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General Introduction

1. Generall ntroduction

1.1. Anisotropic NMR Spectroscopy

Of all methods used to characterize and analyze molecdégiom, NMR spectroscopy is
certainly the most versatile one. It can provide detailed information about the connectivity of atoms
in a (usually organic) molecule through the measurement of chemical shifts and coupling constant
but also about the 3D stiture or even dynamics of a compound using -hanfh@teronuclear
Overhauser effect spectroscopy (NOESY/HOESY) andhitygeand molecular weight of an
analyteby measuring the diffusion coefficient (DO$¥wever,there are even more useful
properties \ailable for studyingMR-active nuclei (= all nuclei with a nonzero nuclead)spin

that ardbased on the orientatiohthe moleculeiith respect to the external magnetic field of the
NMR device of which the most important ones are the chemical shift anisotropy (CSA), the dipolar
interaction and the quadrupolar interacti@iy for nuclei withl > 1/2 only). In conventional
solutionstate NMR spectroscopy, these parameters cannot be observed as they average out to ze
due to rapid molecular tumbling sotropic solution, thus sacrificstguctural information for

high resolution. Solid state NMR spectra, on the other hand, are dominated by anisotropic
interactions, but often give broad signals up to many MHz which makes data interpretation
challenging, especially when there is more tieaglistinct type of chemically equivalent nucleus

present in the sample.

One technique that has become increasingly popular over the last deeadlss of alignment

media to introduce a weak net alignment to the solvated sample which allows to observe
anisotropic properties in the form of residual chemical shift anyd&@PA), residual dipolar
couplings (RDCs) and residual quadrupolar couplings (RQCs) underlse dorditionand

underthe maintenance of high resolutidhis work focuses on the establishment of the use of

Li and™B RQCsin combination withH,*C and'H,"'B RDCsfor the structural elucidation and

resonance assignmentitfium and boron compounds in weakly aligned solution.

1.1.1. Quadrupolar Interactions
All nuclei with a nuclear spin larger th#h are called quadrupolar due to the asymmetric
distribution of positive charge in the nucleus which concerns aboof @88 NMRactive nuclei
in the periodic table. The size and type of asymmetry is defined by the nuclear quadrupole momei

Q where elongation along one axis (prolate, comparable to the sHapghyf laa)lresults in a

1|



General Introduction

positive value fdp (e.g2H, "B, *N) while compression along one axis (oblate, like a M&M candy)
means it is negative (é.g.Li, *'O). The quadrupole moment can now interact with other close

by charges such as electrons ftelwwn atom shell or chemical bonds to neighboring atoms as
well as their nuclei which create an electric field gradient (EFG) around the quadrupolar nucleus.
The EFG is defined by the second derivative of the efmteittialas shown iEquation (1):

A

T 5} (@

w

Here, b is the electrostatic potential along a vetowith the cartesian components u, v =

X, Y, Z. As a result, the EFG can be expressed in the form of a second rank tensor:

0w 0w W
A 0w W W 2
0w W W

The EFG tensor is symmetit{= V), traceles¥/(«+ V+ V.= 0) and can be diagonalized
into its principal axis system (PAS) where dllaifbnal elements aeroand the axemenamed

after the convention\{. &, | & In addition, the symmetry of the EFG tensor is

described by the asymmgiayameteg (seeEquation (3)).

W W

- ©)
It can be axially symmetrge=(0 for V.« = Vyy =1 1/2 V,,) or fully rhombicd = 1 for V= 0
andV,,= I V) in extreme cases but is mostly somewhere in between (partly rhombic symmetry).
The size and shape of the EFG at a nucleus is strongly influenced by the symmetry of its
surroundings: nuclei in an environment with low symmetry usually show a large EFG while for
highly symmetrical molecules like perfect tetrahedra or cataveaishes altogethé&osurface
plots can be used to graphically visualize the EFG tensommolecule to increase the
undersanding of the influence of certain structural features on the size and orientation of the EFG
and thus the electronic structure of a compdexanpleEFG tensorswith different asymmetry

parameterata constan¥ ., valueareshown inFigure 1
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n=0 n=0.5 n=1

Figure 1 Isosurface representations of EFG tensors with different asymmetry pagameters

Alternatively, the EFG can also be fully expressed by using the largest compandrnhe
asymmetry parameter oflipe magnitude of thateraction with a quadrupolar nucleugven
by the quadrupole coupling constant

Q wo
L 2w 2

0 o 4
with erepresenting the elemagtahargeQ the nuclear quadrupole momevit, the largest
absoluteEFG tensor component atdhe Planck constar@, can be, together with directly
extracted from solid state NMR spectra of quadrupolar byidieeshape fitting toolBesides
Co, the quadrupolar frequengy can be usedhich additionally tak@sto accounthe nuclear

spinl and the orientation of the EFG tensor with respect to the magnetic field:

, o0 P A o
(00 p ¢ P

s oA~

~-OE1A 1o (5

allhel

The two angledandAcorrespond to the two Euler angleish Arepresenting the angle between
the zaxis of the PAS and the magnetic fiefplgs anda the angldetween the-axis and the
projection of the Baxis onto the PAS xy plaf@r nuclei witH = 3/2, this leads to the largest
possible quadrupolar frequency/(zparallel tdy) of gy max= 1/2 Cq (see als&igure 3) while
Q.max= 3/2 Cq for nuclei with = 1.

In the magnetic field, the Zeeman interaction leads to a splitting of the spin skatdsan&rgy
levels resulting ir2l transitions between the spin states which are equal invemangynly the
Zeeman interaction is considered, resulting in one observed freguetiey NMR spectrum
This is the case for spectra of quadrupolar nuclei in isotropic soWgoa the orientation

dependent term dEquation (5) cancels out to zero due to rapid molecular tumbling (still,

3
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broadening of the resonance is observed due to quadrupolar relaxation which is proportional to
Co%). Whenonly the ' order quadrupolar interaction (Qlc@nsideredthe energy of the spin
states changes in a way that the transitions are not equidistant(&gume. For halinteger

nuclei (shown at the exampld of 3/2), the transition between the spin staies + %2 andd

%, also called central transition (CT), remains unaffelsezdas the outer transitions, named
satellite transitions (STs), are raised or lowered by the energy comsilastidescribed by
Equation (5) for a defined orientation of the EFG tensor at the quadrupolar nucleus in the
magnetic fielde.g. for a idealsingle crystalyn contrast to that, for nuclei with integer spin
guantum numbers (depicted representatively=fd), all transitions are influencedgy 1/2

Q@ (sometimes, also the notat@t @, can be found in literature, whibbweveris not used in

this thesig” In all cases, the respective resonances in the resulting spectra are sepésated by
Figure 2) which are in the range of kiNiz.

A - B
I=3/2 et T I=1
Vo * Vq ~_4
3 Vo ; —
-1/2 .
. I \2 Vot 112 vq
m, — m . 0
Vo _— ) —_—
—— Yo . v, v 112 vg
+12] . 0 =
Vo Vo— Vq ‘\ —'1—
—y +
+312
Zeeman 1st order QI Zeeman 1st order QI
CT
ST ST
Va Va Va
[ |
Vo Vo

Figure 2. Energy diagram ofraucleaspin with the spin quantum numbet &f3/2 (A) andl = 1 (B) in a magnetic
field under consideration of ttreatder quadrupolar interactiaith the resulting NMR spectra shown bdtmthe
case of an ideal single crystal

| 4



General Introduction

In solid state powder samples, where the NMR spectra of quadrupolar nuclei are dominated by th
QI, the resonances of pbissible orientations thfe molecules and thus thacleus sum up #®

powder pattermvith Co ranging from a few hundreds of kHz to several MHz, depending on the
size ofQ of the respective nucleasd the EFG tensom.he shape of the satellite transitions is
determined by the asymmetry parangatéthe EFG while the central transition for atéger

nuclei is usually significantly sharper and higher in intarsityulatecexample spectrufor |

= 3/2 is shown irFigure 3.

CT

VQ,max

Sl B

ST ST

120 100 80 60 40 20 0 20 40 60 80  -100  -120
f1 (kH2)

Figure 3. Example powdaMR spectrun{simulationfor an | = 3/2 nucleuswith Cq = 197kHz, Qo max= 98 kHz
andg = 0.12. The central transition is cut off at the top for better visibility of the satellite transitions.

WhenCq becomes so large thateacheghe range of the resonance frequena@jso the central
transition of hafinteger nuclajetsaffected and shows a splitting induced by"therder Ql,
making the spectrum even more complicated animhgnikarder to measure the isotropic

chemical shift of the signal. However, therBler QI does not play a role in this work.

Via the use of alignment media in solution, it is possible to introducenatakgkment to the
sample where some orientations of the analyte molecule aamdnotteersess preferred with
respect to the isotropic solution (for more detailclsaater 1.1.3 while the overall molecular
tumbling is maintaine@his technique makes it possible for nuclei with raaild EFGto
observe the QI in the form of residual quadrupolar couplings (RQCs), scaled down to just a few
(hundreds) of Hz as a splitting betweelmn@s (for large® or EFGs,the signal is usually too
broad to observeesolved multiplets Here, the exact separation of the resulting multiplet
5|
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resonancedesides the elementary chartiee quadrupole mome@t the spin and the Planck
constanth, which are all constant for one type of nucesend on the product of th&FG
tensorV and the alignment tens®drwhich specifies the directions and strength of orientation of
the analyte molecule (and thus, the EFG) in the magnetiEdigdi¢n (6)).
, 0Q0U .

¢oco pQ. . ©
Nuclei suitable for the measurement of RQCs in aligned solution are for #kiriplei, *'B
and™N. Over the lastewdecads the use of RQCs for structural analysis of small molecules has
increasd drasticallyEspeciallyhe °H nucleusI(= 1) enjoys high popularity due to its sr@all
resulting in sharp lines and the possibility to exchange it with'kegutdei in organic molecules.
With the use of chiral alignment meatid special experiments Ieesolved 2INMR,! 2H
RQCs have beappliedo thedistinction of enantiomef& the study of dynamitsandthe
determinatiomf the absolute configuration of chiral molecueh as natural produt§land
even alkanB$ also under natural abundance conditiiascarelation experiments with other
nuclei, it is even possible to experimentally determine the sign of the deuterfdm RQC.

The’Li isotope has been used for the measurement ofiRQ@group for some time, where it

was possible to distinguish high symmetry from low symmetry aggregates of organolithium
compounds upon treatment with different donor bases in talubpdéhe presence or absence

of a quadrupolar triplef In addition to that, the diffusion of toluene and lithium
hexamethyldisi¢ale (LIHMDS) into the alignment medium polystyrene was monitored by slice
selective measurements’lafand?H RQCs over the period of several dagsd’Li RQCs

supported the analysis of axpbex multicomponent lithium lithate in soluti&n.

1.1.2. Dipolar Interactions
The dipolarcouplingD between two nuclé& andB can belescribed bEquation (7):

: ol ‘"o .. .

Qlo

Here,3 anda are the gyromagnetic ratios of the respective Qitheimagnetic permeability in
the vacuunt, the reduced Planck constant Rrile distance between the two nuklandB. In
addition,D is dependent on the angléof the internuclear vector with respect to the magnetic

field (seeFigure 4).* A andB can either be directly bouadotherwise spatially cldsgwith

| 6
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the strength of the dipolar interaction quickly decreasing withArddidistance, making a

powerful tool in the distance determination between two.fftitlei

A

§:B0‘E

R

Figure 4. Schematic depiction of the definitiorLdds the angle between the veﬁ(): distancer betweerA and

B multiplied by a unit vecta®) connectinghe two nucleA andB and the direction of the external magnetic IFEId

(= magnetic fiel&, multiplied by a unit vectdﬁ. Figureinspiredfrom refl9l

The dependencaf D on co$LJ1/3 leads to a maximum (largest positive) and to a minimum

(largest negative) valué &t 90° and O{for & 84 > 0, taking the negative signEafuation (7)

into account)respectively, with a zero crossitigl= 54.74° which is often referred to as the

omagic angled where the

o ¥igure &)l |

di pol ar ¢

cos20-1/3

A

—0.21

0 50 100 150 200 250
O [°]

350

Figure 5. Plot of co8_J1/3 against the andlgshowing the effect of the orientatiortte# internuclear vectaiith

respect tahe external magnetic figdd the sign of the dipolar couplihg_Jvalues at the intersection points with

the red line lead to a disappearan€e(bfl= 54.74° = magic angle).
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General Introduction

Solid state NMR spectra of nuclei WwithL/2 are, next to the chemical shift anisotropy, dominated
by the dipolar interaction, resulting in broad powder spectra with linewidths up to méng kHz.
resulting lineshape was first observed by Pake'ih MR spectrum of gypsum and is called

OPake patterno6 or PdABmklatedpectrunhis shawa Figre@r si nce.

07 06 05 04 03 02 01 00 -01 02 03 04 05 06 -07
1 (kHz)

Figure 6. Pake pattern simulated for a heteronuclear dipolar coupling betweenlt@mueleiA andB (e.g.*H
and1C) for Dmax= 1.4kHz. The respective transitions corresponding to the spin state of the coupling partner are
marked irblue and green fon = | 1/2 and +1/2, respectively.

In solution, howeveEquation (7) becomes timdependent due to rapid molecular tumbling and
in purely isotropic samples without any preferred orientation of the analyte mdélecules,
completely averages out to z&tdl, analogous the RQCdiscussed above, dipolar couplings
can be measured in weakly aligned solution in the form of residual dipolar couplingh@®DCs)
are best described as the #awerage of the dipolar couplfdg:

a9 .. .
, 8
o) T Al & ®)

Qlo

Now O is dependent on which directions of alignment are preferred or unpreferred with respect
to the isotropic solutioMhis process can be described by the probability fngach is a
symmetric secorm@nk tensor withP« + By + P, = 1 and can be depicted as ellipsoidtsin
principalaxis system (PAS, $a@gure 7). The case d?« = Ry= P,.= 1/3 describes the isotropic
solution without any orientation preference and has a spherical shape.

| 8



General Introduction

Figure 7. Three examples of probability tendbof different symmetry: axially symmetric Rigee By = 1/2 Py,
(A), rhombic withP < Ry < P, (B) and isotropic witRy = Py = P, (C).

Now the timedependent term @quation (8) can be expressed as follows in the PARS\ith
Iy, Iy andr; being the x, y and z components of the internuclear,vesimectively

AT 01 01 01 ©)

More commonly, thigeacelesalignment tensdk is used for the description of the orientation of
molecules in anisotropic solutidnansformation fron® to A is achieved by subtraction of 1/3
(multiplied by a unit matrix from P:

A E ° (19
o
Positive(= P > 1/3) and negative (B < 1/3) principal values @f indicate directions of favored
and disfavoredlignment, respectively. The corresponding graphical tensor representations are
analogous to the EFG tensor (Bagure 1). With this information at hanBguation (9) can be
rewritten as:

Al & o1 o1 01 (19

Qlo

This term can now be inserted iBtpuation (8) to give theelation betwee® andA:

afl "0,

@] —q}‘,YOI 0 i 0 i (12

If enough independent experimental RDC values are avAitzbiehe directly determined. The
number of required values depends on the symmetry of the analyte mote®iler asore
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principal axes @& is fixed (e.g. fo€., symmetric moleculgbe PAS is fixed withne principal
axis ofA automaticallyyingon theC; axis)?® For the computational determinatiomApfeveral
softwarepackagee.g. MSpifi which is used in this worknd hotFCH®* for small molecules
or PALES for larger biomolecules and prdtéjreseavailable where a set of experimental RDCs
is fitted to a structure model (a crystal structwa@rlated model structura return, theoretical
valuesare calculated for the best possible fit and the results are expressed by Cornilescu’s quality
factoP” (Equation (13, in this work referred to as-factor) which indicates how well the
experimental RDCs with the given assignment match the structure model withfémiees Q
indicating a better agreemdifiis can analogously be applied to RQCs.

. B©O ]

' 1
0 B0 (13

In most casesxperimentdRDCs are measured betweecalei separated bjpondswhere a total
coupling"Tas is extracted from the respective spectra as thepspinouplingJ.s, which is
independent of the orientation of the internuclear vedsor contributeto the line separation.

The RDC"Dagcan be extracted via the relation:
Y (@) 0 (19

In literature, also the conventf@ine = 2 "Das + "Jhe With a definition o that differs from
Equation (12 by a factor of 2an be found, which will not be used in this th8gis.a result,

an isotropic sample has to be measured separately télobteid knowledge about the absolute
sign of the sphspin coupling is essental this influences the interpretatiofilTat and"Da.
Most prominent is the use of epend ‘H,"*C RDCs:'k+ is alwayspositive as a resuliicx
becomes larger or smaller for positive or negdive respectivelyfFor straightforward
interpretation, it is sensible to choose alignment conditions which re¥Djtsjn< | "Jag,
otherwise the sign s cannot unambiguously be determineBdwation (14 as often, only
absolute coupling values can be extracted from NMR s|sattogic referencindiowever, is
not possible fosamples thatelfalign due to a large anisotropic magnetic susceptibility (e.g. for
paramagnetic molecules), where no additional alignment medium is neddgutdskd.. 3. In

this case, recordingtofal coupling valués,.s at minimum two different magnetic field strengths
is required to extract the desilegs.***"!

Experimental heteronucléRDCs (e.g'H,**C or*H,"™N) are usually measured usi@dgoupled

HSQG and HMQGtype experiments with numerous pulse sequences developed and optimized
for specialized requireméfitsuch as minimizing artifacts induced by phase distortions in the
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CLIP-HSQCP" which is also partly used for RDC measurements in thisheosigrsensitive
P.E.HSQC experiment for simultaneous determinatiéh.0f* or the XLOC sequence for
longrange heteronuclear RD&4n case of homonuclear RDCs, signsitive COSY variations
like E.COS¥* or P.E.COSY® offer multiplet structures containing information abimét and

relative sign of a third, passive couglomgtant

Applications for RDCs range from struatiand conformationaerificationof small molecules
and natural produéincluding assignment of diastereotopic prgtédstermination of relative
configuration§® conformation€” and identification of unknown reaction prodtittver the
analysis of molecular dynamics{#idr without changes in the alignment behé&igu to the
analysis of large biomolecules like prdtéins.

1.1.3. Alignment Media
Alignment phenomena and their influence on NMR speedirsabeen reported in 1963 by
Saupe who already predictieeir utility for the measurement of anisotropic parameters under
solutionlike condition&? Since then, a wide range of methods fostindy of molecules in
anisotropic solution has been developed and applied to numerous examples from small molecule
up to complex natural products and even proteins. However, not all of these approaches requir:
the wuse of a n .awhdn rnolecalesacbntaiding ead anisotrépic magnetic
susceptibilityike extended aromatic systé¥sr paramagnetic sif€sare exposed to strong
magnetic fields, a salfgnment is induced leading to the observation of anisotropic parameters.
An advantage of this method is that no special sample preparation is needed and the alignme
properties can be predicted via DFT calculations of the magnetic susceptibility tensor as shown b
Karschinet. af® Paramagnetism can also be introduced to analyte molecules on purpose via the
introduction oftagscontaining coorditian pocketsfor paramagnetimetal ion&” Next to
magnetic fields, also strong electric fields applied to a sample lead to an alignment of pola
molecules along their electric dipole moHf&nis approach led to the first observation of boron
RQCs oforthecarborane in 1986 by Rues§fhk.

Another possibility is these of liquid crystalsCs)made up fromod- or diseshaped molecules
containing aromatic rings and/or long alkyl chaifisorientational order mematic, cholesteric
or smectic phasésed-igure 8). Singlecomponent.Cs are called thermotropic asrtftemation
is temperaturdependent while lyotropic LCs usually consist eEdwmponent systentf an
amphiphile and a solventostly watefy” Preferred orientation of the organic molecules usually
is uniaxial< only one major direction of alignmebut also biaxial LCs are knd#iSome LC

11|



General Introduction

systems are also just forming under the influence of a magnetic field, including bilayers made up
of phospholipis like dihexanoylphosphatidylcholine (DHPC) and dimyristoylphosphatidylcholine
(DMPC) with their alignment properties tunable through variation of the DHPC:DMPE€%atio

and the use of filamentous bacteriopldgekich are especially interesting for the analysis of
biomolecule$¥ Prominent examples for LCs suitable for organic solvents are dilute solutions of
homo-polypeptides like pefybenzyl-glutamate (PBLG), pelyethytL-glutamate (PELG) and
poly-e-carbobenzyloxl-lysine (PCBLLyvhichform helical structures in solution ard also
commercially availatiféAs they are also chiral, this additionally allows for enantiodiscrimination
with different enantiomers giving different sets of RDCs/REE.In addition to that,
thermoresponsive helical polyaspartate derivativesbeen found to undergo a helix reversal

upon heating and can be used for measurement of two sets of RDCs within one sample at different
conditiong?”

Figure 8. Schematic representatfra nematicX), cholesterid®) and smectic liquid crystal

Since the early 1980s, strained polymehaadsbeen studied BIMR spectroscopwith the

purpose of polymer characterization rather than reaching for an alternatieattother
moleculesHere, the samples were prepared by swelling the polymer in a deuteratezhgolvent
the swelling process was monitored by the quadrupolar splitting observéd spelcaunt®

Later, this idea was picked up by Tyekaalin 2000 who used compressed craasked
polyacrylamide gel for the alignment“ditlabelled G/B1 protein in aqueous solution and
subsequent measurementth™N RDCsP In the same yeadBasgt. alextended the research in

this field to different preparation methods of the aligned sample (stretching vs. conffression),
andalso special devices for mechanical stretching have been devel8p&tradeidition to

that, the alignment properties of polyacrylamide were further influenced by variation of the
polymer compositioft®¥ Here, the advantage compared to other alignment media is the
independence of orientation from the magnetic field and the tunability of the induced alignment
by eithe mechanically stretching or compressing the polymer gel.
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In the followingdecadga wide range of polymer gels was developed for the most common organic
solventsy the groupof Luy, Gil and Griesingethus expanding the use of strained polymers to
the analysis of small organic and organometallic molecules. An overview of selected examples

given inTable 1

Table 1 Selectedrosslinkedpolymer gels and their respective compatibilities with organic solvents.

Polymer Compatible solvents Reference
Poly(dimethyl)siloxane nhexane, DCM, CDgITHF, benzea [65]
CDCk, DCM, THF, benzend,4dioxane,
Polystyrene [16,17,6868]
toluene
) MeCN, acetone, EtOAc, benzene, GDCI
Poly(vinylacetate) _ [69]
DMSO, methanol, TH, 1,4dioxane
Poly(methylmethacrylate) CDCk (7o)
Polyacrylamide water DMSQ, DMF [56861,63,64,71]
Gelatin water [72]
Poly(acrylonitrile) DMSO, DMF, methanol, CDCI [73,74]

Polymer sticks are usually prepared by polymerization of the respective monomer (e.g. styren
with a small amount of cragsking agent (e.g. divinylberg) in a vessehimicking the
dimensions of an NMR tube. The reaction can be initialized using a radi€&'st£&¢ or

by thermal initializati#h'”?andthe strength of alignment can be tuned by variation of the cross
linker concentration. Alternatively, cfadeng of the polymer chains can be achieved via
accelerated electrdtig®’To avoid broad background signals of the polymer iHth8VIR

spectra of anisotropic samples, the use of perdeuterated alignment media has been proposed wh
is especially useful for avoiding signal overlap in 2D dpétigalecting a suitable alignment
medium can be challenging especially for highly reactive organometallic species such ¢
organolithiuntompoundsFor this purpose, P6pplet. alslightly modified the preparation of the
chemically inert polystyrene by using thoroughly degassed starting material, omitting the original
used radical starter azobis(isobutylnitril) (AIBN) and performing the whole process under inert gas

conditiong!®1"
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1.2. Lithium and Organolithium Compounds

Lithium is the first and at the same time the lightest solid element in the periodic table. As an alkali
metal with only one valence electron, metallic lithium is very reactive and readily gives away its
valenceelectron which is why it has to be stored in mineral oils to prevent oxidation with oxygen
andmoisturean the air. Of all metals, lithium has the largest negative stladaadigootential

( B.045V) and a high energy densihaking it very attractive for its use in battéties.

The first organolithium compound was synthesized in 1917 by Saidertkoltz via a
transmetalation reaction of dialkylmercury with lithium fieBahce then, the importance
organolithiumand lithium amidéda synthetic chemistrysiacreased drasticalfy®One of the

most prominenapplication®f organolithiums such a$utyllithium(n-BuLli) is for the purpose

of deprotonationwhere the use of directing groups can increase the selectivity e.g. in aromatic
systems (ortholithiatigh} or exchange with halid®sand subsequent transformation with an
electrophileAn addition of both the lithium and its organic residugen{Bu) to a product is

observed in the reaction with an alkene (carbolithiéion).

The reactivity of organolithiums is closely related to their structure, which in reality is much more
complex than the simple notation ORLiIi 6 often
electron deficiency of the lithium cat@ggregates are formed in the solid state and in solution
where the degree of aggregation depends on the organic residue. AsrhutgHithtiums?
isopropyllithiurt¥® and cyclohexyllithiuffi have been found to form hexamers in the solid state
whereas ethyllithiufid, methyllithiurf® andtertbutyllithiunf? are tetramerdhe structures are

made up of an octahedron/tetrahedron of lithium ateithghe alkyl residues binding not directly

to the corners of the Li polyhedral but the triangular (mpge 9) that each lithium atom
reaches its preferred coordination number of espite the close proximity of the lithium
atoms, it is assumed that no metedal bonds are preséfifThe LaGiateractions are believed

to be of mostly ionic nature with a bonding situation that can be described-asrdadwo-

electron (4@e) bond®® The situation is different for lithium amides where no formation of lithium
polyhedra but an alternating motif of lithium and nitrogen eithgclia structures farimeric

lithium hexamethyldisilazide (LIHMB%Y or an infinite heliXor lithium diisopropylamide
(LDA)®is observed.
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Figure 9. Molecular structure of hexamemBuLi (A), tetramerid-BuLi B)82 and trimeric LIHMDS Q) [8%91]
Hydrogen atoms are omitted for clatitthium atoms are depicted in purpebon atoms iblackand silicon atoms
in gray

In solution, the aggregation is higldpendent on the solvent usaxdd determination of the
aggregation/solvation state is not trivial. In hydrocarbon solvents such as hexane and benzent
alkyllithiums have betaundto adopt the same structures as in the solid state using IR and Raman
spectroscopy, colligative properties and cryo$gégllition of donor bases like ethers or amines
(selectecexamples are shownSnhemel) leadto a deaggregation of titeium polyhedrand,

as a result, higher reactivity. However, solutions ®Belg in ether are not infinitely stable as

they reactia lithiation and-elimination of the ether, leading to a cleavage ob@é&@hd (and

ring opening in case afyclic ethers likdHF)®¥ which is why organolithiums are mostly

commercially available in hydrocarbon solufibns

A B \ \
e} N N
PN : : SN SN NS
| TMEDA | PMDETA |
OEt, THF
0]
O~ }‘?IJ
- 0 ~"\/"NMe,
DME MeN" e,
HMPA (-)-sparteine

Schemel Examples for oxygdmased A) and nitrogetrased B) donor bases used ftire deaggregation of
organolithium compounds.

A powerful method to investigate organolithiums in solution is NMR spectf5$8@nth
naturally occurring isotop#s (7.6%, | = 1) and’Li (92.4%, | = 3/2) are NMRactive and
although the heavier isotophe has both a higher natural abundance and sensitivity’L ofsen
preferred for NMR measuremer@$emical shifts of both lithium isotopes usually appear in a
very narrow range and are often not very useful for structure detertfiattead, thé’C
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chemical shift of th@carbon directly bound to the lithium is of much higher validity and depends
on both the aggregation and structure of the organic f&&laemmon approach to determine

the aggregation of organolithiums via NMR spectroscopy is the multiplet af¥l\aisaobon
signalsDue to its very small quadrupole moment (the smallest of all known quadrupolar nuclei),
resulting in a behavior almost like=al/2 nucleu$® spinspin coupling ofLi to other nuclei

like 1*C are almosdlways observeétiowever, also couplings’td have been measuféd As a
consequence of the low natural abundance oflb@hd™C, isotope labelled material has to be
usedRapid dynamics even within the polyhedral structubetween several coexisting species
further complicate structural characterizatiwhrequires very low measurement temperaitires

a sample of-BLfLi in cyclopentane shows a nonet in‘tiespectrum at room temperature
(corresponding to a coupling of carbon to fowivedent®Li nuclei) and a septet la88°C
(coupling to three equivaléht nuclei), indicating fast scrambling ofttBe substituents over

the four triangular faces of the Li tetrahe&f8n.

A drawback of this technique is that this way the aggregation but not the solvation by ether can be
determinedthe dimeric structure ¢BLPLi coordinated by diethyl ether can be verified by the
corresponding®C quintet (1:2:3:2:1 relative peak intensity as a result of the couplint.ito two
nuclei) but the number of bound ether molecules cannot be determined #t&Eoumlings to

donor bases are usually not obseosgdien does not possess@ o 0 d GactNeMdvtope’D

and*®0 both do not hae a nuclear spin af® hasl = 5/2 at a natural abundance of 0.938

and the nomuadrupolar nitrogen isotod (I = 1/2) with only 0.3646 abundance also requires
isotopic enrichment for the measurement @ ldoupling constant#n this field, Collum and
coworkers preparefL,"N]LiIHMDS and determined its solvation state with a large range of
oxygen and nitrogen morend polydentate based donor bageshe multiplet structure @fi

and*™N nuclei***They showed that the solvation withde ethers like OEand THF in

pentane leads to monosolvated dimétts two distincfLi signalsf only 0.5 eq. of ether per

lithium is present and stepwise increase of ether concentration results in the preferred formation
of disolvated dimerg\t ether concentrations larger than 1.0 eq. per lithium, free ether signals
appeared in théC spectra, indicating that the disolvated species is favored over trisolvated. Neat
ethereal solutions of LIHMDS showed thatntomomer ighe major aggregate formed at very

low temperat@s( 100°C) in THF whilé is only a side product in QE# The equilibrium

between dimer and monomer in THF is also highly tempenatlicencentratiotependentthe
monomer/dimer ratio was observed to decrease with increasing temperature (constant LIHMDS
concentration) and to increase with decreasing concentration (constant teriiffératargdhey
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expanded their study towartte use ofLDAR and lithium enolaté$” in regie and

stereoselective reactions.

In the last decades, advanced NMR techniques have been developed and extended for the analy
of organometallic compouri¥¥.One example is heteronuclear Overhauser effect spectroscopy
(HOESY}*whichshows crossignals between cldsgnuclei (e.§’Li and'H) and thus can be

used to evaluate whether a lithium atom is bound to an organic residueonmtancition pair,

CIP vs.solvent separated ion pair, 33 to determine the 3D structure of a moléétie!

An alternative method is the use of diffusion measurements via diffusion ordered NMR
spectroscopy (DOSY)? next to the comparison of ti¥éLi diffusion coefficient to that of
protons of attached organic residues, it is possgaetosight into molecular sizes and weights

of molecules tanalyzastructure and aggregatidfAlmost ten years ago, our group developed a
DOSY method for thenolecular weight determination using external calibration curves (ECC
DOSY) based on three different molecsitpe models: compact spheres (CS) for closed, ball
shaped moleculésg. adamantanexpanded disks (ED) for flat, mainly-traensional analytes

(e.g. anthracera)d dissipated spheres and ellipsoids ([@E&juctures between the two before
mentioned extreme ca8&$This way, the solution structsiod donorbase free LDAn toluene

was determined to be an equilibrium of trimer and tetramer with the tendency towards higher
oligomers with decreasing temperattitleurthermore, the structused solvation adlkali metal
cyclopentadienyl complekéand theturbéeHa us er b a s e MANVMTAR\ErE $obvdd.i C |

1.3. Boron and Organoboron Compounds

Boron, the first golock element in the periodic table with metalloid character, exhibits unique
chemical reactivity which is fundamentally different from its heavier analogues of'¢t8¢ip 13.

In nature, borommakes up only 0.001% of the earth crustisaexiclusivelyound in oxygen
containing minerals such as borax[By@s(OH)4& H.O) and kernite (N§B«Os(OH);] a Z0). H
There are two naturally occurring isotofiBsand*'B (19.%% and 80.% natural abundance,
respectively) which are both NM&ive with the lighter isotope having a nuclear spin of 3 and
the heavier of 3/2. Especidfi8 with its small quadrupole moment and high sensgipitypular

for NMR spectroscopic analysis of boron compounds in solution and the solid state. The less
abundant®B isotope on the other hand, has excelteetmalneutron capturing propertiaad
therefore plays a large role in research for usingtcronolecules in Boron Neutron Capture
Therapy (BNCTio selectively fight cancer céits.
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Due to its three valence electrons, boron is pronentonfiofecules with three covalent bonds in
a trigonal planar geometry like its halideg8X F, Cl, Br, 1), boric acid (esters) B{/BOR

(R = organic residue) and organoboranes Bf® emptyperpendicularforbital makes these
compounds good Lewis acids that readily reacawittiesponding Lewis base (argmonia)
under the formation of (pseultetrahedral Lewis adidse adductsHere, the acidity is
determined by the bonding partners ofohoand their electron donating or withdrawing
p r o p e +handirg shilitieFinto the-prbital and steric repulsiaithen the residues become
so large that an adduct formatimtomes sterically impossible, one speaks of frustrated Lewis
pairs*?! Severaboroncontainingexamples show the potential of these compofamdhe
caption andctivation of small molecules £ COf**land CA**and as metditee catalysts
for hydrogenation reactidfs!

Organoboron compounds can be easily synthesident from organolithium or Grignard
reagents or by treatingganic alkenes or alkyméth boranes in a hydroboration reactidrich

can befurther converted to alcohols showing opposite selectivity to direct hydration of olefins
using HX/HO (X = Cl, Br, I, antMarkovnikov selectivitcheme2) [*¢!

R'Li B(OR)3 , C) H*
el R-B(OR);

R'-B(OH),

RzB-H R R NaOH/H202
2) A~ N — 7Y B 7Y o
W H R H

Scheme?2. Synthesis of organoboron compounds: 1) via reaction of boronic acid esters with organolithium or
Grignard reagents, 2) vigdhoboration oflkenesvith a possiblsubsequent oxidationatcohols

A very famous application for organoboron compdarginoboronic acids/esteisthe use as
transferreagents in the palladiwatalyzed Suzuliyaura crossoupling reactidi” as a
versatile tool for s and spsp’ carbodcarbon bond formation in the synthesis of complex
organic compounds and natural prodi€tén example catalytic cycle for a Sulglikaura
coupling is shown &chemes.
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Scheme3. Catalytic cycle of an exemplary Stiglij@ura cross coupling reaction.

Compounds made up of boron and hydrogen only are called boranes (neutral molecules) an
hydroborates (anions) which form a claskvefse cluster structures. The simplest borang, BH

is not stable and spontaneously dimerizes to dibotdnari8ler the formation of threxnter
two-electron (3@Qe) bondsetween the two boron atoms and a bridging hydrogent@tom
compensate the electron deficiency of the b{@ahemed). The BSH bond lengths of the boron

atom to theébridging hydrogen atoms (~:BB2A) have been determined to be somewhat longer
than to the terminal ones (:1.8A) both in the gas ph&$®and the solid struct resulting

in a pseudeetrahedral coordination geometry of the boron atoms.

H H, _H_ .H

B

Hoo H7 Py

Schemed4. Dimerization equilibrium between borane and diborane.

Diborane isalso the basic building block for the higher boranes which fortmreugh
thermolysisishighly symmetric polyhedral clusters containing b@b(#arminal BH) and 3e

2e bonds (BB and bridging 8H). The structures of these cluster compounds qaedieted by

the number of skeletal electrons present with theMiades rules that can be universally applied
to all kinds of cluster compourtd¥.Depending on th@umber of occupied edges of the
polyhedron, the clusters can be clasas®Eds(losed, all edges occupied, 2n+2 skeletal electrons,
e.g. [BHe*, n = number of boron atoms in the clusteidgnest, one edge unoccupied, 2n+4
skeletal electrons, e.gHB andarachn{spider webfwo edges unoccupiedn+6 skeletal

electronse.g. BHio, sedrigure 10. Especially thelosbydroboratesresulting from the reaction
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of the simplest hydroborate Bivith BHe, are highly stablgainstiecomposition of the boron
scaffold with air, moisture (the hydroborate salts are water soluble), acids and bases under ambient

conditiong!*¥

Figure 1Q Molecular structures ofgl]? (clos®), BsHo (nidpB) and BH 1o (arachn®), boron atoms are shown in
pink, hydrogen atoms in light gray.

Exchanging [BH]' units with the isolobal 88 fragmentleads to the wekihown class of
carboranesThe first carborane compoungCBis was obtaineth 1962in small yields from a
mixture of BHs with acetylene in an electric discha¥y&oday, the icosahedratloso
dicarbadodecaborane®@..( i n t he foll owing referred to jus
are the most prominent compoufésThere are three isomers corresponding to different
arrangement of the two prese®HCgroups: thggrominentorthaarborane where the carbon
atoms are sitting directly next to each other in the cluster vd@ lzod,metaarborane and
paracarborane wheréedre is the most possible space between the two carbon atoms. All three
carboranes asr- and watestable wittparacarborane being thermodynamically the most stable
form. Upon strong heating (40@600°C)prthecarborane slowly isomerizes metaarborane

in high yields, at temperatures over 600°C, partial conversiparéatrborane is observéd.
Orthecarborane can be synthesized by reaction oidb@rane BHi.. with acetylene in the
presence of Lewis bases (e.g. acetonitrile).iidy substituted acetylene derivatioetho
carboranes functionalized at carbon can be easily obtained in higfi*ytelds.
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Figure 11 The three possible isomergiafsdicarbadodecaboramethacarboraneX), metaarboraneR) andpara
carborane(), boron atoms are shown in pink, carbon atoms in black and hydrogen atoms in light gray.

Alternatively, substitution of carbloound hydrogens can be achieved by treating the respective
carborane with-BuLi, where the proton is exchanged by a lithium cation, and subsequent reaction
with an electrophil&Functionalization at the boron atoms with halogens works via electrophilic
halogenation: the respective carborane is heated in the presence(f=Al3, Br, 1) in
chloroform or CGI In this process, halogenation selectively occurs first at the boron atoms
furthest away from the carbatoms and last at those bound to two carbon &f8rHewever,

the main products of this reaction are modp and trihalogenated carboranes with traces of
tetrahalogenated carborane present. Full chlorination can be accomplished by leadgagschlorine
through a carborane solution in chloroform or, G&er irradiation of ultraviolet lig#twith

the carborbound hydrogen atoms staying untoucibde the same treatment with bromine only
leads to bromination of maximum four boron atgkthoughortheandmetaarborane react in

a similar way, it has been found thattb&somer requires longer reaction times to achieve the
same resul? Fluorination is somewnhat less selective and may lead to a range of products with
different degree of fluorination up to the compl@dlyorinated &B.d10H..**" By the use of

special catalysts and/or directing groups, also selective functionalizatébh griolps is
possiblé“Y Treatment of thelosoarboranes with nucleophiles antbsequendeprotonation

leads to an abstraction of ondHBuUnit of the cluster under the formation ofg¢l.,]* which

can coordinate metal cations ar@aletp the cyclopentadienyl anion (metallacarbqiBeciesme
5)_[142]
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C2B1oH12 C2BgH1z + B(OCHgz)3 + Ha

/\

CoBgHiz  CoBgHyy® +H,

CH4OH

Schemeb. Abstraction of a boron atom from the icosahedroortbicarborane and subsequent protonation and
deprotonatiofit43!

Since the mid960s, carboranes have been studiédBvidMR spectroscopy with the central
guestion being the assignment of the multiple signals caused by boron atoms with different
chemical environmerior example,apending on the symmetry of the cluster, between one and

ten distinct boron signals are expected 84T, and its substituted derivativiéspecially for
closoarboranes with a narrow chemical shift range, signal overlap quickly leads to difficulties
interpreting the spectrahich is groblem that can only partly be solved by the use of higher
magnetic fieldAt first, signal assignment was attempted by heteronuclear de€étigtiag,
calculation of chemical shieldiagthe boron nuclé#® and comparison to the spectra of
substituted derivatives (e.g. with halogens or deutéfiti¥in 1984, Venablet. alpresented

the protondecoupled’B COSY experiment which revealed the connectivity of the boron atoms

in the clustelStill, ambiguities in the assignment of boron resonances remain due to missing cross
peaks between boron atoms connected via bridging hydrogen atoms or similar coupling patterns
of isomers'*1Even bday, despite the wide availability of-figith NMR devices8{O Tj and
although'B NMR spectroscopy is usually (but not always) applied to newly synthesized carborane
compounds, signal assignment is sometimes not even attempted (especially for asymmetric
carboranes that give mati/signalsand only chemical shift values, relative signal intensities and
comparison to literature data (if availarkreported*®

Applications ofcosahedradarboranes are widespread among several scientific dibeipéiinss

of their ease of functionalizatitfff Due to their threglimensional structure similar in size to a
rotating phenyl ring and their hydrophobjcaiyboranes are also often referred @8@gphenyd
substituentsThey have gained increasing popularity in the development of new drugs, where
carboranes with their high amount of boron are especially interesting building blocks for BNCT
reagent8®® The icoahedral core also opens possibilities for the design of new p&iymers,

material®?and ligands for coordination chemigt#y.

Anotherimportantclass of boron compounds are tiEBPY (= BOron DIPYrromethene) dyes
which are strongly fluorescent over alwideableange of wavelengths. Consisting of a bidentate

dipyrromethene ligand binding to a boron atom and two fstthstituentgusually fluorine but
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also other halides and organic residues are potsgdiiest X DIPY compounds were described

in 1968™4Since then, a great variety of derivatives have been synfhesystaihd out through

their high stability in both the solid state and solution, high quantum yields (up to 99%) and eas
tunability of the optical propertiga functionalization of the dipyrromethene E&taypically,

they are obtained upon treatment of the respective dipyrromethene ligand@t BRhe

presence of aalse like NEt(seeSchemeb).

Ry R; Rs Ry Ry Rs Ry Ry Ra Ry
o) TFA ox NEt,
Rl * el — ™ R TR o R
NH R4 H NH HN NH N= BF5-OEt, N\B,N\
R4 R4 Ry R4 Ry Ry FF R4

Scheme6. Basic synthesis oOBIPY dyes starting from pyrecddnd aldehyde derivatives.

The simplestBDIPY compound (seBcheme?), however, has not been successfully synthesized

until 2009 as the parent ligasdhighly prone to nucleophilic attacks in solution and thus is not

\\\
Sy

N
\B/

2 =)

stable above temperature$ 40°C5°

Scheme7. Basic structure of the boron dipyrrometh&@IPY) dyes.

Due toits excellent fluorescence properties and great structural vaxizfyY Bompounds
enjoy high popularity as fluorescence labels of biomoféBinetcators®! and as solidtate
laserdyeg!>
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2. Scope of thiswork

As structure and reactivity of organolithium and lithium amide compounds are closely linked,
knowledge about their aggregation and solvation behafigrest importancén addition to

NMR methods for the characterization of lithium compounds in isotropic solution like HOESY
and (ECGDOSY, anisotropic parameters might further complement the structure analysis
toolbox. Here, the quadrupolar nature ofltheucleus provides a valuable source of information

as the electric field gradient (EFG), whitdracts with the nuclear quadrupole moment, is highly
sensitive to thelosest coordination environm@titin solutionweakly aligned by a chemically

inert polystyrene (PS) gel suitable for reactive lithium species, this interaction is visible in the form
of residual quadrupolar couplings (RQCSs) that have already been used qualitatively in our group

on a range of lithiuwompound§&2!

Within this work, the use dfi RQCswill be expanded to a quantitatiegermination of the

lithium solvation statd~or this purpose, a range of lithium complé@&sontaining rigid,
bidentate, monoanionic bis(benzox@zad)methanidéased ligands that are structurally- well
characterized in the crystalline state were chosen as model compounds for the meadiirement of
RQCs inweakly aligne@HF solution.At the same time, theoretical RQCs are predicted for
differently solvated models using EFG tenesalculated from geometnqgtimized structures with

zero, one and two THF donors in combination with alignment tensors determined from
experimentalH,’*C RDCs of the bidentate aromatic ligands in solution. Comparison of both
measured and calculatedRQC values shathat the correct solvation state candierchined

in most cases. In addition to that, the influence on the coordination geometry of the THF donor(s)
on the lithium EFG and thus the RQC of compolisdexplored using relaxed potentiatgne

scans.

In the second part of the thesis, the method was extendedBortheleus and appliezlboron

rich borane and carborane clusiet§based on thelosdicarbadodecaboranashacarborane
andmetaarborane with different symmetry resulting in four to seven diftinresonance#
slightly modified version off@-coupledH,"’B HMQC with a reducedB flip angle (30°45°)
allows for the extraction of the sign of #8eRQC with respect to that &f; from the tilt of

the signal, and small R@bt resolved in the 1B spectra can be estimated. This information,
in combination withH,"'B RDCs, is useth assign the signals in th& spectra to the respective
boron atoms in the (car)borane clusterfitting the experimental RQC values to geometry
optimized structure models for all possible assignments and the ssigectenis selected by

evaluation of Cornilescu’s quality factefa@or)?”
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Last but not least, three bordifluoridecomplexed.618containing bidentate dipgmethene
and 4methyl bis(benzoxazdlyl)methanide ligands are investigated umom the ligand
substitution patterimfluenceshe sign of the EFG at the boron atom and, as a result, the sign of

the experimentalB RQC which is determined relativeéTe: with an*F*B HMQC with a
reduced'B flip angle.

25|



Results and Discussion

3. Results and Discussion

3.1. Lithium Compounds

5 4 5 9/10
e Y i
N N N = 12
' ' 2
2 R K 13
1 E=S,R=R'=H 5 6
2 E=0,R=R‘=H
3 E=0,R=Me, R"=H
4 E=0,R=R"'={Bu

Figure 12 Basic structures of lithium compougdswith the positions numbered for NMR signal assignment and

discussion.

The lithium compound consists of a lithium ion coordinated lrigal bidentate, monoanionic
bispenzothiaze?-yl)methanidégand and is synthesized by deprotonation of the corresponding
ligand witm-BulLi in diethyl ethe€rystallization from a saturated diethyl ether solufi@0a€
results in the formation gkllow crystals that lead to the structure showigure 13 (space
groupP2y/ cwith one molecule in the asymmetric unit). The lithium atoseusletetrahedrally
coordinated bthe ligandiia the two nitrogen atoraad two additional diethyl ether molecofles
which one is disordered over several posittamdar to other known complexes containing the
bis(benzothiazél-yl)methanide or the related, more common bis(benz@wpolethanide
ligandi®-1%2%4the aromatic ligand is not completely planar but shows a butterfly folding of the
two benzothiazole moietiasad a kght dislocation of the lithium atom from thé&l©plane(the
structural parameters are showhahle 2). This also leads to an asymmetric coordination of the
two diethyl ether molecules with differetal@d®' and Calad®? angles
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Figure 13 Asymmetric unit of compourid The anisotropic displacement parameters are shown at 50% probability
level. All hydrogen atoms and disordered parts of the molecule are omitted for clarity.

A sample of compountifreshly crystallized from diethyl etlaard dissolveith THF-ds shows
weltresolved signals in thé NMR spectrum witlC,, symmetry of the aromatic ligand and two
diethyl ether molecules present in solEaure 14. It is striking that the integral of the signal
at 5.3%pm belonging to the proton at the bridging carbon at@hdws only half of its expected
value of 1which originates from thieng T, relaxation time of the isolated protdine
correspondind_i spectrumKigure 97in the append)xconsists of one single sharp signal with a
linewidth (W) of ~3 Hz. All spectra indicate a symmetric coordination motif of the bidentate
ligand similar to the crystal structure via the two nitrogenalsmnis solutiowithout any signs

of dynamics or isomerization eveh @0°C(seeFigure 95andFigure 98in the append)xin
addition, théLi,'H HOESY spectrumRigure 99in the append)jxshows cross signals between
the lithium and the proton signals at 7.22 ancppr@9vhich can be assigned to the positions 1
and 2, respectively (§&gure 12for numbering of the positions), which also cosfitmat the
ligand remains tightly bound to the lithium with its two nitrogen atoms and does ciatdilisso

solution
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Figure 14 400.3VIHz *H NMR spectrum of compouridn THF-ds. The residual solvent signals are marked with #.

However, unlike as SGXRD experimenighe determination of the solvation state of compound
1using conventional NMR methods is not soa&sthg Jcoupling (if present at all) vanishes due

to fast exchange between the solvent molecules in séatidis purpose, a strategy uding

RQCs is pursued: experimefitaRQCs are measured in aligned solution and then compared to
valuescalculated forgeometrnoptimized structure models of possible solvation states of
compoundd-6in THF usingequation (6). The necessary alignment tensors are determined from
'H,"*C RDCs of the aromatic ligand and EFG tensors are calculated from the structure models
with DFT methods. Here, it is assumed that in THF soltitierdiethyl ether ligands present in

the solid compounds2 and6 are replaced by THF molecudesd only THFsolvated complexes

are considered in the following chapter.

For compound, three structure model§THF), in total were considered: one containing only
the bidentate benzothiazole ligémd 0)and structures with o = 1)and two additional THF
ligandg(n = 2) respectivelywhich were geometry optimized both in the gas (figsee 15

and using theonductodike polarizable continuugolvent modelcpcm)with THF as a

solvenf!®>1%€IThe attempt to calculate a model containing three coordinating THF molecules
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repeatedly led to the n = 2 structure with the third midleculanoving away from the lithium

without any signs of interaction.

A

Figure 15 Sructures of the three possible solvation states of com@@UiHE), in THF solution for n = 04), 1
(B) and 2 C) geometry optimized the gas phase at the B3LYP/Def2TZVP level of theory.

The structural parameters of the three solvation state models are summkEablgp2imnd
compared to the crystal structif®Et,), shown inFigure 13(note that the higher steric demand
and lower polarity of OEtelative to THF further influences the structural parameters, which
makes the crystal structure only indirectly comparable to theoMdted modelsPf all four
structures, only the naolvated moddfTHF), shows a completely planar ligand without any
dislocation of the lithium from the ligand plane or folding. Upon addition of one THF molecule,
which interestingly coordinates from the side of the ligand and not fronrmtzetagonal planar
geometrythe lithium atom is drawn from theNgplane and the ligand begins folding away from
the THFmoleculeThis effect increases when a seconddd#ieris added to the structuesd
asymmetric coordination of bathermolecules to the lithium as observed in the crystal structure
also occurs in the calculated mddéN bond lengths increase abot#%2 when a THF donor

is added to the structure while thd. N angle decreases abo4. In general, bond lengths
(LiON and LidO) arebetween 2% and 6% larger in the crystal structure and, as a resilidthe N

N angle is ~1% smaller what might also be influendadh®rspatialdemand of diethyl ether in
comparison to the more compact TM#ile the dislocation of the lithium atom from the ligand
plane is more pronounced in the calculated structure models, the effect of the butterfly ligand

folding is observed to be larger in the crystal structure of conjpaluct is probably influenced
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by crystal packing effeci®e structures optimized with the cpcm solvent model do not show any
major differences from the gas phase mddél and LBO bond lengths are approximately 1

5% and 2% larger than in the gas phase, respectively, wheiéine bite angle is up to 9%
smallefor 1 THF), on which the solvent model apparently has the largest effect.

Table 2. Structural parameters for the georagptymizedanddifferently solvated structure models of compdund
without (ATHF)), with one JdTHF),) and two THF ligand4q{THF),) in the gas phaggp) and with the cpcm
solvent model with THF as a solvent (cpathithe B3LYP/Def2TZVP level of theory in comparison to the crystal
structure J{OEL)y).

ALidN)  oLiBO) NOLIBN CfaldaD o Li AA  Folding
[A] [A] [°] [°] [A] [°]

l1a( ToH 1.885 - 106.5 - 0.000 0.0
(9p)
l1a( ToH 1.982 - 97.4 - 0.000 0.0
(cpcm)
l1a( T.H 1.932, 1.906 102.0 131.9 0.311 3.7
(gp) 1.923
la( T.H 1993 1.949 96.9 118.7 0.296 2.4
(cpcm)
la(TH 1978, 1.929, 97.2 135.7, 0.327 7.1
(gp) 1.980 1.951 112.6
la( T,H 1.998, 1.965, 95.4 107.7, 0.436 4.7
(cpcm) 2.001 1.922 144.8
150Et,),  2.020(4), 2.002(4), 95.9(2) 132.54(17) 0.157(4) 8.39(8)
(crystal) 2.030(4) 1.948(1) 114.1(2%)
2.058(9) 125.88(42)

EFG tensors were calculated at the lithium nudea8 gp and cpcm models. Calculated values

are given inTable 3 and graphical representations of the tensors are shdviguia 16

Generally, the trend is that the EFG is largest for the twmfotdinated structus@§THF), and

becomes smaller with increasing number of THF ddnaddition to that, the tensdor the

cpcm structureare ~77%%0, 35% and 126 smaller for n = 0, 1 and 2, respectjwehjch is due

to longer LAN and LBO bond lenths. For the structusawith n = 0, the largest tensor component

(FVw i s negative and aligned al oFggrelfAilandNaaa N v

A.2) with the strongest positive contribution perpendicular to the ligand plane. The smallest
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componenty , which is positiveuns along th€,-axis of the molecutel ong tvecer Li aa
Here,the rhombicity of the tensor is significantly larger for the cpcm(mg@deb7 vsg = 0.28,
respectively) with .« almost beingera After the addition of one THF molecule (n = 1), the
donating oxygen atom adusgative contribution to the EF@s a resull ,, becomes positive

and is roughly 30% smaller compared to m=lte gas phasshile the absolu¥é,, valuen the

cpcm model does not change from n = 0 to 1. Nowetisoris not aligned with the ligand axes
anymore builted away from the coordinating ThiBleculevith the blu€positivg lobes roughly

marking the bisector of thealad®r. angle However, although both tensors are of similar
asymmetrparametefg = 0.10 for the gas phase gwd 0.22 for the cpcm model, respectively),

the largest negative tensamponenVyi s st i Il | roughly ali gased al
phase model, it is more elongated towardst@e cpcm structur€or the n = 2 structure, the

tilt of the tensor is less pronounweéth the positive componeévit, aligned along the{@:a Gria.
directionwith the largest difference to n = 1 being thel§ZéiF), with four donors coordinating

the lithium atom is closest to the ideal tetrahedral geometry and thus shows an EFG four times
smaller than the threefatdordinateddTHF), and even five times smaller taghHF), for the

gas phase model. In the cpcm solvent model, the n = 2 tensor is only about thse®lienes

than those of n = 0 and 1 and shows a much larger rhombicity than in the ggsh@sevs.

g = 0.13, respectively).

B.2

Figure 16 Graphical representation of the EFG tes&mrthe three calculated solvation motI$iF), forn = 0
(A),1(B) and2 (C) in the gas phagk.1-C.1) and with the cpcm solvent model with THF as a SOA@AC(2). The
orange and blue lobes represent directions of negative and positive EFG, respecAyeindm), (he tensor is

shown with the same scaling factor while the scalir®@) ferfour times higher.
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Table 3. EFG tensors (eigenvalues) at the lithium nucleus calculated for the different solvation state models for

compoundl (B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model with THF as a solvent
(cpcm).

Model Vik (a.u.) ¥y (a.u.) V.. (a.u.) o]
1a( Tokbp)) 0.0188 0.0332 [ 0.0520 0.28
1 a ( Tokepcin) 0.0004 0.0288 1 0.0293 0.97
1a( T.gp) 10.0181 10.0223 0.0404 0.10
1 a ( T.kpen) 10.0117 10.0184 0.0300 0.22
1a( T.kPp)) 1 0.0048 1 0.0062 0.0111 0.13
1 a ( T2kepcin) 10.0014 10.0081 0.0095 0.71

The synthesis of the polystyrene stidesd for alignmenvas carried out under inert gas
conditions as describedcimpter5.2 Theyare therefore suitable for the measurement of the air
sensitive lithium compounti§. They are designed in a way that the diameter of the sticks is only
slightly smaller than the inner diameter of an NMR tube. As a result, swelling of the sample mostly
occursalong the tube (often referred to @i®) parallel to the external magnetic field when the
sample is inside the magnet, leading to cavities inside the polymer network that are elongated
mostly along this directidfor the large ligandscompound4-6, PS sticks with 3mm diameter

and 0.2/01% DVB were choseas larger diartegs and amounts of the crdigger DVB lead to

stronger alignment and thus larger RDC and RQC values but also to higher sample
inhomogeneities and broader lines in the NMR spEa&d.i spectrum of compountiafter a

swelling time of seven days is showrigare 17, showing the expected quadrupolar triplet with

a’Li RQC value of 3Az.
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Figure 17 194.4MHz "Li NMR spectrum of compountlin PS (3.4nm/0.2vol%)/THF-ds after seven days of
swellingThe absolute RQC value isHsZ,

For the calculation of RQ@ke alignment tenséris needed which is experimentally determined
by the measurement 8f,"*C RDCs of the bis(benzothia2e}l)methanide ligand. For this
purpose, the CLHAISQC experiment! was used to measure dmad GH couplings in the
isotropic {&.+) and the anisotropic sample() from which the RDCs can be extra¢ROC =

'Den = Ten 0 “kw, seeFigure 18. Here, it is important that all anisotropic parameters (RDCs
and RQCs) are measured without large time gaps between the exgetina¢nite values can

be safely correlated as the swelling process is continuous and the size of the anisotropic paramet
might further chang&or compound, all @H couplings become smaller upon alignméai; (

< 'Lku) which results in dH,"*C RDCs being negative with the largest negative value belonging
to C0H indicating a preferred alignment along the longest axis of-tiaped liganoarallel to

the magnetic field of the NMR devielwever, due to th#H,"*C RDC at €5H also being
negaive, a second preferred direction of alignment alo@gdkes of the molecule is preséiit.
experimentaldH couplings for compountare listed ifable 4.
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Figure 18 Excerpt of a400.3/100.MHz 1H,:3C CLIPPHSQC spectrum of compouddn THF-ds superimposed

with an excerpt of 800.3/125.8MHz 1H,13C CLIRPHSQC spectrum of compoudéh PS(3.4mm/0.2 vol%)/ THF -

ds after seven days of swellifife signals are marked with the numbers of the respective positions of cdmpound

for assignment. The signal marked with * belongs to unpolymerized styrene in the PS stick. The broad signals between

d(*3C) = 125130ppm belong to the aromatic groups of polystyrene.

Table 4. Experimentally determined emend GH couplings for compountd

Position Ly (H2) Tcn (Hz) "Dy (H2)
1 159 138 | 21
2 158 141 117
3 160 133 127
4 161 141 120
5 160 145 115

For the determination of an experimental alignment tensor for compéutiesmodel structure

of the solvation state without any THF molecules was used as it is assumealitjmahéme of

the complexes is dominated by the large aromatic bgaitie smaller solvent molecules do not
have a major effect in that way addition to that, the NMR spectra both of isotropic and
anisotropic samples show that ave@ageymmetry is maintained in (aligned) solution which is
not the case for the static model§THF), for n = 1 and Zthe ligand of compourGpossesses

| 34



Results and Discussion

Cs symmetry and therefore has no rotation axetblis work, alignment tensor determination is
carried out with the software MSimhich fits a set of experimental RDCs assigned to fixed
bond vectoref a model structure and in a second step gives back calculated RDC values for the
best fit. Cornilescu’s quality faétifin the following described asf@gtor)indicates how well

the input model fits to the experimental deth lower QGfactors showing better agreement

between experiment and model

Using the experimentél,’3C RDCs obtained from the CLHSQC spectra of compoutan

the model ofifTHF), yields a low @actor of 0.041 and gives further proof that the planar n =0
structures are suitable representatives for depicting the alignment beliaigammpleln
addition, the possible formation of a lithium lithate witHottme of [Li(THF)J*[Li(L)]" (L =
bis(benzoxazo2yl)methanide or bis(benzothiazgll)methanidewhich would also be in
agreement with thel NMR spectrunis excluded as for this structure vidth symmetryan
axially symmetric alignment ten@ak = A,,) would be expecteds the negativiH,*C RDC
values already indicated, the largest positive component of the alignme/t, Jensts &long

the longest distance within the lige¥dH a a8B)@vith a second preferred alignment direction
along the @H bond through the&; axis while orientation along thaxis perpendicular to the
ligand plane is strongly disfavored, showing the largest princgoalM&igure 19. Using the
cpcm model ofd THF), insteadowers the Gactor a little to 0.034 agdses very similar tensor
values with ,; of Acpemdeviating less than 1% from tha#\gf Although the use of thee= 1 and

2 gas phase structuiesd the n = 2 cpcm structure also give tensors with similar values and the
principal axes pointing into roughly the same diredtoad, following calculations ‘af RQCs,

Agp Of the respective model structlH@fTHF), was used for better comparison.
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Figure 19 Graphical representation of the alignment tensor for comgdoiiheé green and red lobes represent
directions of positive and negative (more and less preferred with respect to isotropic solution) alignment, respectively.
The principal values akgx= 2 . 240A7,a 1 8. 8%4rwA,1=0 6 . 0 547 3 D.Q7 Q-factor = 0.04)L

As shown irequation (6), both tensoré andV need to be multiplied for the calculation of RQC
values. However, for all structures with n > 0, the PASantlV are different and as a result,

one coordinate system has to be chosen into which one or both tensors have to be transferred by
rotation. In all following lithium compourid§, the PAS of the alignment tensor was chosen as a
reference coordinate syst@CS)nd the respective EFG tensor was, if necessary, rotated into

the RCS as describedlvapter5.7in the experimental pa#tnother advantage of using the PAS

of A as the RCS is that all-dfagonal elements Afare zero which simplifiEgjuation (6). The

resultdor compoundLare summed up Figure 20

Generally, the trend already observed for the EFG taisocentinuedor the calculated.i
RQC values: they are largest for the twafadtdinated models without THF and decrease with
increasing number of coordinating THF molecules with the values for the gas phalseingpdels
larger than for the corresponding structures in the solvent model. In case of cdntpeund
are twostructures that fit well to the experimental value measured in the anikospeatrum:
1{THF). in the solvent model addTHF), in the gas phase.
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Figure 20. CalculatedLi RQC values focompoundl using geometigptimized models d§THF), withn =0, 1
and?2 in the gas phase (black bars) and with the cpcm solvent model (gray bars) in comparison with the experiment:
value of 37 Hz (red line).

For clarification, the influence of the position of the Titifeculesvas furtheccharacterized

using relaxed potential energy schosmpoundL the C°alad@+r anglewvas altereih steps of

1.86° while the @r:0LiI00 angle was fixed at the value of the minimum structure (= 107.2°).
The resulting energy curve is showfigare 21where the relative energy (in kJ/mol) is plotted
against th€°a Lad@xr: angleTwo local minima at 107.7° and 144.8°, corresponding to the two
angles & Lad@nr and CaLadB e, of the minimum structure, and one local maxiatui26.3°

where both THREnoleculesre bound symmetrically to the lithium, can be observed. Angles <
107.7° and > 144.8° result in a steep rise of energy due to steric repulsiontheefitdien
moleculeand thebis(benzothiazelmethanide ligan@the EFG tensor components,, V,y and

V., (Figure 22, already rotated into the RCS) behave similarly with local minima and maxima at
the optimized and symmetric structure, respectwglywhich is oriented along theaM a
direction shows the smallest changesr the angle scan as there are no significant geometry
adjustments in this direction. The other two compoispendV .., oriented along th€; axis

and perpendicular to the ligand plane, respectively, however, experience a stronger influence by t

THF ligands and follow the same curve pattern as the relative energy.
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Figure 21 Relative energy plotted against théeldd® - angle for compount§THF), using the cpcm solvent
model. The @r10Lid0THF2 angle was fixeat 107.2°
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Figure 22 EFG tensor componenis; (absolute values, rotated into R@S indices xx, yy and zz correspond to
the directions of EFG along the x, y arakis of the RCS, respectiyeliptted against thee@lad®rwe angle for
compoundlTHF), using the cpcm solvent modiéte Ornri0LiIdO0THE2 angle was fixed at 107.2°.

At room temperatur e, alklmolgsthetmalenenkel at 298)t h an e
should be present, which means that a thermally averaged EFG tensor can be calculated according

to the Boltzmann distribution ahdused to determine an averae®QC (Equation (15).

| 38



Results and Discussion

Yy
B o QQQQ
v (15
B "QQQ

Here,V (k) corresponds to the EFG tensor elemgttt,the degeneracy ab# to the relative
energy of each conformatinwhile ke and T stand for the Boltzmann constant and the
temperature, respectively. The resulting averaged EFG tensor can now bg&asaiibio(6)

to calculate an averagedRQC of 37.13z whichnicely fits to the experimentally measured
RQC of 3™z andis 24% larger thamhe value determined for the static (minimum) structure
shown irFigure 20 as all other, neminimum structures show larger EFG tensors than the static
model.

The same angle scan was also perfornt& bifr);,cpcm that showed a calculdte@®RQC close

to the experimental valueFigure 20. In contrast to the n = 2 structure, the relative energy curve
plotted against the’@ad®+.+ angle forldTHF), (Figure 23 does not show a smooth course

like the fourfolecoordinated compourlid THF), does. A possible reason for the sudden changes
in energy are orientational changes of the THF ring plane with respect to the ligand plane. Fol
example, at a°&lad@®+++ angle between 137° and 140°, the THF ligand rotates around roughly
90° to avoid getting too close to the aromatic protddd/C*8H near the lithium atom.
However, as the change of th&Qs= bond length is below?%, it is assumed that the effect on

the EFG tensor is smallhe EFG tensors behave similarly to compdgmn#iF), with V, along

t h e dracioaskying nearly constant witie components along theaxd zaxes become
larger with increasingalad®+.+ angle Figure 24). This is due to i) the tensor itself growing in
size with increasing trigonal planar symmetry and ii) the RASaré and more overlapping

with the RCSleading to larger absolute contributions @bng the axes of the RCS &Ggere

25. In addition, whil&/,, (V ;) stays negative (positive) the whole filmeis positive at the
beginning of the scan and undergoes acressing at a°€Lad®+.- angle of roughly 1227°

due to the large, positive lobe belonging.ionoving away from theaxis of the RCS.
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Figure 23 Relative energy plotted against théeld@@®+r angle for compount{THF), using the cpcm solvent
model.
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Figure 24. EFG tensor componenis; (absolute values, rotated into the R@fices xx, yy and zz correspond to
the directions of EFG along the x, y arakis of the RCS, respectiyelptted against thetZlad®rwe angle for

compoundligTHF); using the cpcm solvent model.
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Figure 25 Graphical representation of the EFG tensor at the lithium atom of comigdite); including the cpcm
solvent model with a®&1a8®0wr angle of 118.7A( minimum structure) and 179.Bj,(showing the influence of
the THF position on the EF@gether with the directions of the RCS .aetor coding and sign convention is
analogous tBigure 16 Both tensors are shown at the same scaling factor.

Now, an averageli RQC can be calculated for compoug@HF), using Equation (15
analogous tégTHF).. As only the positions of the Thifoleculeon one side of the ligane:re
considered in the scan, a degeneracy value of 2 was used for each conformatarritexcept
symmetric structure shownRigure 25B. This resulten avalue of 118.49z which is clearly
much larger than the experimental RQC &f3and therefore finally excludes the possibility that

compoundlis coordinated by only one THF molecule in solution.

Compound2 can be formally derived from compouraly exchanging the sulfur atoms in the
ligand backbone with oxygen atoms. The lafg@dC angle in the oxazole moiety (105.8° for
24THF), gp vs. 90.2° for thedS3C angle in the thiazole unit THF), gp)leads to an
unfoldng of the twoattachedenzeneingsaround the coordination pocket of the two nitrogen
atoms (the @@a&E6a angl e i ncreases 1fTHBNMgp® 9008°Afor f o r
compoundgTHF), gp respectivelyThis also leads to a smaller dislocation of the lithium atom
from the ligand plane and smaller butterfly folding for THF coordinated structures of compound
2 with respect to compouridfor structural parameters of compo@nseerlable 36).

The C-methylated compour® where more steric bulk is introdutedhe coordination site
around the lithium atom, shows very similar structural features as compduitelthe crystal
structure of compound is already knowH? crystalssuitable for SXRD experiment®f
compound3 were grown in this work via sleapordiffusion ofn-pentane into a concentrated
THF solution at 30°C It crystallizes in the space gr&ap cwith one molecule in the asymmetric
unit Figure 26). Here, thelrHF ligands present in compoutido not show anglisorder

41|



Results and Discussion

Figure 26, Asymmetric unit of compoun8 crystallized from THRFpentane The anisotropic displacement
parameters are shown at 50% probability level. All hydrogen atoms are omitted for clarity.

The'H NMR spectradr both compound& and3 are compable to that of compount(see
Figure 10landFigure 106in the appendjxrespective)ywith aC,, symmetric ligand and one
signal can be observed in €acbpectrum, respectively.

Shape and alignmentEFG tensors at the lithium atom for compoudad3 are very similar
to those of compounti(Figure 269andFigure 270in the appendjxespectively). The only thing
that is striking is the fact that while the size of the largest tensor corpgaeaughly constant
for the n = 0 structures, it decreases visibly for the n = 1 and 2 edaI8THF),, gp is 17%
larger than that §THF),, gp and 25% larger than3&THF), gp).Anisotropic samples of
compound® and3 give quadrupolar triplets that are similar to that of comgdawiti’Li RQC
values of 3biz for compound2 (Figure 27A) and 34Hz for compound3 (Figure 27B),

respectively.
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Figure 27. 194.4MHz 7Li NMR spectaof compound (A) and compoun8 (B) in PS (3.4hm/0.2vol%)/THF-ds
after seven days of swellifilge absolute RQC values aréi25or (A) and 341z for B), respectively.

Analogusto compound, all'H,"*C RDCs are negative for compouBdsd3 with the only
exception being the value for the methyl groups bourdte@npound (+3 Hz) which is also
significantly smaller thahat of the aromatic & groups due to fast averaging over several
orientations due to the rotation of the methyl group in solMtibim.increasing steric bulk, also

the ratio of the RDC values foi8 to C3H rises. While the increase is small from comgbund

to 2 (1.8 vs. 2.2, respectively), the introduction of the methy$ googpmpoun® makes it rise

to 3.2, indicatig that alignment with the’&4 bond parallel to the magnetic field becomes less
favored (the corresponding tensor component in this direction is still expected to be positive). This
behavior is also reflected in the determined alignment t&ngors 258andFigure 259in the
appendior compound® and3, respectivelyyith increasing rhombicity Afwhile the directions

of the principal axes do not change

The calculation dti RQCs for compoun@3THF), shows that all values for n = 0 and 1 are
significantly larger than the experimental RQC ldk3ghile that fo2§THF), in thegas phase
visiblyfits bestigure 277in the append)xWhen using the solvent model structu@feHF),,

the calculated RQC becomes even smaller, as already indicated by the EFG tensors.
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In case of compour®) even botHLi RQC values calculated for THF containing cpcm structures
are smaller than the experimental valueld38igure 278in the append)xwith that of n = 1

being even smaller than for n = 2. The gas phase struatuties other handgain follow the

trend of size already shown for the EFG tensors. However, heggiRQ@ly slightly larger for

n =1 compared to n = 2 with theétéx also being closest to thek3d A possible reason for this

might be that for compour8] theorientation of the n = 1 and 2 EFG tensors changes most for
the compounds discussed so far: whilS§®dHF),, gp the largest componént, is roughly

aligned witt\ ., in the RCSor 3§THF),, gpit is tilted more towards theaxis of the RCS (along

C°06H) corresponding to the smallest componet tfan towards the-axis due to a smaller
C°alao® angle compared to compouddmd?2. This leads to a decrease of the calculated RQC
for 3§ THF), with respect to those 8§THF). Still, it can be concludiédrom the RQC analysis

that the solution structures are in agreement with the crystal structures and the lithium atom is
coordinated to two THF molecules in addition to the bidentate Box ligand, resulting in-a pseudo
tetrahedral bonding situation.

The Box ligand of compourdds everargerthan that of compoun8with four additionatBu

groups attached to’/C* ‘and C/C*%nd thus further linitg the space available for potential
solvent ligands in the lithium coordination sphere. Of all known lithium Box species, cdmpound
is the only one showing a threefold coordination in the crystal structure with only one additional
THF molecule bound to the lithium, demonstratingtHawnding is still favored overl§onding

despite the sacrifice of losing the prefgpsdudetetrahedral geomet§? Here, the butterfly

folding of the ligand (23.1(1)°) and the dislocation of the lithium atom froigatitk dlane
(0.696(7R) are much more pronounced thandtrother lithium complexes discussed in this
work due to steric repulsion betweent#Ba groups and the THF molecuMhich coordinates

from the side similar to all calculated n = 1 models for the Box complexes

Structure models f@gTHF), for n = 0-2 were calculated analogto compoundd-3 in both

the gas phase and the cpcm solvent model. While the n = O structures are again almost perfectly
planar, the ligand is slightly bent for n = 1. However, the folding is significantly smaller than for
the crystal structure (4.0° 4&THF),, gpand only 1.9° fot§THF),, cpcnvs. 23.1° for the crystal
structuré™®@respective)ywhich might be due to a different orientation of the fidfeculeFor

the calculated structs(®oth gp and cpcmihe five membered ring of the TH&noris roughly

rotated by 90° with respect to the crystal structure af@Hhenitis folded up towards>@H

and nearly parallel to the ligand planeHigeee 28), thus avoiding close proximity to tHa-C

Bu groupsln addition, foddTHF),, gp andddTHF),, cpcm, the Id0 distance is between 3 and

4% larger than for the crystal structure (1/068d 1.98& vs. 1.911(7, respectivelyXhe
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second THF in the n = 2 models is positioned similar to the first one on the other side of the
ligand with its oxygen atom pointing towards the lithium. Neverthé€ss; bond lengths to

the two THF molecules are significantly different (A9853.38& for the gas phase model and
1.987A vs. 3.73% for the cpcm structure, respectively). As a result, it can be conclutted that

Box ligand of compountlonly provides room for one THRoleculdo bind to the lithium atom.

e

Figure 28 Top view onto thetsucture of compounddTHF), in the crystal¥)l'62lin comparison with a calculated
model in the gas phase at the B3LYP/B&A¥P level of theoryR).

The Imitedinfluence that the second Thifoleculehas on the coordination geometry of the
lithium atom is also reflected in the EFG tensors. Whid®dgooundd-3, the size of the EFG

tensor notably decreases when moving from n = 1 to n = 2, this effect is not observed for
compound4 (Figure 29. For the gas phase structurd®fHF),, the rhombicity becomes larger

( g 0.36 forddTHF),, gp vsg = 0.55 forddTHF),, gp, respectively) wher&asis only ~8%

smaller for n = 2At the same time for the cpcm structures, adding a seconuddiétfuleeven
raises/ ., by roughly 26 withg not changing significantlp. addition to that, the difference in
magnitude of the EFG tensor fg/cpcmstructures of the samechangegas phase EFGs are

up to 43% larger for n = 0, 2% larger for n = 1 and 35 larger for n = 2or compoundd-3,
meanwhile they decline t&63 11% and 1% for n = 0, 1 and 2, respectively, for compaund

45|



Results and Discussion

Figure 29 Graphical representation of the EFG temd$or the three calculated solvation modélthe N,N-
coordinated isomer d{THF), forn =0 @A), 1 8) and 2 ) in the gas phasa.{-C.1) and with the cpcm solvent
model with THF as a solvert.2-C.2). Color coding ianalogusto Figure 16 All tensors are shown at the same
scaling factollydrogen atoms are omitted for clarity.

Table 5. EFG tensors (eigenvalues) at the lithium nucleus calculated for the different solvation state models for the
N,N-coordinated isomer of compoufi(B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model
with THF as a solvent (cpcm).

Model Vix (a.u.) Wy (a.u.) V. (a.u.) g
4 a ( Tokbp)) 0.0063 0.0373 [ 0.0437 0.71
4 a ( Tokepcn) 0.0072 0.0332 1 0.0404 0.64
4 a( T.k9Pp) 1 0.0107 10.0226 0.0333 0.36
4 a ( T.kpcin) 10.0101 10.0197 0.0298 0.32
4 a ( T.kbp)) 10.0070 10.0238 0.0308 0.55
4 a ( T.Ktpcn) 10.0101 1 0.0204 0.0305 0.34

The signals in tHél NMR spectrunin THF-ds at room temperature appear bragtth only one
signal visible for the two distinct aromatic prptirsC?0H/C 28H and CoH/C*8H (see brown
spectrum irFigure 30), whichhad not previously beebserved this wayhen usin@:Ds as a
solvent for the measurement of NMR spééttihe same is the case forthiespectrum, where
the one visible peak shows a linewidth ofdsi2 THF-ds and 9.2Hz in GD'?(in comparison,
compoundsl, 2 and 3 possess lithium linewidths of 2.4, 6.4 antiZi8 THF-ds at room
temperature, respaely). When the sample is cooled dowm 89°C, the signalf C8H splits

up into two resonances, the aromatic signal even into six (see turquoise sgeaguiterB)
while there are five visible signals fort-#Be groups (with two of them overlapped, also six in
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total). This suggesthat there is some isomerization dynamics occurring for conpiounidF

solution which does not happen in benzasevarming up the sample to room temperature again
leads to the brown spectrumFigure 30 andvice verdahe integral ratio of the two signals for

C°0H is roughly 2.5:1 while the aromatic signals approximately are of similar integral which sugges
the existence of one symmetric (with two aromatic andBweignals) and one asymmetric
structure (with four aromatic aRBu resonancesh contrastthe’Li signal becomes sharper at

T 30°C (LW = 12.84z) but does not showgsplitting(Figure 118n the append)xThis behavior

was not observed for compourddmd3, whereH and’Li NMR measurements downlt@5°C

did not show any signs of dynamics within the complexes.

7.15 7.10 7.05 7.00 6.95 6.90 4.80 475 470
'H (ppm)

Figure 30. Excerpt of a 4008Hz *H NMR spectrum of compourélin THF-ds measured at room temperature
(brown) superimposed withspectrumof the same samptecorded at 30°C (turquoise), showing the aromatic
regionbetween 6.90 and 7 4pm and the ®@H region between 4.70 and 48, respectively.

The symmetric isomer very likbstongs tahe N,N-coordinated complex also present in the
crystalline state, for the asymmeétomerof compoundd, a structure with one half of the ligand
rotated and binding to the lithium with the oxygen atom of the oxazole moiety might be feasible.
One possible driving force for this process is that duroc@p@ination, the nexBu group at

C?is furtheraway fronthe lithium than &t-Bu when the ligand’s nitrogen atom is bound which
might provide the necessary space for a fourfold coordination with a seconal@&¢ifem
Geometry optimized model structures of the N,O isomer of comp&UHidF), show that indeed

both LidO+ bonds have a reasonatémgthof 1.973 and 1.976in the gas phaseespectively,
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which are also in the range of the values for compd3gdsiF).. In addition, the ligand of the
N,O-coordinated isomer d§THF), is almost completely planar with a folding angle of only 1.4°
and both THF molecules avery symmetrically oriented anslibly turned towards the-
coordinated side while the Box ligand shows a large butterfly folding of 12.6° for the N,N isomer

(seeFigure 31 where the second THRoleculaloes not completely bind to the lithium

Figure 31 Top view onto a geometoptimized structure model of the N(&) and theN,N-coordinated isomer of
compounddTHF), (B), both calculated in the gas phase at the B3LYP/Def2TZVP level of theory.

The asymmetricoordination of the Box ligand to the lithium alsoalragjor influence on the
size and shape of the EFG tensdéfiile the shape of the EFG for the n = 0 structures is similar
to that of the N,N isome¥, .. is 15% smaller for the gas phase structure and alnzss&@ller
using the cpcm model for theO isomerof compound4 (for tensor eigenvalues, 3able 6).

In addition, the negative (orange) part of the tensitiedstowards the binding nitrogen atom
(Figure 32. In contrast to compounds3 and theN,N isomerof compound4 containing one
THF molecule where the tensors have a rather small asynpaetmeteg (< 0.25 forl-
34THF), and 0.36 foddTHF),, respectively) and the sign of the largest compénaftanges,

this does not apply to the N,O isomer of compei&TdHF).. Here, the tensors are more rhombic

( ¢ 0.78 for both gp and cpcm), and the negative (orange) Yaduafhly aligns with thed.i
Omebond whil e it | s reatania the ligashd ptaheddinN-codrdinatedNa a a N ¢
complexesUpon addition of a second THF donor in the gas pbaseses to 1 with,, (still
negative and P smaller than for n = 1) aligned with th@NLbond anadV ,, (positive) with the
LidOoxazolbond, resulting in the EFG vanishing perpendicular to the ligand plane alang-the O
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LidOrwr. distanceAlthough the structure of the N,O isomer of compodgbHF), does not
significantly change when using the cpcm model, this apparently has a large effect on the EF(
tensor: while the size and alignment of the positive (blue) tensor componerfinedaste,)

is comparable to the gas phase strueturegative part of the EFG perpendicular to the ligand

plane remains, resulting in a very snudlD.08.

A1

Figure 32 Graphical representation of the EFG tensor for the three calculated solvationomtidels,O-
coordinatedsomer of4§THF), for n = 0 @A), 1 B) and 2 ) inthe gas phasA.(-C.1 and with the cpcm solvent
model with THF as a solvert.2-C.2). Color coding is anatmgsto Figure 16 All tensors are shown at the same
scaling factarhile the scaling f@.1andC.2is twice as large as for the other structdyelsogen atoms are omitted

for clarity.

Table 6. EFG tensors (eigenvalues) at the lithium nucleus calculated for the different solvation state models for the
N,O-coordinated isomer of compouf(B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model

with THF as a solvent (cpcm).

Model Vix (a.u.) Vy (a.u.) Vi (a.u.) o}
4 a ( Tokyp)) 0.0050 0.0331 [ 0.0381 0.74
4 a ( Toktpcn) 0.0003 0.0271 10.0276 0.97
4 a( T.kbp)) 0.0037 0.0301 10.0338 0.78
4 a ( T.kepein) 0.0027 0.0222 1 0.0249 0.78
4 a ( T.k4p)) 0.0000 0.0193 10.0193 1.00
4 a ( T.ktpc) 1 0.0092 1 0.0107 0.0199 0.08

While the N,N and N,O isomers of compouhshould show similar alignment behavior in the

PS stick due to the comparable molecular shape, the significant differences in the EFG tensor
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suggest that it should be possible to distingoishisomers by theiti RQCs.In anisotropic
solution, two different signals are visible irflthgpectrum already at room temperature (brown
spectrum irFigure 33 with an integral ratio of approximatly Here, only the larger of both
signals shows a quadrupolar splitting with RQC value of 461z which is about 2% larger

than that of compounds3 and hints for either a largeor V or both.Whenthe sample is cooled

down tol 30°C, thentegral ratio of the signals is reversed and like for the isotropic sample, this
process is reversibkes the entropically favored product (the threefotddinated N,N isomer

in this case) is usugieferentialljormingat higher temperatures as already observed for other
lithium compoundd!*the downfieleshifted signal can be assigned to the N,N isomer.

40 35 3.0 25 2.0 15 1.0 0.5
Li (ppm)

Figure 33 194.4MHz 7Li NMR spectrum of compoundlin PS(3.4mm/0.2vol%)/THF-dg after nine days of
swelling measured at room temperature (brown) superimposed with a measurement of the samé&@mple at
(turquoise). The absolute RQC value of the brown triplet qp268 46Hz.

'H,**C RDCs of the N,Nsomer of compoundlwere measured using a pretonpled“C NMR
spectrunat room temperatu(Eigure 122in the append)xleading to the alignment tensor shown

in Figure 34. A, of compound}isthe largest of all lithium Box complexes discussed in this work
and the trend ok« along theC; axis decreasing with increasing bulk at the dgaady discussed
beforevisibly continues witA,, being approximately 50 times larger Kaneading to a large
asymmetry parameter of 0.96ll, A is very slightly positive, as indicated by the very small, yet
still negative ®H RDC of[ 2 Hz.
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Figure 34 Graphical representation of the alignment tensor for the N,N isomer of cordp@gaidr coding is
analogusto Figure 19 The principal values akg= 1 . 255A3,a 1 6 . 54ArA,1=06 . 6 944 a D.96,
Q-factor = 0.066).

Calculated.i RQCs for the N,N isomer of compouére large fd§THF), as already observed

for 1-3 (Figure 35). In contrast to the other complexes analyzed so far, the values forthe n = 1
models are somewhat smaller than for n = 2 with the R@{I EF),, cpcm of 48.8Blz being

closest to the experimental value dfiz&vhile4ddTHF),, gp gives a result that is roughly@1

larger (58.4B1z). Although compounddTHF),, cpcm also has a calculdtédRQC which is

quite close to the experimental value, the geeopéimjized structure models alreadgwed

that a simultaneous coordination of two THF molecules to the lithium in addition to the Box ligand
is sterically not possibléis confirms that i) the N,N isomer is present as a threefmidinated
structureddTHF), in THF and ii) it belongs to the more downfield shiftedignal at 2.58om

in the’Li NMR spectrum.
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Figure 35 CalculatedLi RQC values for the,N-coordinatedsomer of compound using geometigptimized
models o#dTHF), with n = 0, 1 and 2 in the gas phase (black bars) and with the cpcm solvent model (gray bars) in
comparison with the experimental value dizZiged line).

As the'H/ *3C signals of the N,O isomer of compodrate only reasonably well resolved at low
temperatures, RDC values were extracte804C from the CLIFHSQC spectruntere, C3H

of the O-coordinating side of the ligand shows a very large negative RB&Haf indicating

that this @H bond is oriented close to parallel to the external magnetic field, as it can be seen in
Figure 36 All in all A of the N,O isomer is large, whicdn be traced back to the fact that the
alignment is generally larger at low temperatures due to slower molecularAunobling K,N

isomer of compound is 18% larger at 30° compared to room temperature). However, in

contrast to the N,N isomer, tagsymmetry parameter for the N,O isomer is much smaller (0.45

vs. 0.96, respect i vadlisynpremeerremlr i ent ati on al ong
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Figure 36 Graphical representation of the alignment tensor for the N,O isomer of comidr@D°C. Color
coding is analogsto Figure 19 The principal values ake= 2 . 442A6,3 1 6 . 4*hr&lA, =08 . 8442 410
( g 0.45, Qfactor = 0.036).

43THF), of the N,O isomer gives large calculatidQCs analogous to the compounds discussed
above while the values ##THF), (both gp and cpcm) addTHF),, gp are very small (below
13Hz, seeFigure 37). 4§THF),, cpcm shows a larger RQC of 4H17which is negative, just

like the values for the n = 1 models (only absolute RQCs are shown in the figure below). The
upfieldshifted’Li signal in the corresponding NMR spectrum dipp@very likely belonging to

the N,O isomer of compounthas a LW of ~551z, which is too broad to be able to observe a
triplet with a line separation of ~#3. In addition, no upfield shifted ST signal with a RQC of
~47 Hz like calculated fdgTHF),, cpocm can be observed (a possible downfield shifted ST would
be overlapped with the signal belonging to the N,N isoRses)result, it is not unambiguously
possible to determine the slan state of the N,O isomer of compodritiis way. However,

the temperature dependené¢he integral ratio of both present isonaersvell as the isotropic

'H spectratrongly speak for an equilibrium between remmbdisolvated specid HF). (N,N)
and4dTHF), (N,0).
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Figure 37. CalculatedLi RQC values (absolute values) forN®-coordinatedsomer of compound at1 30°C

using geometrgptimized models GTHF), with n = 0, 1 and 2 in the gas phase (black bars) and with the cpcm

solvent model (gray bars).

The ligand of compouritis much smaller than that of compouhdsvith two pyridine moieties

connected by a Glgroup, yielding the lithium comps&d HF ), upon deprotonation wittkBuLi

in THF. While thegeometrnoptimized models of the n = 0 and 2 structures are comparable to

those of compound$4, the lithium atom in the gas phase model of compsfifdF), is

coordinated by the bidental ligand and the THF donon&ardy trigonal planar fashidinis

leads to an EFG tensor which showsrntationsimilar to the n = 0 model with the negative

components in orange in plane with the ligand and the p&&itibeing nearly perfectly

perpendicular to iEor the cpcm model of compoubdTHF), where the deviation from the

trigonal planar geometry is larger (witPeadd@.r angle of 153.6° vs. 177.8° in the gas phase),

also the positive component of tHedEtensorY ;,) is tilted towards the bisector of the angle as

already observed in compoufidis The only major difference is that in the gas phase the largest

negative contribution to the EF@) i

S

al i gne drectidnwhilegin thelcgcm Na a a N

model it is pointing towards the oxygen atom of the MidEculeThe same phenomenon is

observed in the n = 2 structures Withbeing roughly parallel to the+Qa @&, vector similar

to compoundd-4. However, compared to the other complexes discusséd geS{THF),, gp

is 14% and that ob§THF),, cpcm even 3% larger than the value of the respective structure
model ofl{THF),, which shows the larg&s$tG for the n = 2 models of the symmetricalli -

coordinated lithium Box complexes.
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Figure 38 Graphical representation of the EFG tensor for the three calculated solvatiobdistiélsfor n = 0

(A), 1 8) and 2C) in the gas phasa.{-C.]) and with thepcm solvent model with THF as a solvami2-C.2).

Color coding is analogsto Figure 16 For @A) and B), the tensor is shown with the same scaling factor while the
scaling for@) is four times higher.

Table 7. EFG tensors (eigenvalues) at the lithium nucleus calculated for the different solvation state models for

compounds (B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model with THF as a solvent
(cpcm).

Model Vix (a.u.) Wy (a.u.) V. (a.u.) o}
5a ( Tokbp)) 0.0198 0.0371 [ 0.0569 0.30
5 a ( Toktpcm) 1 0.0001 1 0.0329 0.0330 0.99
5a( T.k0p) 10.0178 1 0.0309 0.0487 0.27
5 a ( T.kpcin) 10.0149 1 0.0305 0.0454 0.34
5a ( Tkbp)) 1 0.0048 1 0.0081 0.0129 0.26
5 a ( Tkcpc) 1 0.0048 1 0.0099 0.0147 0.35

The 'Li signal of compoun8 in aligned THF solution shows a splitting into a triplet like for
compoundd-3 with a RQC value of 38z (sed-igure 128in the append)xComparable to the

other compound&4, all experimentdH,**C RDCs of compoun6 after a swelling time of six

days are negative, but with the largest (negative) value bel@ighgtb3H, already indicating

that the most preferred direction of alignment might be a different one in this case. As expectec
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for the decreased size of compodndhe alignment tensor is significantly smaller than of
compoundd-4 (almost 586 in comparison t8 of compound3). In addition to that, a swap of
the x and yaxes in the PAS éfcan be observed with the most prefediezttion ofalignment

now beingalongthe C; axis of compoun® parallel to the external magnetic field, wkile

(negative) remains perpendicular to the ligand plane also in {Rigaesa9).

Figure 39. Graphical representation of the alignment tensor for compo@udor coding is analmgsto Figure
19 The principal values ake = 1.34@.0 4, Ayy= 2.31380 4andA,, =1 3.65@0 4 ( g 0.26, Q-factor = 0.03}

It is striking that for compour unlike the other lithium compountise calculateli RQCs

for the n = 1 models are even larger than those of n = Bigsee 40). While forthe structure
models without THF, the largest EFG componénis multiplied with the smallest alignment
tensor valud ., the nearly trigonal planar structure of comp&gméiF),, gp had/ .. roughly
aligned with the largest componenmofvhich leads to a larger calculdteRBRQC althouglV ..

of 5§ THF), gp is 126 smaller than that 8§ THF),, gp.Although the predicted RQC values for
the n = 2 models are both smaller than the experimental valudzfv@tich arises from the
smalleA tensor in combination with a similar experimental RQC in comparisonpimundsl-

3, they are still closest and it can be concluded that the solution structure of cbmEismah

agreement with its crystal structure.
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Figure 40 CalculatedLi RQC values for compouadusing geometrgptimized models @{THF), withn =0, 1
and 2 in the gas phase (black bars) and with the cpcm solvent model (gray bars) in comparison with the experiment
value of 361z (red line).

In contrast to compoundsb, the ligand of compours asymmetric, resulting@gsymmetry

with only one mirror plane (= ligand pla&#nilar to compound, it contains only one solvent
molecule coordinated to the lithium (diethyl ether in this case) in the soliiestanéy difference

is that the ether here is coordinating from below the bgahdot from the sideesulting in an

almost trigonal planar coordination geomé@tnys isdue to the2,6diisopropylpheny(Dipp)

group attached to one of the nitrogen atoms, which is roughly oriented perpendicular to the liganc
planeand blockingoordination from the sides. The close proximity of the lithium atomito the
Pr-groups of the Dipp substituas#nalsobeobserved in solution in thd,'H HOESY spectrum

(Figure 134in the append)x

The geometrgptimized structure mod@&THF), shows that, unlike for compound, two THF
molecules can coordinate to the lithium atom wiB-Li bond lengths in the range of those of
the other n = 2 modelgith a similar, asymmetric coordination of both THF molewiae one

of the THFmoleculess sitting more below the ligand, the second solvent malectdeates

from the side of the ligand oriented towards the sterically less denmaludenghoiety and the
Dipp group slightly twisted awhidN bond lengths are also comparable to the other compounds
with the L8Ni.a0e bond slightly shorter than thédhNiip, bond in all cases (including the crystal
structurefor structural parameters Sedle 40in the append)x
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Despite the asymmetric ligand, EFG tensors for the n = 0 ndodads show any visible tilt of

the negative componeht,) towards one of the binding nitrogen atoms with their size and shape
comparable to the othdlN-coordinated compoundsb. For compounddTHF), dmilar to
compoundb, where the solvent molecule also binds from below the ligand, the (now¥asitive)
component is roughly oriented perpendicular to the ligand plane while hergesh@egative

EFG principal value/(,) shows a clear tilt towards the indole side of the ligand for both the gas
phase and the cpcm structure, although it is more pronounced for timecise. of the n = 2
structuresy ;. for compounddTHF), is between 3% and 5%4 larger than for compounttS

and5 which might be a result of the reduced symmetry of the bidentate ligand compared to the
other complexestill, theorientationof V ,; along the @4 G, directionis also observed for

64 THF), like for the other complexes with tilted towards the indole nitrogéw for6dTHF),,

but this effect is less pronounced here.

A.2 B.2

Figure 41 Graphical representation of the EFG tensor for the three calculated solvatiogietidlsfor n = 0
(A), 1 B) and 2 ) in the gas phasA.{-C.]) and with the cpcrsolvent model with THF as a solvehi{C.2).
Color coding is analogsto Figure 16 For @A) and B), the tensor is shown with the same scaling factor while the

scaling for@) is three times highétydrogen atoms are omitted for clarity.
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Table 8. EFG tensors (eigenvalues) at the lithium nucleus calculated for the different solvation state models for
compound6é (B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model with THF as a solvent
(cpcm).

Model Vik (a.u.) ¥y (a.u.) V.. (a.u.) g
6 a ( Tokbp)) 0.0162 0.0347 [ 0.0510 0.36
6 a ( Toktpc) 0.0012 0.0319 1 0.0331 0.93
6 a( T.k0p) 10.0169 1 0.0269 0.0437 0.23
6 a ( T.kcpein) 10.0130 10.0282 0.0412 0.37
6 a ( T:kbp)) 1 0.0059 10.0126 0.0184 0.36
6 a ( T2kcpcm) 1 0.0027 10.0141 0.0168 0.68

The’Li RQC value after a swelling time of six daysHg 4Bd is approximately 2®larger than

that of complexek3 and5 (Figure 135in the append)xDue to the asymmetry of the ligand and
additional substituents compared to compoustssi2 experimentatH,”*C RDCs could be
measuredbr the determination of th& tensorwhich are more than twice as méway for the

other complexedhis time, the value for the ligand backbof@H)ds positive while the largest
negative RDC belongs td%8H, the paraCdH group of the Dipp substitueft] 34Z). The
resultingA tensor(Figure 42 has now a positive, component and shows that the alignment in

the PS stick is dominated by the Dipp group whereas the orientation with the ligand plane
perpendicular to the external magnetic field remains strongly disfavored.

59|



Results and Discussion

Figure 42 Graphical representation of the alignment tensor for compo@udor coding is analmgsto Figure
19 The principal values ae =1 1.82410 4, Ayy= 1 3.549.0 4andA,, = 5.373@0 4 ( g 0.26, Qfactor = 0119.

Calculation ofLi RQCs according tBquation (6) for the three differently solvated structure
models of compoun@ lead to similar results as for compouteand5: RQCs for the n =0

and n =1 models are significantly larger than the experimental valldzoi s the value for

the cpcm structure being visibly smaller than in the gagkigase43. For n = 2 the results

for 6§ THF),, gp andbdTHF),, cpcm are both very similar (46425and 41.1#z, respectively)

and closest to the experiment. This indicatesattraiugh therés only one additiondiethyl
ethermoleculeoordinating the lithium atom in the crystal structure, it is present as the disolvated
specie$dTHF), in THF solution.
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Figure 43 CalculatedLi RQC values for compoutidusing geometrgptimized models @THF), withn =0, 1
and 2 in the gas phase (black bars) and with the cpcm solvent model (gray bars) in comparison with the experiment
value of 4%z (red line).

The findings by the analysis ofthdRQC can be further supported by a molecular weight analysis
of compounds in THF solutionusingExterna Calibration Curve (ECQOSY M4M8For this
purpose’H and’Li DOSY spectra usirgy2,3,aetramethylbutan&§1B) as an internal calibrant
were recorde(Figure 44 and the molecular weight was determined usirghaipe model of
dissipated spheres and ellipsoids (DSE) which describes the structure of ddtgstuiidhe

first thing observed in the DOSY spectra is that botttlseggnals belonging to the ligand and
the’lli signal show the s amé&°misifdicatirgithatihe lithiuef f i c
atom is tightly attached to the ligand. In addition, the signal belonging tegrau@siof diethyl

ether (the respective methyl group signal is overlapped with the two methydspraces
belonging to the Dipp group of the ligand and therefotancluded in the analysigas a
significantlydrger diffusion coefficient than compouh¢ 2 . 4' 2n6/s), ltfuis showing no
interaction with the lithium.
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Figure 44. 400.3MIHz *H DOSY spectrum (left) and 158461z ’Li DOSY spectrum (right) of compou@dh THF-
ds. The respective groups of signals with the diffusion coefficient are labelled with the respective substance.

The molecular weigiMWpse for compound6 is determined from the experimental diffusion
coefficient under consideration of the calibration curve of the DSE shape model and compared to
the molecular weight of each possible solvation stateZpcalulated from the respective sum
formula MW..9. The percentage deviation between the two values is mavikEg:bjs shown

in Table 9, theMW._acvalues for n =0 and 1 are by more tha¥ Hdnaller than thexperimentally
derivedMWbse whereas it differs only%d from the disolvated structuB&THF), which is in
agreement with the results from 1ieRQC analysis presented above.

Table 9. Calculated molecular weihitV.accompared to the experimentally determined Malgse according to
the DSE shape model and their deviatiii« for the three possible solvation states of comp6éundTHF

solution.

Structure Model MWeac [g/mol] MWose [g/mol] MWkt [%0]
64THF), 366 491 125
64THF), 439 491 111
64THF), 511 491 4

| 62



Results and Discussion

3.2. Carboranes

7 R=R"=H 8 R=R"=R“=H 9
10 R=H,R°=Cl 11 R=H,R=R*“=0
13 R=-CH,NH-CH; R'=H 12 R=R"=H,R*=C
14 R=Ph, R —H 15 R=PhRR=R“—H

Figure 45 Basic structures afthecarborané’), metacarboran€d) and decaborar{8) with the positions numbered
for discussiorBlack circles represent carbon atomiewbron atoms are shown in white. Each carbon and boron
atomis bound toaterminalhydrogen atorif not indicatedtherwise.

3.2.1. Unsubstituted Boranesand Carboranes
Boronbound protons are only rarely resolveéHilNMR spectra due t broadening as a
consequence of boron quadrupolar relaxationiijamderlapping of several 1:1:1:1 quartets
resulting fronthe Jcoupling of the proton to the spin 3/B nucleugFigure 137in the appendix

for compound?).

The''B{'H} spectrum otompound? (athecarborane$hows fourelativelysharp (LW = 5@
80Hz) boron signalsver a narrow chemical shift rangel8 ppn) with an intensity ratio of
2:2:4:2 which is consistent with @esymmetry of the compour{Bigure 46). Without *H
decoupling, each signal splits up into a dogiblet 1500 180 Hz) with the coupling constant
becoming larger with increasitigchemical shieldings there is only oreet of four equivalent
boron atomgB?, B?, B®> andB®, for numbering of the boron positions Bagure 45), the largest
signal can immediately be assigned 8 guositions in the cluster. In total, six assignment
possibilities remain for the other three independent boron positions and the regpeitvie

the spectrum.
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Figure 46 192.6MHz 11B{H} NMR spectrum of compoundin THF-ds.

Despite the spherical structure of compogrdter 10 days of swelling (using a PS stick with
3.8mm diameter and Ovl% of DVB), all four boron signals shavquadrupolar splitting
between 285 and 6HKi2 (Figure 47). In addition to that, RDC valuésl {'B and*H,**C) between

I 42 and 20 Hz could be measusbith can be used for signal assignmerdetedmination of

A similar to the lithium compoundscimapter 3.1 Still, with four independetB RQC values at

hand, an assignment of all signals should be possible only with RQCs. Here, RQCs have the
advantage that the values are gifaificantljfarger range than those of RDCs which makes it
much more unlikely that two values are close or idetiticemakng signal assignmel&ss
ambiguous.
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Figure 47. 192.6MHz 11B{H} NMR spectrum of compoundin PS(3.8mm/0.4vol%)YTHF -ds after 10 days of
swelling. Théur quadrupolar triplets are marked in different colors. Absolute values gegRUDHZ, RQGed
= 285Hz, RQGelow= 440Hz and RQGiue= 642Hz, respectively.

The strategy for using RQCs for signal assignment is similar to that for RDCs with the software
MSpin. In addition to the experimental RQC values and a structure model, also the EFG tensor
fixed to the respective boron atom, serves as input data forN&SpiB signals that can already

be assigned beforehand, likeB8 B® and Bof compound? to the largest sigratl approx| 13

ppm marked in yellow iRigure 47, stay fixed while all other possible assignments are left free
floating Eachof the sixassignment possibiéig of compoundgives a set of backlculated RQC

values and, resulting from that,-&a€or and a/ tensor with the correct assignment giving the

lowest QGfactorand the correda.
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Alignment Tensor A

.\o -

EFG tensors / MSpin \ .@

assignment

Figure 48 Generaktrategy used féiB signal assignment in (car)borane clusterstiBSRQCs with MSpin.

However, one problem remai@milar to RDCs, RQCs can be both positive or negative,
depending on the orientation of the EFG tensaraghboron atomrelativeto the external
magnetic field. From simple 1B spectra, only absolute RQC values can be obtained and unlike

for RDCs, comparison to a value received from an isotropic sample is not possible.

One possibility to obtain the sign'® RQCs is via comparison to the respettiyd8 RDC for

boron atoms with a (nearly) axially symmetric EFG tensor'{BkKsoBcompound?), which are

usually of the same sign, similar to the analy4is RQCs!***Two additionalways were
established in this wotke first method expands thignal assignment strategy shoviigare

48by not only leaving the RQC values themselves free floating, but also the relative signs, leading
to eight possible different sign combinations for each of the six signal assignment prssibilities

the four RQCs of compountd An example is shown kigure 49
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Figure 49 The Qfactor plotted against the eight possible combinations of relative signs of the experimental RQC
values for the correct signal assignment of compb(assignment possibility f)Figure 56, color coding as in

Figure 47, greerd B&B 19 redd B7/BSY, yellowp BZB3BS5BS6and blugd BYB4). a) All RQCs have the same

sign, b) green + blue and yellow + red have the same sign, respectively, c) green + red and yellow + blue have tr
same sign, respectively, d) green + yellow and red + blue have the same sign, respectively, e) red + yellow + blue he
the same sign, f) gre+ yellow + blue have the same sign, g) green + red + blue have the same sign and h) green +

red + yellow have the same sign.

However, this method only reveals the relative signs of the RQC values. Changing the absolut
signs in the MSpin analysis (green + blue negative and yellow + red positive vs. green + blu
positive and yellow + red negative) has no influence onfamoitself but results in sign
invertedA tensors while the principal axes and absolute tensor components are identical (see
Figure 50A andB). In this case, a comparison toAhensor determined from RDCs is necessary

as unlike for RQCs, the sign of RDCs can unambiguously be obtained from experimental date
(Figure 50C).
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Figure 50. Alignment tensors for compoufdietermined frontB RQCs only using negative values for green +
blue and positive values for yellow + POgLB RQCs only using positive values for green + blue and negative values
for yellow + redB) and!H,11B/H,13C RDCs only().

The second method is an experimental approach via a convéiihaMQC experiment
with a reducedB flip angle. The energy contribution ofeeuplinglx betweenwo nuclei A

and X to a nuclear spin statean be expressed by:
YO "B & a (16

Depending on the sign &k andm, the energy contribution can be positive or negative, leading

to a splitting of the initial resonance of A into a number of lines equal to the amount of spin states
of X (4 in case of X B, sedrigure 51). Thus, if the sign dfx is known, so are the spin states

mx of the resulting multiplet in the spectrum of A. A similar assumption can be madé&or the
RQC where the sign of the RQC determines which satellite transition appears at larger or lower
frequenciesH{gure 52). In a regulaiH,”B HMQC experiment, a 90° pulse is applied té'Bhe
channel to achieve maximum signal which however leads to complete mixiBgspfralitates

and thus a (more or less) equal intensity distribution of all peaks of the signal. ¥Bhauigtbe

is now reduced to 3045°, a part of the spin state information of#Beuclei is preserved. As

the''B spin states in thel multiplet and the transitions visible in‘fBequadrupolar triplet are
connected, the HMQC correlation is strongest betweétBtbpin states and their respective
transitions. This leads to a tilted HMQC signal, similar to as it can be observed wheg @ couplin

a third, passive nucleus is invol*gith a positive slope wh&k (*Tew in anisotropic solution)

and the"'B RQC have the same sign (like in the example shBigor@53) and a negative slope

when they are of opposite sign, respectively. Therefore, if thébigitfs) is known, the sign

of theB RQC can be extracted from the tilt of the HMQC sighalcan be calculated with

DFT methods (se&able 4XTable 49 in the appendix focompounds/-15 and is usually
positive?s?
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Figure 51 Energy diagram showing the effect ofitupling td1B on the spin states and transitionstbifraucleus
for 3> 0 (A). The four resulting transitions are marked in different colors. R&HUNMER spectrum with each line
of the multiplet representing a defiti@dspin stateR).
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Figure 52 Energy diagram showing the effect of theditdér quadrupolar interaction on t## spin states and
transitions fop > 0 (A). The three resulting transitions are marked in different colors. REBUNiNER spectrum
under weakly aligned conditions with the lines of the quadrupolar triplet assigned to the respectivBjransitions (
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Figure 53 Excerpt of ariH,128B HMQC spectrum of compour&in PS/THFdg after 15 days of swelling aridBa
flip angle of 45°. ThEB spin states in thel quartet as well as the correspondiBdransitions are labelled and the

slope resulting from the signalisilindicated. The positive slope of the tilt suggests a positive RQC in this case.

If now the sign ofTsy is known(which isthe same sign &%+ in all casesinder the chosen
alignment conditions and posi}jiviie sign of th€B RQC can easily be derived from the slope

of the tilt. Figure 54 shows théH,”B HMQC spectrunof compound?. As allvalues folk.

were calculated to be positithis leads to the RQCs of the signals marked in green and blue being

negativeand those of the signals marked in red and yellow being positive.

3
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? f ::
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Figure 54 6003 MHz 1H,21B HMQC speatum of compound in PS(3.8mm/0.4vol%)THF -dg after 10 days of
swelling with &B flip angle of 45°. TheéB transitions of the different signals are mark#tkinespectiveolors
analogusto Figure 47. The tilts of the HMQC signals are shown in the respective colors, resultingdend&@dC
RQGoe being negative and RQCand RQGeiow being positive, respectively. e H trace is taken from the
isotropic spectrum.
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The EFG tensors of all boron atoms are roughly aligned alongHhmid with their largest
component\ .. < 0in all cases}or the carbohound boron atoms*8?°, the EFG is generally
larger with theipositivecomponents of rhombic shape and elongated towards the carbon atoms
with BYB *B °B ° showing the largest rhombidi@igure 554, g = 0.53 vs. 0.31 for'|B *, for

the values, sdable 10.V ,,of BYB *is approx. 3% largeand that of BB B *B ° about 1®%6
largetthan thatof B/B ° and B/B *°. The four norcarborbound boron atoms, on the other hand,
show almost axially symmetric EFG tensors-{gese 55, g = 0.1 for both B/B ° and B/B *9).

Still, the smalle$t,, value ofl 0.15a.u. for the nowarborbound boron atoms of compouiid
isthree times larger th&h;, at the lithium nucleus of the twofold coordinated lithium complexes
in chapter3.1(V .. & 1 0.05a.u.)which can be explained by faetly filled pshell ofthe boron

atoms that leads to a more asymmetric charge distribution of the electrons close to & nucleus.

Figure 55 Graphical representation of the EFG tesfmrcarbonbound boron atom#\j and norcarbonbound
boron atomsE) of compound’. Sign convention and color coding is anaktg Figure 16 All tensors are shown

at the same scaling factor.

Table 10 EFG tensors (eigenvalues) at the boron nuclei calculated for com(B8bWP/Def2TZVP) in the gas
phase. For chemically equivalent boron atoms, a mean value is given.

B Atom Vix (a.u.) Vy (a.u.) Vi (a.u.) o}
BYB * 0.0758 0.1443 [ 0.2202 0.31
B%B ¥B °/B © 0.0435 0.1404 10.1839 0.53
B/B ° 0.0673 0.0815 10.1488 0.10
B¥/B ° 0.0674 0.0828 10.1502 0.10
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Now, with al*B RQC values and their respective signs at hand, they can be usadsémalog
RDCs for signal assignment in MSpin. The results for pdssibilitieshow that five of the
obtained &actors are significantly lar¢fgan the sixth which very likely belongs to the correct
signal assignmefseedark bluebars inFigure 56). Assignment possibility f) with afértor of
0.032 belongs to the assignment of the signal marked in gr#g@i’tehg one marked in red to
B’/B° and the one marked in blue t8BB8, respectively. The second lowesacor (0.158,
possibility a)) is roughly five times larger than that of possibaitycl) corresponds to the
assignment of the green and blue signals swafipether permutations lead tof@ctors that
are approximately ten times as large as that of f) or everndadigy to the conclusion tRat
very likely the correct assignmevitich is also in agreement with liter&#it&'“? and the
YB{*H} COSY(Figure 142.

Using RDCs'H,*'B and'H,**C) for signal assignmenttime samavay éssignmerftxed for the
yellow signal and thedl& group while all other assignments are left free floatingkignias
resultsasfor the B RQCs abovevith the Qfactor adopting the lowest value for the same
assignment possibilityith a Qfactor of 0.03@dark greerbars inFigure 56). Although the
assignment is even more unambigémuBDCs(with the second lowestf@ctor being 0.392
thanby RQCsin both cases the correstsignment could be determingtiout doubt
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Figure 56. The Qfactor plotted against the six signal assignment possibil)ties epmpound? using!’B RQCs
only (dark bluebars) andH,B and!H,13C RDCs onlyrespectivelfdark greetars) The assignment of the largest
signal marked in yellow fiigure 47 is fixed to BB 3B5B¢in all casesas well as tHél,13C RDC for the RDC

analysis
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Compound7 prefers alignment with theaxis (= largest component of théensorA,,> 0 in

this casedrthogonal tahe GC bondwhich is in agreement with the large negative RDC values
for the @H groups [ 42Hz) and the nearly paralléHBgroups B3H and B%H (I 34 Hz). The

size and shape Afdetermined from RQCs onFjigure 57A) is very similar to that determined
from RDCs onlyKigure 57B) with a deviation &, rocandA ;. rocof about 8.84. In total Aroc

is somewhat more rhombic and a little bit smallerAthar{ g 0.69 forArpc vs.g = 0.42 for

Arac, respectivelybut thedirections of th@rincipal axeare identical (with theaxis parallel to

the GC bond).

The final signal assignment of all four boron sigfiat®mpound? with their respective
experimental chemical shift$,"'B RDC and“'B RQC values are shownTiable 11

Figure 57. Graphicatepresentation of tridignment tensgassignment possibility f)Rigure 56) for compound?
determined fromB RQCs onlyA) andH,B/1H,13C RDCs onlyB) in comparison. Both tensors are given at the
same scaling factor. The principal value&arel 2.35&04 A,y =1 5.74@0 4 andA,, = 8.10404 ( g 0.42
Q-factor = 0.03pfor AandA =111 3 4/8A,0-16 . 2 34a@A.0= 7 . 349 & a&.490Q-factor = 0.03p

for B, respectively.
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Table 11 Assignment of boron atoms of compouit the respectiveB signals in thEB NMR spectrum, their
experimentdH,11B RDC andB RQC values.

Boron atom Chemical shift YAy H,'B RDC B RQC
BYB * | 14.5 ppm 178 Hz 3Hz [ 642 Hz
B%B B °B © 1 136 ppm 163 Hz 16 Hz 440 Hz
B/B ° 1 95ppm 149 Hz 19 Hz 285 Hz
BB 1° 1 2.9 ppm 148 Hz [ 34Hz 1 540 Hz

The same strategy showrfigure 48 wasapplied to compoun8 (metacarborane) which is a
structural isomer of compoundwith the same symmetifs a consequence, tH8{'H}
spectrum in THFes looks very similar to that of compoufwith four signals (s€&gure 148in

the appendix)For the alignment ofompound8, the same conditions were chosen as for
compound?, giving the spectrum showrFHigure 153in the appendiafter a swelling time of 15

days Here, it is striking thainly three of the four boron signals show a quadrupolar splitting
between 125 and 5B whereas the fourth, largest signal belonging to the four equivalent boron
atoms BB ¥B °/B ° still appears as a singlétis indicates that a possible RQC might be very small
compared to the | i neHg)iaddtndexmefimentdhvaluescandaabthined L W a
for these groups this way the*H,*'B HMQC with a'B flip angle of 45°, however, there is still

a very small tilt visible which does not only gessigim of thé'B RQC relative tbls. (which is
like'X, positive for all BH groups in compour| seeTable 42in the append)but also allows

to estimate the size of the small RQ®el 25Hz by measuring the distance betvthertwo
outermost signals and dividing it by @igure 58).
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Figure 58 6003192.6 MHz 1H,11B HMQC sgctrum of compoun@ in PS(3.8mm/0.4vol%)YTHF -dg after 15

days of swelling witht# flip angle of 45°. THé&B transitions of the signals are markeliffierentcolors analams

to Figure 153 The tilts of the HMQC signals are shown in the respective colors, resultingded& QR QGellow

being negative and R@{and RQGi.e being positive, respectively. Due to the tilt of the largest signal marked in
yellow, thecorresponding’®8 RQC can be estimated to be appr@&Hz. ThelD H trace was taken from the
isotropictH spectrum.

Analogusto compound, six different permutatiofa signal assignment of the blue, green and
red signal usingB RQCs in MSpin are available for comp@iie assignment of the yellow
signal is fixednd its estimatééB RQC from théH,B HMQC is also included in the ana)ysis
This gives again six differenf&gtors of which 0.033 is the lowest belonging to the assignment
of the green signal igure 153in the appendito B/B ° (for numbering, sdéigure 45), the red

signal to BB ° and the blue signal td/B*(assignment possibylid) inFigure 59. Here, the
second lowest €actor (0.290) is almost ten times larger than the lowest, belonging to an
assignment where the red and bigealsare swappeth case of compourtt] the same analysis
using'H,"B and'H,**C RDCs also gives the lowestaltor for possibility d), however, the next
largest value is only about 1.5 times larger and does not give a clear result coOBFRELsto

The reason for this is the similar size ofth&B RDCs of the blue and red sigmelbnging to

BYB* and B/B?*, respectivelywhile the corresponding”B RQC valuesare farer apart
(RDGywdRDCeq = 0.75 while RQ&{RQC = 2.2).As B (B) isdirectly opposite to'B(B°),

this leads to theespective &4 bonds BoH (B*dH) and B%H (B®*6H) being nearly parallel and,

as a resulthey showerysimilar'H,"'8 RDCs.The EFG tensorfFigure 271in the append)x

on the other hand, differ visibilyat ofBYB* (V.= 1 0.18 a.ug= 0.51) whichis bound by two
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carbon atomss slightly largeand significantly more rhombian the EFG of BB° (V,, =
1 0.15 a.yg = 0.10, the only boron atoms @&fthat are not bound to the carbon atodust like
for compound?, the resultingB signal assignment for compo@ns in agreement with thi&
COSY Figure 151in the appendpand literaturg*®+7]
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Figure 59 The Qfactor plotted against the six signal assignment possibif)ties epmpound using!B RQCs

only (dark blue bars) a#d,’B and'H,13C RDCs only, respectively (dark green bars). The assignment of the largest
signal marked in yellowhigure 153is fixed to BB3/B 5B ¢in all cases, as well as#ig3C RDC for the RDC
analysis.

The alignment afompound in the PStickwith the same composition and comparable swelling
timesis a little bit weaker than that of compoidnél,, of compound is approx. 486 smaller
thanA ., of compound? if A is determined frofB RQCs only antbughly33% smaller ifA is
determined fromH,"'B and'H,*3C RDCs only, respectivdly case of compour@| A is highly
rhombicwitgd 1 and the (absolute) t dwcwAxnctthe mponent
A, values differ only about 0.28. What is striking here is that the principal tensor components
of Aroc andArpc are of opposite sign, leading to a PAS in which drelz/axes are swapped.
However, this only affects the definition of the tensor axes (according to the convention
| Azd>| Awl>| Ax)and notthe preferred orientations of the molecule in the sampi&(see

260in the append)xThe sign change Afx, which as a result also affects the sighg ahdA .,

due to the definition ¢k as a traceless matrix, does not affect the overall appearansdtad

lobe corresponding #. is barely visible because of the tiny principal value.
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Due to the very similadlB spectra of compourtland8, the question arises whethBrRQCs
could also be used for the differentiation of the two isomers b¥ittrasef experimentalB
RQCs of compound to the structure of compourland vice versés described above, the
assignment of the yellow signal as well adthg©ups (for RDCs) stay fixed while the other
assignments are left free floating with six possible combinatiorheaesults are plotted in
Figure 60

When using the experimental valti8sRQCs dark blue bamsr *H,*'B and'H,*C RDCs dark

green bajof compound on the structure of compouBgdgenerally large-factors are obtained

for each possible combination with the lowest being 0.202 for the use of RDCs on assignmen
possibility d)Rigure 60B). However, when tH88 RQCs of compoundare fitted to the structure

of compound, assignment possibility c) gives a relatively Hast@ of 0.051Figure 60A).

Still, it is clear that this assignment cannot be correct as i) the corresponding use of RBDCs gives
extremely high @actor of 0.849 and ii) all combinations showkigare 60B do not give the
unambiguous results as obtained when the correct structure is associated with the correc
experimental valuésompare té-igure 56 andFigure 59.
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Figure 60. The Qfactor plotted against the six signal assignment possibil)ties a¥ing experimentdB RQCs
(dark blue bars) afdd B and'H,13C RDCs, respectively (dark green bars), of comBame structure model of
compound? (A), andof compound? on a structure model of compouB) The assignment of the largest signal
marked in yellow iRigure 47 andFigure 153is fixed to B/B 3B 5/B ¢in all cases, as well as'thé3C RDC for the
RDC analysis.
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Compound (decaborane) is airsensitivanideborane whictiormally derives from compound
7 by removing the &1 groups to create an open, beaped structumgith C,, symmetryIn
addition, compoun@possesses four bridging hydrogen atmmsecting B(B*) with B (B® and
B® (B> thatwould beconnected to at least one carbon atom in compburdike for compounds
7 and8, there are two weldeparategroton signals in thHél NMR spectrum: onenusually sharp
1:1:1:1 quartet at 0.p8m ( L W &z far®ach linepelonging to one of the terminaHB
groups withi°B satellites visible and a second, very broad sighal2gpmthat originates from
the bridging hydrogen ator(Sigure 61). Thelatters h o ws a L M¥ whbidh is robhliy0
the result of several overlappiagonancesk. is calculated to be slightly different f9BES
Heoriggeand B/B /B /B ®3Hyriage(41Hz vs. 43Hz, respectively, s€able 43in the append)xwhich
would result in guartetof quartets. In additiothere is a calculatét.s coupling between the
bridging and the terminal hydrogen atoms that might also contribute to a further overlap of lines
(I 7.6 Hz for HyiadBYB *6H andl 6.7 Hz for Hyia,dBYB 3B B %3H).

—4.18
93

8
—2.64
—0.97
—0.71
—0.45
—0.19
—1.72

U

—_— —_
o
5]
<«

78,29

o
S
o~

T

0.

30 25 20 15 1.0
'H (ppm)

45 40 3 5 00 -05 -1.0 -15 20 -25

Figure 61 600.3VIHz *H NMR spectrum of compourttin THF-ds. The residual solvent signals are marked with #.
The signal marked with * is an impurity.

In theB{*H} NMR spectrum, compourféishows four signals like compoundad8 but within
a much larger chemical shift range of roughbpmO(compared to a range of1Bppm for
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compounds’ and8) which is known fonideborane$’" Especially onsignal at 35.8ppm is
very much separated from the other three signals while two other lirarat 1@ ppm are

almost overlappin@igure 62).
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Figure 62 192.6MHz 11B{H} NMR spectrum of compoun@in THF-ds.

The EFG tensors at the boron atoms of compduack large for BB® (Figure 63A) and very
small for B-B* (Figure 63B) in comparison to each otl{€able 12. While B and B show the
largesBAdH EFG of all compounds discussed in this Wio€k2425.u.) that of B and B is the
smallestl(0.126Ga.u.,V ., of BYB*is twice as large ¥s, of B/B?). Only the EFG of BB *

shows approximate axial symmetry gi#h0.1, the other tensors are rhombpig 0.320.50)
with the positive tensor components elongated towards the opening of tebapediido

structure.
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Figure 63 Graphical representation of the EFG tensors for boron ateéiis(B) and boron atoms’81° (B) of
compoundd. Sign convention and color coding is anaktg Figure 16 All tensors are shown at the same scaling

factor.

Table 12 EFG tensors (eigenvalues) at the boron nuclei calculated for co@(®8hWP/Def2TZVP) in the gas
phase. For chemically equivalent boron atoms, a mean value is given.

B Atom Vix (a.u.) Vy (a.u.) Vi (a.u.) o}
BYB * 0.1089 0.1336 [ 0.2425 0.10
B%B %B °B ° 0.0532 0.1617 10.2150 0.50
B/B ° 0.0436 0.0824 10.1260 0.31
B¥/B ° 0.0492 0.1039 10.1531 0.36

Alignment of a sample of compoudteads to a quadrupolar splitting of all four boron signals
with absoluté'B RQCs between 122 and 582(Figure 64). Thetriplets belonging to theo

most downfieleshifted signalat 11.76 and 10.6pm areoverlapping in a way that only one of
the satellite transition signals each iseartile the other lies beneath the central transition peak
of the respective other sigrtdbwever, ging lineshape fitting tools, both triplets in this region
can be visualized ($&gure 159n the append)xThe’H,"B HMQC with a reduceéB flip angle
(Figure 161in the append)xshows that only th&8 RQC of the largest signal marked in yellow is
positive while all othéB RQCs are negative.
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Figure 64 192.6MHz 11B{*H} NMR spectrum of compoun@lin PS(3.8mm/0.4vol%)YTHF -dg after 11 days of
swelling. The four quadrupolar triplets are marked in different colors. Absolute valuegeate F83Ez, RQGed
= 258Hz, RQGelow= 532Hz and RQGiue= 122Hz, respectively.

Due to the very similar size of Rfa&Gand RQGi the boron signals cannot unambiguously be
assigned using RQCs only in the MSpin analysis. The leiaegir@f 0.039 is given by an
assignment dahe green signal td/B *° and the blue signal td/ B® (assignment possibility €) in
Figure 65 the yellow signal is fixed t&B*B %B° and permutations where the red signal is
assigned to other boron atoms tB&B * give Qfactors larger than 0.1&hile swapping the two
assignments gives d#&gtor of 0.057 which is barely 1.5 times as(&sgjgnment possibility.c))
These ambiguities can be cleared by comparison to the results of the MSpin andt$iB using
RDCs and/or thé'B{*H} COSY which clearly show that the green signal belorB tbad

the blue signal to' °, respective)yhus showing that assignment possibility e) is the correct one
which is also iagreement with literatut&7?As it can be derived from the respective correlation
in the 'H,”"B HMQC spectrumHKigure 157, the sharp, well separatedsignal at 0.58pom
belongs to BH and B&H whose small linewidth midig a result of the exceptionally small EFG

at these boron atoms.
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Figure 65 The Qfactor plotted against the six signal assignment possibif)ties epmpound using!B RQCs
only (dark blue bars) atd 1B and!H,13C RDCs only, respectively (dark green bars). The assignment of the largest
signal marked in yellowkigure 64is fixed to BB 3B 5B 6in all cases.

The directions of preferred and less preferred orientation$istek for compoun@ are the

same as for compoufdvith the preferred alignment along #axis A.. > 0) orthogonal to the
opening of the bowdhaped molecule (where t@€®ondwould befor compound’, sed-igure

261in the append)x The tensor components, however, are somewhat smaller than those of
compound7: A, of Argc is ~34% smaller for compoun@ compared to that of compournd

while A, of Aroc is only ~8% smaller, respectively. The large gap might originate from the fact
that for compound, A, of Aracis larger than that é&oc which is the other way round oy,

of ArgcandAroc 0f compound. In addition to that, the alignment tensor of comp8usichuch

less rhombic than that of compouh@d g 0.16 forAroc andg = 0.20 forAroc).

3.2.2. CarboranesFunctionalized at Boron
Substitution of hydrogen atoms in carboranes can, depending on the number and position of the
replaced hydrogens, further decrease the symmetry of the cluster which leads to even mor
complicated boron NMR spectra with more than four signals. Togethercradsed signal

overlap, this maké® resonance assignment even more challenging.

CompoundLOcan be easily synthesized as described in the experimental part by treating compoun

7 with dry AIC) in CHCE under reflu{Scheme8). This way, exclusively the boron positidns B
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and B° giving the most downfield shifted signal i"®gH} NMR spectrum of compound

(Figure 46) react via electrophilic halogenation.

CHCI;
Ofth-CzB10H12 + A|C|3

ortho-C,B4gH40Cl»

Scheme8. Synthesis of compourd@

Colorless, block shapagstals suitable for SGRD experiments were obtained from a saturated
chloroform solution at room temperature. Compdidndystallizes in the space grBag@; with

one molecule in the asymmetric tigyre 66) and remarkably does not show any disorder as it
is known for the unsubstituted carbordiés

Figure 66. Asymmetric unit of compourtl The anisotropic displacement parameters are depicted a¥the 50
probability level. Hydrogen atoms are omitted for clarity.

As a result, the product compourilso possess€s symmetry and shows four different boron

signals in th€B spectrumStill, in this case signal assignment should be easier than for compound

7 as now not only one but two signals in total can be safely assgoe their corresponding
boron positions in the cluster: in addition to the ‘@Blgignal containing four equivalent boron

atoms, the resonance of the two chlorinated boron atoms can be easily distinguished from the

hydrogerbound species due to the absence'dfiaoupling in thé'B spectrumwhich is also

shows a significant downfield shift of roughipr® compared to®*B *° of compound’ (Figure

67).
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Figure 67. 128.4MHz 1B NMR spectrum of compouriddin CDCk. The small additional signals between 2 and
1 23ppm probably arise from traces of monochlorinatieecarborane.

In the °C NMR spectrum of compourid) a visible upfield shift of more thanppdn of the
carbon signal with respect to that of compalisbserve@igure 164in the append)xvhich

is a result of the antipodal effect well known in borane chisté¥gipon substitution of &H

with BAX (X = halogen or other electron donating gsaueh a®OR ordSR) a shielding of the
nuckus or nuclentipodal (= directly opposite) to the functionalized boron atom(s) is observed.

The carborbound boron atoms'#B° and B/B ° for compoundlOdo not show any significant
change in size and shape of the EFG tensors compared to the corresponding boron atoms ir
compound? while the substitution of hydrogen with chlorine has a large effect on the EFG tensor
at the respective boron atonfsaBd B° (Figure 68 andTable 13 note that the EFG tensor of

B¥B *° has a scaling factor five times larger than the other boron aMm)f thlorinated

boron atoms is up t8 timessmaller than that of protonated orlasaddition to that, it is of

inverted sigand the whole tensshows largehombidty ( g 0.41 for B/B %Cl in compound

10vs.g = 0.10 for B/B *6H in compound’).
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Figure 68 Graphical representation of the EFG tensors for boron at&éis(B) and boron atoms7#10 (B) of
compoundLQ Sign convention and color coding is analbggtoe 16 All tensors of hydrogdmund boron atoms
are shown at the same scaling factor. The EFG tensors of the-tbolonddoron atoms are scaled up by a factor
of 5 with respect to the other EFG tensors.

Table 13 EFG tensors (eigenvalues) at the boron nuclei calculated for codp@8idy P/Def2TZVP) in the gas

phase. For chemically equivalent boron atoms, a mean value is given.

B Atom Vix (a.u.) Wy (a.u.) V. (a.u.) o}
BYB * 0.0767 0.1442 [ 0.2209 0.31
B%B 3B °B © 0.0441 0.1386 10.1827 0.53
B'/B ° 0.0711 0.0811 1 0.1522 0.07
B¢/B ° 1 0.0086 1 0.0207 0.0294 0.41

Alignment of compound.O in anisotropic solution is very strong compared to the other
(car)boranediscussed yet which is visible thrott§HB RDCs up tod3Hz, a'H,C RDC of

I 72Hz and*'B RQCs up t@lmost 500Hz although ®Sstick with 0.%01% instead of 0.¥ol%

DVB was used for the measurements. All four boron signals show a quadrupoldretplééng
178and1468Hz, even that of #B '%5CI despite the very small EFG atréspective boron atoms
(Figure 69).
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Figure 69 192.6MHz 11B{*H} NMR spectrum of compountiOin PS (3.81m/0.3v0l%)/CDCl; after19 days of
swellingThe four quadrupolar triplets are marketifferent colors. Absolute values are RQE 311Hz, RQGeqd
= 178Hz, RQGelow= 1211Hz and RQGiwe= 1468Hz, respectively.

As B/B* and B/B3B°%B°® can already be assigned to the signals marked in green and yellow,
respectively, this leaves only two possibilities to assign the two remaining signals. The onl
challenge that remains is that the absolute sign‘tf B@C of B/B ° cannot be determined via
a'H,*B HMQC as there is no om®ndJcoupling to a protor.he signs of RQGand RQGeiow

could be extracted from the corresponding tilts itHtH8 HMQC spectrdboth positiveyvhile

the signals of the satellite transitions marked imtdta weak to give any information about

the signAs a cosequence, the signs of RQ&and RQG.. are left free floating together with

the assignment of the signals marked in red and blue which creates four sign combinations for ea
of the two assignment possibilities (eigifad@ors in total)Here, all options where RQEIs

postive gives Q@actors larger than 0.7%e lowest Gactor of 0.033 is given by a possibility with

the red and blue signals assigned/B’B&nd B/B*, respectively, with RQ&.> 0 and RQGe

< 0.The same assignment result is obtained*wlié and'H,C RDCs are used for the analysis
(Q-factor of 0.038\hich is also consistent with literattité™

As already indicated by the large RDC and RQC values, the alignment tensor for ¢@mspound

approximately 5% larger forA determined from'B RQCs and 4% larger forA determined
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from 'H,"B and'H,**C RDCs, respectivelgompared to the unsubstituted compounthe
directions of the principal axes are identical with ddea@d the @& @ector preferentially
orientating perpendicular to the magnetic flalgufe 262in the append)xwhile alignment
alongside the other two axes is disfavbredntrast to compound A of compoundLOis much
less rhombigvith g = 0.05 vsg = 0.42 forArqc 0f compound? and compoundOandg = 0.17
vs.g = 0.69 forAroc, respectively.

Compoundl] the twice chlorinated isomer of compo8radso showing,, symmetrycan be

synthesized anatmgsto compoundLOusing compounfl as starting materi@cheme9).

CHCI3

meta-C,BigH» + AICl; meta-C,B1oH1oCl,

Scheme9. Synthesis of compoudd

A saturated solution in chloroform at room temperature results in the formation of colorless, block
shaped crystals which can be used for crystal structure determination. The space group of

compoundLlis P2/ cwith two molecules in the asymmetric andt analogous to compout@l

A
Wx

Figure 70 Molecular structuref compoundllin thecrystalline statdhe anisotropic displacement parameters are

no disorder was observé&igure 70).

depicted at the 3® probability level. Hydrogen atoms are omitted for clarity.

Similar to the otheC,-symmetric carboranes, compoudddives four well separated signals in
the B NMR spectrunfFigure 174in the append)jxLike for compoundQ two signals can be
assigned at once, that 4#%.52ppm to the four equivalent boron atom$E/B B ° and that at
0.22ppm to the chlorinated boron aton¥B8°, respectively. This again leaves'Bu@sonances

containing two boron atoms unassigned, although it is very likely that the most upfield shifted
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signal at 23.59pm belongBYB * which are the boron positions antipodal to the chlorinated
boron atoms BB *° (in comparison, the most upfield shift@lsignal for compourilin THF-
dsis atl 16.75pm).

As for the EFG tensors, the situation is similar to that of compduride tensors at the
protonated boron atoms do not show any visible changes in comparison to the unsubstituted
compound8 while the chlorination of %8 '° leads to a significant decreas&/ @fs already
observed for compourid(Figure 272in the append)x

The size of th€B RQCscompared to those of compoutiilare much smaller (absolute values
between 98 and 3#k for resonances @irotonated boron atonasd no visible splitting for the
signal belonging to the chlorinated boron gterhih indicatesveaker alignment of timeta
isomeranalogous to the unsubstituted compotradgl8. Using the information about the signs

of the™B RQCs from théH,*B HMQC (igure 71), assigning’B ° to the signal marked in red

and B/B “to that in blue ifrigure 179in the appendigives a Gactor of 0.04%vhile a swapped
assignment gives a somewhat larger value ofHoldeRer, the MSpin analysis #'B and

'H,'*C RDCs is even more ambiguous witfaors of 0.023 {88* ¢ blue and BB® ¢ red)

and 0.035 (B “*¢ redand B/B°¢ blue) which is caused by the very similar values'df‘{Be

RDCs from the red and blue signdl 9 and 20Hz, respectivelguggesting parallel alignment

in the anisotropic solutioClarification can be obtained by the respective correlations in the
“B{*H} COSY (igure 177in the appendjxshovingthat the first assignment possibility is indeed
the correct onavhich is also in agreement with literdtiiow, the obtained alignment tensor

in combination with the EFG tensors at the chlorinated boron atéB™S &n be used to
calculate a theoreti¢# RQC according tBquation (6). This gives valuesio? Hz whenAroc

is used antl 7 Hz whenArqcis used, respectively, which are both very small RQC values that are
significantly smaller than the linewidth of the correspofiisgnal (~ 761z).
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Figure 71 600.3/192.6MIHz 1H,1'B HMQC specum of compoundLlin PS (3.8nm/0.3vol%)/CDCl; after 28
days of swelling with# flip angle of 45°. The tilts of the HMQC signals are showrresiiextive colors anabog
to Figure 179 resulting in RQg.eand RQGeq being negative and RQfawbeing positive, respectively. ThellD
trace is taken from the isotropic spectrum.

The twice chlorinated compoudd shows a significant difference in the alignment tensor
compared to the unsubstituted compo8rideeFigure 72). In generalA ., of Argc is roughly
30% larger andf Arpc 23% larger for compountilwith respect to compour@While in both
cases, the largest principal vadueegative andorresponds to the direction of disfavored
alignment parallel to th&B"bond (which are the chlorinated boron atoms in compdynide
y-axis belonging to the largest positive value, that is oriented parallel-teCthec@or for
compounds, is rotated by 90° aroutide zaxis for compoundl In addition to thatA of
compoundLlis much less rhombfcg 0.32 vs. 0.97 fokroc andg = 0.48 vs. 0.94 f&kroc for
compoundslland8, respectivelyps a resulthe chlorine atoms attached foaBd B° have a
large influence on the alignment behafi@ompoundlleven with the preferred direction of
alignment changing. The influence is even stronger visible for the pair of dempodriO
where the alignment observed for compatischot only preserved after chlorination %8 &

butenhanced by roughly %©
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Figure 72 Graphicaftepresentation of trEdignment tensor for compouBdA) in comparison to compourid(B)
determined fror¥B RQCs. Both tensors are given at the same scaling factor.

Compoundl2 either obtained asbyproduct in the synthesis of compalit{&chemel@)) or

by leading a stream of chlorine gas through a solution of corBjioahbbroform in the presence

of AICL (Schemel()), poses a greater challenge than its twice chlorinated relativesores only
of the hydrogen atasrof B¥/B '° (set to B here)has been substituted by a chlorine atben
molecule does not have a rotation axis anymore and only one mirror plane going’tf#8ugh B

B! and B perpendicular to thea@ v@ctor remains, resultingdssymmetry.

CHCl,
a) meta‘CZB10H12 + A|C|3 T" meta-CzB10H11C|

AICl5, CHCl;

b) meta-CZB1oH12 + C|2 A

meta-C-B4oH41Cl

SchemelQ Synthesis of compoud@

Crystals of compourtRwere acquired by evaporation of the solvemexane) under reduced
pressure. It crystallizes in the space dPoagvith one molecule in the asymmetric unit @ith
disorder at Band C' (occupancy of 0.468(%e shown irFigure 73 0.52(9)with B’ and C*
swappegfor more detail sehapter6.19.3.
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Figure 73 Molecular structure of compouhgin the crystalline state. The anisotropic displacement parameters are
depicted at the 3@ probability level. Hydrogen atoms and disorders are omitted for clarity.

As a resulbf the reduction of symmetgompoundl2shows seven different resonances in the

1B spectrum with four signals representing one equivalent boron atom belondingseytime

on the mirror planand three signals containing two equivalent boron atoms$igace 74).

Now, only one of theeversignals can be assigned at first sight which is the chlorfrtatéteB

signal at 1.1dpm as easily identified due to appearing as a singlet while all other signals split up
into a doublet due tihe spirspin coupling with their bound hydrogen atoms.
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Figure 74 192.6MHz 11B NMR spectrum of compouri®in CDCE.
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Results and Discussion

V,;at B'is roughly 20% larger thanthe other chlorinated boron atoms of compotifidad11

but still smaller than the smallest E6¥G hydrogeivound boron atonbelonging to B by a

factor of 4In addition, it shows similar rhombicity #B8° of compoundLObutis less rhombic

than the EFG at ¥ *° of compoundL1( g 0.41 vsg= 0.61 vsg= 0.43 for compoundsq 11

and12 respectively). The chlorinated boron atoms of both compbemttl 2have at least one
neighboring BH group with an EFG tensor of nearly axial symmatigh influences the shape

of the BOCI EFG (sed-igure 68 and Figure 273in the appendjxwhich is not the case for
compoundl] where all 8H groups are bound to at least one carbon atom, inducing a rhombic
shape in the EFG.

Upon alignment in polystyreribree of the sevefB signals show a quadrupolar splitting with
absolute values between 184 andH27Eigure 75). The respective signs as well as estittfted
RQC values for the signals marked in purple, yellor@mdcan be extracted from the tilts in
the 'H,"B HMQC, resulting in positiwaluesfor the purple and orange signal while all other
RQCs belonging to hydrogeaund boron atoms are negative (value and sign*& RREC of

the signal marked in green cannot be determined this way).

Figure 75 192.6MHz 11B{1H} NMR spectrum of compouni® in PS (3.5nm/0.4vol%)/CDCl; after 14 days of
swelling. The seven signals are marked in different colors. ABARQPE values are RQEG= 184Hz, RQGyrange
= 249Hz, RQGue= 272Hz, respectively.
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