 2. In Table 4.4 the
Boltzmann populations b(7T") (4.4) at 298 K and 193 K expected from the
level diagram in Figure 4.24 are reported. It is deduced that the level 4 has
~5% of the population of the level 1 at 298 K (1.5% at 193 K), which

reasonably justifies the observed weak Cotton effects (Figure 4.23).

b(Ty= (4.4)
i S & BifiT
R =R, [b(T) (4.5)

91



CHAPTER / STRUCTURAL STUDY OF YB-HETEROBIMETALLIC CATALYSTS

4 4
- I I [ o | Lol I
Ag | ]
L N i
2 b + AT 12
L o
- N ANE - » @ - an -
H N < < N o~ ™
0 ox "Y1y
S © N ]
2+ + H{-2
4 1 | -4
6 | - 1 1.6
LA - T B hl il
87Tt 7T -8
880 900 920 40 60 980 1000 1020 880 900 920 40 60 980 1000 1020 104
A (nm) A (nm)

Figure 4.23. Assigned NIR CD spectra for: A) 2 at 193 K, B) 1 at 298 K. The

short ticks indicate the position of the predicted transitions.

Table 4.4. Boltzamann polulation (b(7)) for the levels
of the *F, , set at 298 K and 193 K.

SUBLEVEL b (298 K) b (193 K)

1 0.698 0.857
2 0.172 0.099
3 0.079 0.030
4 0.051 0.015

Correcting the Rotational Strengths for the Boltzamann factor b(7") (4.4)

R' ~in Table 4.3), we observe a good agreement among the values
ij

measured at 298 K and those at 193 K. The band at 998 nm, assigned to
two the transition 2-1’, has a partial overlap with the transition 3-2’.
Consequently, the temperature dependence of this band can not be easily

predicted on the basis of (4.4), and the corresponding R'Zj shows a

significant deviation.
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Figure 4.24. Electronic level diagrams for the F states of Yb(III) in the
complexes 2 (left side) and 1 (right side). Notice the stronger crystal field
split of the levels in 1 with respect 2.

The level diagrams of Figure 4.24 evidence that the crystal-field
interaction produces a larger splits of the *F. /o and ’F, s» State sets in 1 with
respect to 2; the center of gravity of all the transitions is around 980 nm for
both the complexes, in agreement with the theory (§ 3.1.2). Consequently,
the spectral widths span from 890 to 1035 nm for 1 against 900-1025 nm for
2. As introduced in the previous paragraph, this difference in the crystal-

field splitting may arise from a different charge distribution on the donors,

in turn related to the different polarization of the Na—O and K—O bonds.
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4.6. Ligand Exchange

In order to pose stronger bases for the rationalization of the catalytic
behaviour of the M,[Ln(BINOL),] family, the solution study was enriched
with the investigation of the ligand lability. In particular, we studied the
ligand-exchange in K;[Yb((R)-BINOL),] ((R)-2) upon addition of an excess
of the free ligand (R)-BINOL-H,.*"

The 'H NMR spectrum of an equimolar solution of (R)-2 and (R)-
BINOL-H, is the exact the superposition of the resonances of the two
compounds without appreciable linewidth increase, but the 2D EXSY
experiment clearly evidences a slow exchange between free and bound
BINOL (Figure 4.25).

As described in the equilibrium [4.1], the ligand exchange corresponds
also to a proton exchange between free binaphthol (BINOL-H, = LH,) and
binaphtholate (BINOL = L).

ki
K[Yb((R)-L)g] + (R)-LH, =  Ky[Yb((R)-L)g] + (R)-LH,  [4.1]

k-1
Through the analysis of the build up in NMR saturation transfer
experiment, the global kinetic constant for the equilibrium [4.1] is measured
as k, = (370 £+ 30) mol's™ (see Ref. 30 for details). Moreover, the NMR

spectra do not show any evidence of intermediate species.

*V This situation is analogue to that one observed when a large excess of water is added
to a solution of (R)-2 and the partial decomposition of the complex produces free
BINOL-H,,.
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Figure 4.25. EXSY spectrum of (R)-2 in the presence of about 1 eq. of (R)-
BINOL-H, in d-THF. The resonances of the complex (R)-2 are labelled A,
while the (R)-BINOL-H, are B.

Two hypotheses about the mechanism of exchange can be put forward:
. the ligand dissociates as alkaline binaphtholate, which rapidly
gives rise to the proton exchange in solution [4.2a,0]
12.  the proton exchange and the ligand detachment occur in the
coordination sphere of ytterbium in a concerted or pseudo-

concerted mechanism.
K3[Yb((R)-L)s] == Ky[Yb((R)-L),]" + [(R)-L-K] [4.24]

[(R)-L-K] + (R)-LH, = (R)-LH,+[(R)-L-K]" (4.20]
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9 is more plausible

As (R)-2 does not appreciably dissociate in solution,”
that the exchange proceed through a concerted mechanism, but sure proofs
of this are, up to now, not available. The concerted mechanism might also
go through a partial ligand detachment that favours the coordination of the

new ligand and the proton exchange.

When the same experiment is conducted mixing (R)-2 with the ligand of
opposite configuration (S5)-BINOL-H,, the ligand exchange produce a
mixture of stereoisomers. In Figure 4.26 the NIR CD spectra of (R)-2
before, and immediately after the addition of the 1.2 equivalents of (S)-
BINOL-H,, are reported.

(R)-2 + 1.2 eq (S)-BINOL (x 10)

2 ]
i (R)-2 ]
10 i .

0 A/\___ ..... s
-1 7 ]
N ]
-3 i T T N T T T T Y T S R lw T T T N MR
880 900 920 940 960 980 1000 1020

A (hm)

Figure 4.26. NIR CD spectra of the complex (R)-2 (18.0 mM) before, and
after the addition of 1.2 equivalents of (5)-BINOL-H,.

It is evident that the ligand exchange also occurs with this ligand and,
that after the first substitution, the process proceeds until all the

binaphtholates are replaced, giving the homochiral (S5,5,5)-2 species (or
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simply 2). Apart from sign, the spectra in Figure 4.26 are very similar to
each other, with no indication for intervening heterochiral intermediates
(S,R,R)-2 and (S,5,R)-2. On the contrary, when the same experiment is
followed through 'H NMR, we observed a small amount of the heterochiral
species, not appreciated in the CD spectra (Figure 4.27). The 2D EXSY
confirms that the six new peaks of the heterochiral species are in slow
exchange with both the free BINOL-H, and the homochiral forms (i.e. (R)-
2 and 2), as summarized in [4.3a,b,c]. In addition to these equilibria, the
homochiral exchange [4.1] is still active between the free ligand and the

xvi

complex with the same chirality.

k.
K;[Yb((R)-L)s] + (S)-LH, == K,[Yb((R)-L),(5)-L] + (R)-LH, [4.3q]
(D) ka (IT)
ks
K[ Yb((R)-L),(5)-L] + (8)-LH, == K,[Yb((S5)-L)y(R)-L] + (R)-LH, [4.3b]
(IT) ko (1)
k.
K;[Yb((5)-L),y(R)-L] + (5)-LH, == K3[Yb((S)-L);] + (R)-LH, [4.3¢]
(TIT) e (IV)

The heterochiral complexes II and III form an enantiomeric pair, as well
as the homochiral pair I and IV; thus, their NMR spectra are not
distinguishable and only two sets of signals are detectable: those of the pair
(I, IV) and those of the pair (II, III). The species II and III show only six
broad signals, which are apparently in contrast with the large number of

resonances expected for complexes lacking C, symmetry. Indeed, 'H NMR

spectra  of the heterochiral Li[Yb((S)-BINOL),((R)-BINOL)] and

' The simultaneous action of so many equilibria gives a reason of the increased

linewidth observed in resonances of 2.
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Na,[Yb((S)-BINOL),((R)-BINOL)] (analogues to III) show 18 resonances,
in agreement with a (, symmetry, which is also the case for the

crystallographic structure of Li,[Y((S)-BINOL),((R)-BINOL)].*

A
BJ
A, J
A I s e N e e M e

Figure 4.27. 'H NMR spectrum of (R)-2 (11.0 mM) in the presence of 1.0
equivalents of (S)-BINOL-H, in ds THF (T = 298 K). The square brackets
indicate the couples of exchanging peaks between the homochiral species (A)

and the heterochiral species (B), as found through EXSY.

Referring to the proposed equilibria [4.3], we should conclude that [4.30]
must be intermediate on the NMR time scale. Indeed, the rapid exchange
between the enantiomers I and III averages the shift of the nuclei of the
different BINOL moieties: in this regime only six peaks are expected, which

corresponds to the nuclei of a single naphtholic unit.*"

i The replacement of one (S)-BINOL unit in II with the (R)-BINOL (giving III)

exchanges the shifts of the R and § ligands, because II and III are enantiomers. If this
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Unfortunately, as [4.30] averages the resonances of the heterochiral
species, it is not possible to obtain structural information from the analysis
of the NMR data. A model for the structure of the complexes I and III
can be derived from the crystallographic structure of Liy[Y((R)-
BINOL),((S)-BINOL)] (Figure 4.28): the homochiral fragment (i.e. the
fragment composed of two (R)-BINOL) conserves almost the same

arrangement found in the analogous homochiral complexes (as in Figure

4.14). The third ligand ((S)-BINOL), is rotated around its C, axis, lying
perpendicularly to the other ligands."

From the analysis of the NMR peak integrals of II and III and the
intensities of the NIR CD spectrum we estimate the equilibrium constant
K, for [4.3a]: K, = (0.13 £+ 0.01).** It should be noticed that when racemic
BINOL is used in the in the synthesis of Li[Yb(BINOL),] and
Li;[Y(BINOL),] the heterochiral species are the species largely prevalent
(corresponding to K, >> 1), in the same conditions the synthesis of

Na,[Yb(BINOL),] showed a relative ratio of homochiral/heterochiral of only
3:1 (corresponding to K, >~ 0.33).* Comparing these values it appears that

exchange is fast enough, all the resonances mediate to the six, non-exchangeable
resonance of one naphtholic moiety.

il The combination of the chirality of the ligand, and the chiral arrangement around
the metal allows the formation of four stereoisomers (two pairs of enatiomer). On the
contray, both in the crystal structure of Li;[Y((S)-BINOL),((R)-BINOL)] and the 'H
NMR spectra of Li,[Yb((S)-BINOL),((R)-BINOL)] and  Na,[Yb((S)-BINOL),((R)-
BINOL)] only one pair of enantiomers was found (Ref. 23). As previously discussed in §
4.3 for the homochiral complexes, the ligand sterical hindrance is responsible for a
strong stereoselection, and the second pair of diastereomers is not formed.

X As the chemical potential of enantiomers is the same (in these conditions), we have
K,=1and KKK, = 1, where K,, K, and K, are the equilibrium constants for [4.3q],
[4.3b], [4.3¢], respectively. So, K, K, K, is the constant for the whole process of inversion,

and consequently K, = 1/K,.
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in racemic mixtures, the relative stability of the heterochiral forms with
respect to the homochiral one progressively decreases going from the Li to
the K complexes. Aspinall and co-workers suggested that the stabilizing
“edge to face” interactions between C—H of the (R)-BINOL and the =
system of the adjacent (S5)-BINOL’s favour the heterochiral arrangement
with respect to the homochiral one.” It is plausible that increasing the
radius of the alkali metal (in combination with the smaller size of the
lanthanide ion (i.e Y, Yb)), this interaction is hampered and the

homochiral arrangement becomes more stable.

Yttrium
(R)-BINOL

unit

~

Lithium
10n

(S)-BINOL unit

Figure 4.28. Model of the crystallographic structure of Li;[Y((R)-BINOL),(S)-
BINOL]-6THF. The THF molecules coordinating the sodium ions are omitted

for the sake of simplicity.
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4.7. New Hypothesis in the Catalytic Mechanism

In paragraphs 4.4, 4.5, and 4.6 two important results are introduced:
i. (R)-2 has a very little tendency to expand its coordination
sphere by coordinating other molecules (as water);
1. the binaphtholate ligands are labile and may rapidly exchange
with both (R)-BINOL-H, or (S)-BINOL-H,.

These results would suggest that the catalytic mechanism might proceed
through a dissociative initial step instead of the associative step reported in
§ 4.1.3 (II, Figure 4.9). The associative step was hypothesized once the
crystallographic structures of the heterobimetallic complexes were
resolved,”” and the structures (Ln = Pr, Nd, Eu) effectively showed a
coordinated water molecule (CN = 7). More recently, the associative
mechanism was demonstrated by Shibasaki and coworkers in the
enantioselective aza-Michael reaction catalysed by Li,[Y((S)-BINOL),],*

3132 43 not in contrast with a

but this result, as Shibasaki et al. say,
dissociative hypothesis for the Yb-catalysis. Indeed, the Y(III) ion has a
ionic radis larger then Yb(III), and it is also demonstrated through NMR
spectroscopy that Liy[Y((S)-BINOL),| partially coordinates water in

332 in contrast with the complexes 1 and 2. Furthermore, the

solution,
enantioselective aza-Michael reaction has a quite different mechanism from
that of thiazoline hydrophosphonylation, and it was observed that the
activity of the aza-Michael reaction strongly decreases using Ln-complexes
with smaller ionic radius (Tm, Yb, Lu) and Li,[Yb((S)-BINOL),] is
virtually inactive.*

It results that the debate about an associative or dissociative mechanism

for the catalysis of 1 and 2 is still open, as Yb has CN = 6, and no

evidences of an associative step are reported. For 1 and 2, the coordination
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of the phosphonate' seems inappropriate, and alternatively we propose the
partial (or total) dissociation of the binapholate that creates a coordinative
vacancy needed to bind the substrates (Figure 4.29).

Following this hypothesis, the phosphonate binding occurs jointly with
the proton exchange with the binaphtholate (analogously to [4.1]), which
promotes the formation of the nucleophilic phosphite; successively, it
inserts on the imine double bond. The nature of the alkali metal and of the
phosphonate® might be determinant in this step, influencing the basicity of

the binaphtholate and the rate of exchange.

K
roll H o2 Y
P, N K ¥ )
R'O . o\ ‘ //O H
o/ HP/OR
S K <
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1
COK oK

Figure 4.29. New hypothesis of catalytic cycle for enantioselective
hydrophosphonylation of the thiazolines. For sake of simplicity, the thiazolin

substituents are not reported.

The coordinative vacancy, derived from the ligand detachment, also
facilitates the successive thiazoline coordination (III). In the last step, the

intermediate IV may release the product, binding again either the
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binaphtolate (IV—I), or a new substrate molecule (following proton
exchange) (IV—II). In this mechanism only two of the three chiral ligands
have an effective influence in inducing the reaction stereoselectivity; this
also may support the effectiveness of lanthanide catalysts composed only by
two linked BINOL’s.*

At the moment, the dissociative mechanism is only a hypothesis, the fact
that Yb has CN = 6 in 1 and 2, and that BINOL coordination is labile is
not sufficient to fully demonstrate a dissociative mechanism; but, if
confirmed by further experimental evidences, it should be possible to
design, at least for this reaction, new catalysts saving the amount of chiral

ligands.

4.8. Conclusions

The work reported in this chapter demonstrates how NMR and NIR CD
spectroscopies are valuable techniques in the study of asymmetric
ytterbium catalysts. These techniques made it possible to obtain a refined
structure of the complex in solution, allowing us to disclose differences with
respect to the crystallographic structure. Furthermore, it was possible to
discover dynamical processes such as the ligand exchange, and to exclude
the coordination of water; all these aspects provide a detailed description of
the system in solution, which in turn is an important basis for the
investigation of the catalytic mechanism.

In detail, the solution structures of the complexes Na,[Yb((S)-BINOL),],
K,[Yb((S)-BINOL),], and were determined on the bases of paramagnetic
NMR constraints. From these studies it results that the complexes have
very similar geometries in solution and, in particular for Nay[Yb((S5)-

BINOL),], the solution structure differs from the one determined from X-
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ray diffraction. Moreover, a detailed analysis of the NMR, data allows us to
reasonably exclude that the solution structure arises from a fluxional
dynamics; on the contrary, a true structural rearrangement takes place
upon dissolution.

The combined use of NMR and NIR CD spectroscopies made it possible
to study the ligand lability process: it was demonstrated that K;[Yb((R)-
BINOL),] may rapidly exchange ligand with both (R)-BINOL-H, or (S)-
BINOL-H, giving , in the latter case, the enantiomeric complex K;[Yb((S)-
BINOL),] and small amounts of the heterochiral complexes K;[Yb((S)-
BINOL),((R)-BINOL)] and K;[Yb((R)-BINOL),((S)-BINOL)].

The possibility of a rapid ligand exchange, together with the observation
that Na,[Yb((S)-BINOL),] and K,[Yb((S)-BINOL),] do not bind water in
solution and may hardly expand their coordination number, point to revise
the proposed catalytic mechanism, introducing a dissociative step preceding
or concerned with the substrate binding, at least for ytterbium systems.
But more than this, the NMR and NIR CD spectroscopic analyses are
demonstrated effective in the study of such molecules permitting to disclose
new chemical behaviours. From our first publication introducing the

25,30

binaphtholic ligand exchange, such dynamics was found involved in

31,32,34,35

several mechanisms of the Ln/BINOL catalysis, and shed new light
in understanding the chemistry of the lanthanide heterobimetallic
complexes.

Finally, the analysis of the NIR CD spectra of Na,[Yb((S)-BINOL),] and
K,[Yb((S)-BINOL),] was performed in detail. The comparison of the
spectra at 298 K and 193 K allowed us to assign the more intense bands to
their corresponding electronic transitions. These results open the way to

develop the correlation between NIR CD spectra and the structure of Yb

complexes.
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5.1 CONFORMATIONAL EQUILIBRIA IN LN-DOTA-LIKE SYSTEMS

between the A and A helicity, and the ring inversion, which exchanges the
ring arrangement between the § and A conformations (Figure 5.4). The ring
inversion arises from the rotation around the C-C bonds of the cyclen and
exchange the position of the equatorial and axial protons with the
correspondence: A, = E, and A, = FE,, (see Figure 5.4). The metal
coordination imposes the same arrangement to the four N-C—C-N units, so

the ring can assume only the two (6,6,6,6) and (A, A, A, \) geometries.
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Figure 5.4. The 6 and A ring conformations in [Ln(DOTA-like)] complexes.

The combination of side arm helicity (A or A) and ring conformations
((6,6,6,6) or (AAAA)) generates four stereoisomeric conformers that in
[Ln(DOTA)] are pairwise enantiomers." In the crystallographic structures of
DOTA-like complexes, the A(AAAA) and A4(6,6,6,60) conformations have
@] = 30°: close to a square-antiprism (SA) (this is the case of [Ln(DOTA)],
(Ln = Eu,"” Gd,"”® Lu") and [Eu(DOTAMPH)]*). At variance, the A(4,6,6,6)
and A(AAAA)  conformations have |¢| = 15° namely twisted square-
antiprism  (TSA)  ([La(DOTA)],** [La(DOTAM)],**  [Eu(THP)],*
[Y(DOTPBz,)] 2 and [Na(DOTAMNp)]®).i

'The enantiomeric pairs are (A(68,6,6,6);4((A,AN,A)) and (A(ANAN);A4(6,6,6,0)).
i DOTPBz, is 1,4,7,10- tetraazacyclododecane -1,4,7,10- tetrakis (methylenebenzyl-
phosphinic acid).
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The NMR study along the lanthanide series, demonstrates that in
solution both TSA and SA conformers are present, and interconvert
through the rotation of the side arm bonds (4 = A), and ring inversion
((8,6,6,0) = (AAAN)).5 At high magnetic field these equilibria are slow,
on the NMR time scale, and it is possible to resolve all the diasteroisomeric
conformations. In particular, for the case of the [Ln(DOTA)], the NMR
spectra show two sets of six proton resonances, corresponding to the
diasterotopic protons in the A(6,6,6,0) and A((AAAA) conformers (first
set) and in the A(AAAA) and 4(6,6,6,0) conformations (second set). The
slow exchange, on the NMR time scale, make possible to resolve the
network of conformational equilibria (reported in Figure 5.5) through 2D
EXSY experiments."027

These dynamics are often flanked by the hydratation/dehydratation
equilibria involving water coordination along the axial position.?*%
Generally, the affinity for water is different for the TSA and SA
conformers, because of the different accessibility of the axial positions. For
example, for the SA = TSA equilibrium in [Yb(DOTA)], the variable-
temperature NMR measures indicate AH, = (17.5 4+ 0.7) KJ/mol and AS,
= (45 + 2) KJ/mol: the positive action entropy is attributed to the
concomitant dissociation of the coordinated water on going from the major
form (SA) to the minor form (7SA), (this is supported also by variable-
pressure NMR measures (AV, > 0)).*

In Ln complexes of DOTA-like ligands incorporating stereogenic centers,
the pairs A(6,6,6,0), A(ANAAA), and A(AAA D), A(6,6,6,0) are no longer
enantiomers, and four different diastereoisomeric conformations are

obtained.

' The EXSY experiment well evidences the exchanges between the axial and the
equatorial ring protons (A; = FE, and A, = FE,) and the analogous exchange in the

methylene protons of the side arms upon side arm rotation.
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5.8 SOLUTION STUDY OF [YB((S)-THP)]

complexes ([La((S)-THP)] pK = (8.40 £+ 0.05), [Eu((S)-THP)] pK = (7.8 +
0.1), [Yb((S)-THP)] pK = (6.4 + 0.1), [Lu((S)-THP)]* pK, = (6.4 + 0.1),
pK, = (9.3 £+ 0.1)): this trend agrees with the trend of acidity of the

lanthanide aquo-ions,*

as expected from the lanthanide contraction (see
chapter 1). In the following (§ 5.3.4), it will be shown that the axial
coordination of a molecule of solvent can be excluded for 5, thus the proton
dissociation can derive only from hydroxyl groups, whose acidity is

enhanced by the metal coordination (equilibrium [5.1]).

0.2\\\\\\\\\

Ag

0.15
0.1

0.05

Figure 5.11. Intensity of the CD spectra of 5 at 968 nm as function of pH (27
mM, T = 298 K). The intensity is reported in Ae” units, normalized with

respect to the total concentration of complex. The curve fitting is calculated

for pK = (6.4 + 0.1).

[Yb((S)-THP[-nH])]® "+ = [Yb((S)-THP[-(n+1)H))]®"* + H* [5.1]

¥ Two proton dissociations are observed for the Lu complex: the first (pK,) is the one

comparable with the other complexes.
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It is possible that 5 is already deprotonated at pH < 2 (n > 0 in [5.1]):
conductivity measurements exclude this in the case of [Eu(THP)],® but the
same may not be true for 5. In the absence of further evidences we express
[5.1] in the most general way, and we still prefer to use the generic terms
“acidic form” and “basic form” to address the more and the less protonated

species, respectively.

5.3.2. The Solution Conformation

The '"H NMR spectrum of 5 indicates that only one conformer is present
in solution: compared with the achiral 6, for which four solution conformers
are observed (§ 5.4.1), it is evident how the chiral centers in the side arms
induce a stereoselection to the whole complex preventing the dynamics
reported in Figure 5.5. A similar effect of induction of chirality from the
chiral center to the whole ligand cage is observed in the crystal structures
of [Eu((R,S,R,S)-THP)(H,0)]*" and [Eu((R,R,R,S)-THP)(H,0)]*", where
the inversion of chirality of a single side arm is sufficient to switch the
complex helicity from A (for [Eu((R,S,R,S)-THP)(H,0)]*") to 4, for
[Eu((R,R,R,S)-THP)(H,0)]**"."

In 5 the helicity of the ligand cage was univocally assigned through the
structural calculation with the paramagnetic constraints (see § 5.3.3 and
Ref. 35). Indeed, the diastereoisomeric A and /A arrangements have
different geometrical factors (especially for the methyl protons) and
consequently, different pseudocontact shifts (equation (2.25)). When the
experimental pseudocontact shifts are used to optimize the solution
structure, only the A arrangement produced a reliable structure in good
agreement with the NMR data. This arrangement also agrees with that one

expected from the crystallographic structure of [Eu((R,R,R,S)-
THP)(H,0)]**."
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On the contrary, the analysis of the pseudocontact shifts does not
provides any information about the ring conformation ((6,6,6,6) or
(AAA1)) and consequently, about the TSA or SA arrangements. Indeed, it
was demonstrated® that exchanging the (6,6,6,6) and (A\AA ) ring
conformations the equatorial and axial protons exchange among positions
that have to the same geometrical factors, and that are scarcely influenced
by the side arm orientation (Figure 5.4). Consequently, the experimental
pseudocontact shifts agree equally well with both the A(6,6,6,6) (TSA) or
the A(AAAA) (SA) geometries. The only way to distinguish between these
conformations with NMR, is observing NOE effects between ring and side
arm protons, because the inter-nuclear distances among these nuclei change
in the two arrangements.” Unfortunately, any attempt to measure steady-
state NOE effects in 5 gave no positive results, probably in view of its short
proton longitudinal relaxation (7', < 10 ms for all the ring protons).

In alternative to the NMR methods, we assigned the ring conformation of
5 using the NIR CD spectrum. NIR CD is very sensitive to the
arrangement of the coordination polyhedron, and may be used to compare
complexes with similar structures (see chapter 3).*” This is the case, for
example, of [Yb((S)-DOTAMNp)] and [Yb((R)-DOTAMPh)| that have
both the SA arrangement and very similar NIR CD spectra,* while the
spectrum of [Yb((R)-DOTMA)]*® (which is TSA)" is completely different.
Noteworthy, the NIR CD spectrum [Yb((R)-DOTMA)] is very similar to
that of the acidic form of 5 (Figure 5.12):* in particular, the three main
transitions at wavelengths (970, 941, and 916 nm in 5) conserve in both
the spectra a sign alternation: (4+, —, +) in 5, (-, +, —) in [Yb((R)-
DOTMA)].

Y The NIR CD spectrum is refereed to the major form, which is T'SA.
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Figure 5.12. A) NIR CD spectra of [Yb((R)-DOTMA)] (dashed line) and 5
(acidic form, continuous line). To better compare these spectra, the spectrum
of [Yb((R)-DOTMA)] is inverted. B) NIR CD spectra of [Yb((R)-
DOTAMPL)| (dashed line) and 5 (acidic form, continuous line).

The opposite sign of all the bands of [Yb((R)-DOTMA)] is related to the
opposite side harm helicity: 4 in [Yb((R)-DOTMA)] and A in 5. These
analogies indicate that both complexes have a TSA arrangement that is
ANAAA) in [Yb((R)-DOTMA)] and A(6,6,6,6) in 5.

We do not extend this analysis to the NIR CD spectrum of the basic
form of 5, which is significantly different from that of the acidic form. It
should be mentioned that the basic form is not C, symmetric, because of
the lack of one proton: this difference may be important because it destroys
the symmetry in the charge distribution of the donors, and consequently in
the crystal field. The intra-molecular proton exchange, which averages the
NMR resonances to an effective C, symmetry, can not “average” the
electronic transition, which operate on a much shorter time scale. As a
result, the NIR spectrum of the basic form evidences differences related to a
different crystal field (also due to the increased negative charge), and to the
molecular geometry that has different symmetry with respect to the acidic

form.
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5.3.3. The Solution Structure

The solution structure was determined through the program PERSEUS (§
2.4) using the proton pseudocontact shifts of the acidic form as structural
constraint."" The shifts of the basic form and the *C NMR shifts were not
used: the first ones suffer from the intra-molecular proton-exchange, while
the second ones have a considerable contact contribution as they are only
two bonds away from Yb.

The '"H NMR assignment was obtained by comparing the 1D spectrum
with the one of [Yb(DOTA)], on the basis of the integrals, and with the
help of a 'H-""C HMQC correlation spectrum (see Ref. 35 for details).
However, in such a way the stereospecific assignment of the N, and N,
protons remains undetermined between the resonances at —6.6 and —28.6
ppm. This problem was resolved within the structural calculation: two
structures were optimized from the two possible assignments, and the one
which did not give a reliable fitting was excluded.

The starting model was built up using a MM2 force field.* The
experimental data (32 proton &)™ allow PERSEUS to optimize the
anisotropy of the magnetic susceptibility tensor (3 parameters, as the
tensor is axial (chapter 2)), the Yb position (3 parameters), and the side
arm rotation around the C-N-C-C (w,), and N-C-C-O (wy) dihedral (2
parameters) (Figure 5.3A). The ring dihedral N-C-C-N (7)) shows minimal

' The pseudocontact shifts were calculated using the shifts of [Lu((S)-THP)] as
diamagnetic reference.

Vil The calculation was performed on the whole molecule; consequently, all the
equivalent protons (es. the four A,, the four E, protons...) are assigned to the same
pseudocontact shift. For this reason, the 8 observed resonances correspond to 32

structural restrains.

125



CHAPTER 5 STRUCTURE AND DYNAMICS OF YB-DOTA-LIKE COMPLEXES

6

variation in the [Eu(THP)] crystal structures,'® so this conformation was

not changed, reducing the fitting variables.™

Table 5.1. Optimized geometrical and fitting parameters for the acidic-5

solution structure. See Figure 5.3 for a definition of the angles 7, w;, w,, @.

OPTIMIZED PARAMETERS [Yb((.S)-THP)]
Ring dihedral N-C-C-N 7 55° (9)
Arm dihedral C-N-C-C w, (69 + 3)°
Arm dihedral N-C-C-O w, (48 + 1)°
Yb-O (2.56 + 0.03) A
Yb-N (2.56 4+ 0.05) A
é (15.1 4 0.2)° (4)
7 (1550 4 30) ppmA?
R(6™) 5.4%

The two optimized structures show opposite A/ A orientations of the side
arm, but the structure with A helicity must be discarded because the
hydroxyl group is more than 3.6 A distant from the metal: too far to be

coordinated. On the contrary, in the A structure the Yb-O distances are

* The dihedral N-C-C-N n was set in the starting structure to 7 = 55°, the same

values found in the crystal structures of [Eu(THP)| (Ref. 16). Anyway, to confirm that
this value is also reliable in solution, several solution structures were optimized using
starting models in which 45° < 5 < 70°. These calculations showed that the structures
with 7 = (55 + 2)° have effectively the best agreement factors R, thus this is definitely

accepted for the solution conformation of this complex.
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2.6 A, in agreement with the crystallographic values for eight-coordinated
Yb complexes (chapter 1). In Figure 5.9 the correct 'H assignment is

reported.

Figure 5.13. Optimized solution structure of the acidic form of 5. A) View

from the top; B) view from a side. The oxygen and the nitrogen atoms are

red and blue, respectively. The hydrogen atoms are omitted fro clarity.

The concomitant use of this structural calculation and the NIR CD
analysis (§ 5.3.2) resolved the ambiguity about the ring conformation and
assigns to A(6,6,6,6) the solution conformation of 5. In Table 5.1 the
optimized parameters relative to this structure are reported: the good
agreement factor with the experimental data (R = 5.4%, see § 2.4) supports
the quality of the solution geometry (Figure 5.13).

It should be noticed that, in this structure, the O—Yb—O bite angle® is
only 119°, smaller than that of the crystal structure of the [Eu(THP)]
complexes (136°). Chin et al. suggested that in LnDOTA-like systems, bite
angle larger than 130° are typical for axially coordinated complexes (as

[Eu(THP)]):' on this basis, 5 is expected to be not-coordinated to water.

* This angle is measured among the oxygen donors in trans with respect to the metal.
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This hypothesis is fully confirmed in § 5.3.4 on the basis of the analysis of
the NMR spectra in different solvents.

The good agreement factor R between experimental and calculated 6
indicates that this structure is a good model of the solution geometry. A
further improvement of the accuracy of this structure should require the
evaluation of contact shift contributions, which are neglected in this
approach. In Yb-complexes these contributions are comparably small:
Forsberg et al. estimate that in analogous [Yb(DOTA-like)] complexes, the
contact terms are <5% of the corresponding pseudocontact term: only the
equatorial ring protons (F, and FE,), may have contact contributions up to
30% in view of their arrangement anti to metal (§ 2.1.1).* We must
consider that an error on a single constraint is largely compensated by the
overdetermination of the problem, and that the r— dependence of &§7°
implies that deviations within +10% in the shifts may reflect in error less
than +0.1 A in the calculated distances, at least for the geometries under
the present investigation.

These reasons convinced us that the error introduced in neglecting the
contact term is limited and acceptable for the purpose of the structural

determination presented here.

5.8.4. Solution Dynamics in Non-Aqueous Solvents

The complex 5 was also investigated through NMR in methanol
(CD,0D), acetonitrile (CD;CN) and DMSO as the solvents.

In CD,OD, the 'H NMR spectrum shows both the acidic and basic
species, that are in slow exchange (on the NMR time scale) and may be

resolved (Figure 5.14).
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Figure 5.14. 'H NMR spectra of 5 in different solvents: A) CD,0OD, B)
CD,CN, C) d--DMSO (298 K, 14.1 T). In square brackets, the assignments of
the acidic form [a] and of the basic form [b] are reported. The peaks with
asterisk in CD;CN and di-DMSO correspond to small amounts of dimer (see §
5.3.5).

This is probably due to a slower proton exchange in CD,OD with respect

to water.® The 'H shifts are almost the same as observed in H,O, but with

X Spectra in CD,OD are recorded in the same conditions as those in water (298 K, 600
MHz of '"H Larmor frequency). The pD was not changed after dissolution, so it is
possible that the basic species was formed after a partial deprotonation already during
the synthesis.
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larger linewidths because of the chemical exchange (up to 1400 Hz for A,
protons at 14 T).

Figure 5.14 also reports the spectra of 5 in aprotic solvents (acetonitrile
and DMSO): it is apparent that the shifts of the acidic species are the same
in all cases. Two important conclusions can be derived: a) 5 has the same
solution structure in all these solvents, b) the complex is not axially
coordinated by the solvent.

Indeed, the axial coordination of the solvent strongly affects the ligand
crystal field and the magnetic anisotropy factor &; if the solvent is bound
we should observe different spectra.?”*' The alternative hypothesis that 5 is
capped by a water molecule in all the solvent is quite unreasonable in view
of the strong affinity that solvent as DMSO and CD,0OD have a for the
lanthanides.

The lack of an axial coordinant is an important difference with respect to
[Eu(THP)|'® and [Gd(THP)]:* the crystallographic structure of the former,
and YO NMR evidences for the latter, demonstrate that both are
coordinated to water. The smaller Yb ionic radius may be a reason of this
fact, but can not exclude that a different ligand conformation influences the

solvent accessibility.

5.3.5. Dimerization

The solution of 5 in CD;CN and d-DMSO undergoes a slow evolution
during the weeks with the progressive formation of a dimeric species. The
process is strongly accelerated by the presence of bases (as Et;N) or even
by a slight excess of free THP ligand. Figure 5.15 reports the 'H NMR

spectrum of the dimer.
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Figure 5.15. '"H NMR spectrum of the dimeric species of 5 ([5],) with the
resonance assignment (dsDMSO, 298 K, 14.1 T, 40 mM of dimer

concentration).

Evidences of the dimerization are obtained though ESI MS: after the
addition of Et;N, it is observed a new peak at m/z = 1187 a.m.u. of the
monocharged dimeric species {[5-2H*],~H"}", which is also confirmed by
the peak at m/z = 575 a.m.u. of the doubly charged dimeric species {[5—
2H'],}*" (Figure 5.16A,B). The absolute charge of these peaks is easily
deduced from the isotopic distribution pattern of Yb: in the doubly charged
species this pattern features peaks at fractional m/z and cover a width
which is only one-half of that of the monocharged peak, as can be noticed

comparing the peaks at 576 a.m.u. (Figure 5.16).
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Figure 5.16. ESI MS spectra of 5 in CH;CN before and after base addition
(Et;N): A) before base addition (monomeric species), B) after base addition
(dimeric species). Notice the spreading of the isotopic pattern in the doubly-
charged dimeric peak at 576 a.m.u. (B) with respect the mono-charged

monomeric peak (A).

The 'H NMR spectrum of [5], shows only 9 resonances, between 115 and
—25 ppm (Figure 5.15), this confirms that this species conserves the main
C, axis of the monomer and belongs to the D, symmetry group. Compared
to the spectrum of the monomer, the dimer has much narrower linewidths
(<120 Hz for A,), which are close to the natural linewidths expected for an
ytterbium complex. Furthermore, no traces of monomer are present, which
means the dimerization process equilibrium is quantitative and irreversible

in these conditions (equilibrium [5.2]).

2 [Yb((S)-(THP))]** = [Yb((S)-(THP)],>* + 4 H* 5.2]
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The peak at 111 ppm, assigned to the hydroxyl protons, integrates for %
of the other resonances, that means that each monomeric unit is doubly
deprotonated, and the dimer is charged +2, as obsterved through the ESI
MS spectra.

The D, symmetry observed in the NMR spectra indicates that the
monomers are arranged head-to-head or end-to-end. The simplest model
that agrees with all these elements is the head-to-head structure in which
the two monomers are joined through four O---H-O hydrogen bonds among
the hydroxyl groups. The strength of the hydrogen bonds compensates to
the electrostatic repulsion of the charged monomers and gives stability to
the dimer. This model, also explains why the dimerization is observed only
in CD,CN and DMSO solutions: in protic solvents (H,O, CD,;OD) the
coupling is hampered by the hydrogen bonds that each monomer
establishes with the solvent; furthermore, the dimerization requires that the
monomer looses two protons, and this is favored by addition of a base as
Et,N.

The formation of dimers for polydentate macrocyclic complexes was
reported for the Co(IIl),"” Mn(II),” Zn(II) and V(IV)* complexes of
N,N’,N”-tris[(25)-2-hydroxypropyl]-1,4,7-triazacyclononane, that is a ligand
equivalent to THP but derived from the triazacyclononane macrocycle
instead of the cyclen. The crystallographic structures of these complexes
show an head-to-head coupling analogous to that above proposed for [5],
with the hydrogen bonds among the hydroxyl groups that hold together the

two moieties.

5.3.6. Solution Structure of the Dimer

The dimeric complex contains two paramagnetic ions, and both affect the

shifts and relaxation times of the NMR sensitive nuclei. The ytterbium ions
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are more than 3 A away from each other, so their electron-electron coupling
may be neglected (J << kT) and they can be considered isolated.”
Consequently, the paramagnetic contributions of each Yb ion to a given
nucleus are additive and the equations (2.25) and (2.48-50) are rewritten as

the sum of the contributions of the two ions (5.1-5)

3cos’d, —1) (3cos’d, —1
é‘PC — D|:( COS 31 ) + ( COS . 2 >:| (51)
T T.
1 2
i o _ A H Y 1 1
R™ = R)" = g(ﬁj Y195k (T + 1)TE[T—6 + T—J (5.2)
1 2
ROurie — QRCMZ'@ — g(ﬂjQ Fy?gi'uZlBB(? [J(J + 1>]2 T i + i
1 T (3kT)? B G (5.3)

1

Rpam — Rldzp + RlCurie — kl(

' . 1
Rpam — Rdzp + RCume =k +
2 2 2 2(,’,6 T26J (55)

where 7, and 1, are the distances of a nucleus from the two lanthanides, 6
and @, are the azimuthal coordinate with respect the two metals,* and #
and k, are the total paramagnetic relaxation constants for longitudinal and
transverse magnetization. The high symmetry of the dimer imposes that
the anisotropy of the magnetic susceptibility @ and the relaxation
constants are the same for both the metals. Furthermore, the principal axes

of the magnetic anisotropy tensors are collinear with the main C, axis.

S Tt should be noted that the C, axis defines uniquely this azimuthal angles.
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