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1. General Introduction 

 

1.1. Anisotropic NMR Spectroscopy 

Of all methods used to characterize and analyze molecules in solution, 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 constants, 

but also about the 3D structure or even dynamics of a compound using homo- or heteronuclear 

Overhauser effect spectroscopy (NOESY/HOESY) and the shape and molecular weight of an 

analyte by measuring the diffusion coefficient (DOSY). However, there are even more useful 

properties available for studying NMR-active nuclei (= all nuclei with a nonzero nuclear spin I) 

that are based on the orientation of the molecule with 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 interaction (QI, for nuclei with I > 1/2 only). In conventional 

solution-state NMR spectroscopy, these parameters cannot be observed as they average out to zero 

due to rapid molecular tumbling in isotropic solution, thus sacrificing structural 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 than one distinct type of chemically equivalent nucleus 

present in the sample.  

One technique that has become increasingly popular over the last decades is the use 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 anisotropy (RCSA), residual dipolar 

couplings (RDCs) and residual quadrupolar couplings (RQCs) under solution-like conditions and 

under the maintenance of high resolution. This work focuses on the establishment of the use of 

7Li and 11B RQCs in combination with 1H,13C and 1H,11B RDCs for the structural elucidation and 

resonance assignment of lithium and boron compounds in weakly aligned solution. 

 

1.1.1. Quadrupolar Interactions 

All nuclei with a nuclear spin larger than 1/2 are called quadrupolar due to the asymmetric 

distribution of positive charge in the nucleus which concerns about 75 % of all NMR-active nuclei 

in the periodic table. The size and type of asymmetry is defined by the nuclear quadrupole moment 

Q where elongation along one axis (prolate, comparable to the shape of a Rugby ball) results in a 
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positive value for Q (e.g. 2H, 11B, 14N) while compression along one axis (oblate, like a M&M candy) 

means it is negative (e.g. 6Li, 7Li, 17O). The quadrupole moment can now interact with other close-

by charges such as electrons from its own 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 electric potential as shown in Equation (1): 

ὠ
‬

‬‬
 ὶᴆ (1) 

Here,  ὶᴆ is the electrostatic potential along a vector ὶᴆ with the cartesian components u, v = 

x, y, z. As a result, the EFG can be expressed in the form of a second rank tensor: 

ἤ

ὠ ὠ ὠ

ὠ ὠ ὠ

ὠ ὠ ὠ
 (2) 

The EFG tensor is symmetric (V xy = V yx), traceless (V xx + V yy + V zz = 0) and can be diagonalized 

into its principal axis system (PAS) where all off-diagonal elements are zero and the axes are named 

after the convention |V zz| Ó |V yy| Ó |V xx|. In addition, the symmetry of the EFG tensor is 

described by the asymmetry parameter ǥ  (see Equation (3)).  

–
ὠ ὠ

ὠ
 (3) 

It can be axially symmetric (ǥ = 0 for V xx = V yy = Ĭ1/2 V zz) or fully rhombic (ǥ = 1 for V xx = 0 

and V yy = ĬV zz) 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 octahedra it vanishes altogether. Isosurface 

plots can be used to graphically visualize the EFG tensor in a molecule to increase the 

understanding of the influence of certain structural features on the size and orientation of the EFG 

and thus the electronic structure of a compound. Example EFG tensors with different asymmetry 

parameters at a constant V zz value are shown in Figure 1. 
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Figure 1. Isosurface representations of EFG tensors with different asymmetry parameters ǥ. 

Alternatively, the EFG can also be fully expressed by using the largest component V zz and the 

asymmetry parameter only. The magnitude of the interaction with a quadrupolar nucleus is given 

by the quadrupole coupling constant CQ: 

ὅ
Ὡὗὠ

Ὤ
 (4) 

with e representing the elementary charge, Q the nuclear quadrupole moment, V zz the largest 

absolute EFG tensor component and h the Planck constant. CQ can be, together with h, directly 

extracted from solid state NMR spectra of quadrupolar nuclei by lineshape fitting tools. Besides 

CQ, the quadrupolar frequency nQ can be used which additionally takes into account the nuclear 

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

’
σὅ

ςὍςὍ ρ

ρ

ς
σÃÏÓ‍ ρ

ρ

ς
–ÓÉÎ‍ÃÏÓς‌ (5) 

The two angles ǟ and Ǡ correspond to the two Euler angles, with Ǡ representing the angle between 

the z-axis of the PAS and the magnetic field (B0) axis, and ǟ the angle between the x-axis and the 

projection of the B0 axis onto the PAS xy plane. For nuclei with I = 3/2, this leads to the largest 

possible quadrupolar frequency (= V zz parallel to B0) of ǫQ,max = 1/2 CQ (see also Figure 3) while 

ǫQ,max = 3/2 CQ for nuclei with I = 1. 

In the magnetic field, the Zeeman interaction leads to a splitting of the spin states into 2I+1 energy 

levels, resulting in 2I transitions between the spin states which are equal in energy when only the 

Zeeman interaction is considered, resulting in one observed frequency ǫ0 in the NMR spectrum. 

This is the case for spectra of quadrupolar nuclei in isotropic solution, where the orientation-

dependent term of Equation (5) cancels out to zero due to rapid molecular tumbling (still, 
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broadening of the resonance is observed due to quadrupolar relaxation which is proportional to 

CQ
2). When only the 1st order quadrupolar interaction (QI) is considered, the energy of the spin 

states changes in a way that the transitions are not equidistant anymore (Figure 2). For half-integer 

nuclei (shown at the example of I = 3/2), the transition between the spin states mI = + ½ and ð 

½, also called central transition (CT), remains unaffected whereas the outer transitions, named 

satellite transitions (STs), are raised or lowered by the energy contribution ǫQ as described by 

Equation (5) for a defined orientation of the EFG tensor at the quadrupolar nucleus in the 

magnetic field (e.g. for an ideal single crystal). In contrast to that, for nuclei with integer spin 

quantum numbers (depicted representatively for I = 1), all transitions are influenced by ǫ0 ± 1/2 

ǫQ (sometimes, also the notation ǫ0 ± ǫQ can be found in literature, which, however, is not used in 

this thesis).[4] In all cases, the respective resonances in the resulting spectra are separated by ǫQ (see 

Figure 2) which are in the range of kHz-MHz. 

 

Figure 2. Energy diagram of a nuclear spin with the spin quantum number of I = 3/2 (A) and I = 1 (B) in a magnetic 

field under consideration of the 1st order quadrupolar interaction with the resulting NMR spectra shown below for the 

case of an ideal single crystal.  
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In solid state powder samples, where the NMR spectra of quadrupolar nuclei are dominated by the 

QI, the resonances of all possible orientations of the molecules and thus the nucleus sum up to a 

powder pattern with CQ ranging from a few hundreds of kHz to several MHz, depending on the 

size of Q of the respective nucleus and the EFG tensor. The shape of the satellite transitions is 

determined by the asymmetry parameter ǥ of the EFG while the central transition for half-integer 

nuclei is usually significantly sharper and higher in intensity. A simulated example spectrum for I 

= 3/2 is shown in Figure 3.  

 

Figure 3. Example powder NMR spectrum (simulation) for an I = 3/2 nucleus with CQ = 197 kHz, ǫQ,max = 98 kHz 

and ǥ = 0.12. The central transition is cut off at the top for better visibility of the satellite transitions. 

When CQ becomes so large that it reaches the range of the resonance frequency ǫ0, also the central 

transition of half-integer nuclei gets affected and shows a splitting induced by the 2nd order QI, 

making the spectrum even more complicated and making it harder to measure the isotropic 

chemical shift of the signal. However, the 2nd order QI does not play a role in this work.   

Via the use of alignment media in solution, it is possible to introduce a weak net alignment to the 

sample where some orientations of the analyte molecule are more and others less preferred with 

respect to the isotropic solution (for more detail, see chapter 1.1.3) while the overall molecular 

tumbling is maintained. This technique makes it possible for nuclei with small Q and EFG to 

observe the QI in the form of residual quadrupolar couplings (RQCs), scaled down to just a few 

(hundreds) of Hz as a splitting between 2I lines (for larger Q or EFGs, the signal is usually too 

broad to observe resolved multiplets). Here, the exact separation of the resulting multiplet 
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resonances, besides the elementary charge e, the quadrupole moment Q, the spin I and the Planck 

constant h, which are all constant for one type of nucleus, depends on the product of the EFG 

tensor V and the alignment tensor A, which specifies the directions and strength of orientation of 

the analyte molecule (and thus, the EFG) in the magnetic field (Equation (6)).  

’
σὩὗ

ςὍςὍ ρὬ
ὃὠ

ȟ ȟȟ

 (6) 

Nuclei suitable for the measurement of RQCs in aligned solution are for example 2H, 6Li, 7Li, 11B 

and 14N. Over the last few decades, the use of RQCs for structural analysis of small molecules has 

increased drastically. Especially the 2H nucleus (I = 1) enjoys high popularity due to its small Q 

resulting in sharp lines and the possibility to exchange it with regular 1H nuclei in organic molecules. 

With the use of chiral alignment media and special experiments like Q-resolved 2D NMR,[5] 2H 

RQCs have been applied to the distinction of enantiomers,[6,7ð9] the study of dynamics[10,11] and the 

determination of the absolute configuration of chiral molecules such as natural products[12,13] and 

even alkanes[14] also under natural abundance conditions. Via correlation experiments with other 

nuclei, it is even possible to experimentally determine the sign of the deuterium RQC.[15] 

The 7Li isotope has been used for the measurement of RQCs in our 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 toluene-d8 by the presence or absence 

of a quadrupolar triplet.[16] In addition to that, the diffusion of toluene and lithium 

hexamethyldisilazide (LiHMDS) into the alignment medium polystyrene was monitored by slice-

selective measurements of 7Li and 2H RQCs over the period of several days[17] and 7Li RQCs 

supported the analysis of a complex multicomponent lithium lithate in solution.[18]  

 

1.1.2. Dipolar Interactions 

The dipolar coupling D between two nuclei A and B can be described by Equation (7): 

Ὀ
σ‎‎‘ᴐ

ψ“Ὑ
ÃÏÓ—

ρ

σ
 (7) 

Here, ǡA and ǡB are the gyromagnetic ratios of the respective nuclei, Ǫ0 the magnetic permeability in 

the vacuum, ţ the reduced Planck constant and R the distance between the two nuclei A  and B. In 

addition, D is dependent on the angle Ǉ of the internuclear vector with respect to the magnetic 

field (see Figure 4).[19] A  and B can either be directly bound or otherwise spatially close-by with 
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the strength of the dipolar interaction quickly decreasing with rising AāāāB distance, making D a 

powerful tool in the distance determination between two nuclei.[20,21] 

 

Figure 4. Schematic depiction of the definition of Ǉ as the angle between the vector ╡ᴆ (= distance R between A  and 

B multiplied by a unit vector ►ᴆ) connecting the two nuclei A  and B and the direction of the external magnetic field ║ᴆ 

(= magnetic field B0 multiplied by a unit vector ╫ᴆ). Figure inspired from ref [19]. 

The dependence of D on cos2Ǉ-1/3 leads to a maximum (largest positive) and to a minimum 

(largest negative) value at Ǉ = 90° and 0° (for ǡA ā ǡB > 0, taking the negative sign of Equation (7) 

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

òmagic angleó where the overall dipolar coupling becomes zero (Figure 5). 

 

Figure 5. Plot of cos2Ǉ-1/3 against the angle Ǉ showing the effect of the orientation of the internuclear vector with 

respect to the external magnetic field and the sign of the dipolar coupling D. Ǉ values at the intersection points with 

the red line lead to a disappearance of D (Ǉ = 54.74° = magic angle). 
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Solid state NMR spectra of nuclei with I = 1/2 are, next to the chemical shift anisotropy, dominated 

by the dipolar interaction, resulting in broad powder spectra with linewidths up to many kHz. The 

resulting lineshape was first observed by Pake in the 1H NMR spectrum of gypsum and is called 

òPake patternó or òPake doubletó ever since.[22] A simulated spectrum is shown in Figure 6. 

 

Figure 6. Pake pattern simulated for a heteronuclear dipolar coupling between two I = 1/2 nuclei A  and B (e.g. 1H 

and 13C) for Dmax = 1.4 kHz. The respective transitions corresponding to the spin state of the coupling partner are 

marked in blue and green for mI = Ĭ1/2 and +1/2, respectively. 

In solution, however, Equation (7) becomes time-dependent due to rapid molecular tumbling and 

in purely isotropic samples without any preferred orientation of the analyte molecules, D 

completely averages out to zero. Still, analogous to the RQCs discussed above, dipolar couplings 

can be measured in weakly aligned solution in the form of residual dipolar couplings (RDCs). They 

are best described as the time-average of the dipolar coupling:[19] 

Ὀ
σ‎‎‘ᴐ

ψ“Ὑ
ÃÏÓ—

ρ

σ
 (8) 

Now Ὀ is dependent on which directions of alignment are preferred or unpreferred with respect 

to the isotropic solution. This process can be described by the probability tensor P which is a 

symmetric second-rank tensor with Pxx + Pyy + Pzz = 1 and can be depicted as ellipsoids in its 

principal axis system (PAS, see Figure 7). The case of Pxx = Pyy = Pzz = 1/3 describes the isotropic 

solution without any orientation preference and has a spherical shape.  
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Figure 7. Three examples of probability tensors P of different symmetry: axially symmetric with Pxx = Pyy = 1/2 Pzz 

(A), rhombic with Pxx < Pyy < Pzz (B) and isotropic with Pxx = Pyy = Pzz (C). 

Now the time-dependent term of Equation (8) can be expressed as follows in the PAS of P with 

rx, ry and rz being the x, y and z components of the internuclear vector, respectively: 

ÃÏÓ— ὖ ὶ ὖ ὶ ὖὶ (9) 

More commonly, the traceless alignment tensor A is used for the description of the orientation of 

molecules in anisotropic solution. Transformation from P to A is achieved by subtraction of 1/3 

(multiplied by a unit matrix 1) from P: 

Ἃ Ἔ
ρ

σ
 (10) 

Positive (= Pii > 1/3) and negative (= Pii < 1/3) principal values of A indicate directions of favored 

and disfavored alignment, respectively. The corresponding graphical tensor representations are 

analogous to the EFG tensor (see Figure 1). With this information at hand, Equation (9) can be 

rewritten as: 

ÃÏÓ—
ρ

σ
ὃ ὶ ὃ ὶ ὃ ὶ (11) 

This term can now be inserted into Equation (8) to give the relation between Ὀ and A:  

Ὀ
σ‎‎‘ü

ψ“Ὑ
ὃ ὶ ὃ ὶ ὃ ὶ (12) 

If enough independent experimental RDC values are available, A can be directly determined. The 

number of required values depends on the symmetry of the analyte molecule as one or more 
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principal axes of A is fixed (e.g. for C2v symmetric molecules, the PAS is fixed with one principal 

axis of A automatically lying on the C2 axis).[23] For the computational determination of A, several  

software packages (e.g. MSpin,[24] which is used in this work, and hotFCHT[25] for small molecules 

or PALES for larger biomolecules and proteins[26]) are available where a set of experimental RDCs 

is fitted to a structure model (a crystal structure or calculated model structure). In return, theoretical 

values are calculated for the best possible fit and the results are expressed by Cornilescu´s quality 

factor[27] (Equation (13), in this work referred to as Q-factor), which indicates how well the 

experimental RDCs with the given assignment match the structure model with lower Q-factors 

indicating a better agreement. This can analogously be applied to RQCs. 

ὗ
ВὈ Ὀ

ВὈ
 (13) 

In most cases, experimental RDCs are measured between nuclei separated by n bonds where a total 

coupling nTA-B is extracted from the respective spectra as the spin-spin coupling nJA-B, which is 

independent of the orientation of the internuclear vector, also contributes to the line separation. 

The RDC nDA-B can be extracted via the relation:  

Ὕ Ὀ ὐ  (14) 

In literature, also the convention nTA-B = 2 nDA-B + nJA-B with a definition of Ὀ that differs from 

Equation (12) by a factor of 2 can be found, which will not be used in this thesis.[28] As a result, 

an isotropic sample has to be measured separately to obtain nJA-B and knowledge about the absolute 

sign of the spin-spin coupling is essential as this influences the interpretation of nTA-B and nDA-B. 

Most prominent is the use of one-bond 1H,13C RDCs: 1JC-H is always positive, as a result 1TC-H 

becomes larger or smaller for positive or negative 1DC-H, respectively. For straightforward 

interpretation, it is sensible to choose alignment conditions which result in | nDA-B|  < | nJA-B|, 

otherwise the sign of nDA-B cannot unambiguously be determined by Equation (14) as often, only 

absolute coupling values can be extracted from NMR spectra. Isotropic referencing, however, is 

not possible for samples that self-align due to a large anisotropic magnetic susceptibility (e.g. for 

paramagnetic molecules), where no additional alignment medium is needed (see chapter 1.1.3). In 

this case, recording of total coupling values nTA-B at minimum two different magnetic field strengths 

is required to extract the desired nDA-B.
[21,29]  

Experimental heteronuclear RDCs (e.g. 1H,13C or 1H,15N) are usually measured using F2-coupled 

HSQC- and HMQC-type experiments with numerous pulse sequences developed and optimized 

for specialized requirements[30] such as minimizing artifacts induced by phase distortions in the 
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CLIP-HSQC,[31] which is also partly used for RDC measurements in this work, the sign-sensitive 

P.E.HSQC experiment for simultaneous determination of 2TH-H,[32] or the XLOC sequence for 

long-range heteronuclear RDCs.[33] In case of homonuclear RDCs, sign-sensitive COSY variations 

like E.COSY[34] or P.E.COSY[35] offer multiplet structures containing information about size and 

relative sign of a third, passive coupling constant.  

Applications for RDCs range from structural and conformational verification of small molecules 

and natural products[36] including assignment of diastereotopic protons,[37] determination of relative 

configurations,[38] conformations[39] and identification of unknown reaction products[40] over the 

analysis of molecular dynamics with[41] or without changes in the alignment behavior[42] up to the 

analysis of large biomolecules like proteins.[43]   

 

1.1.3. Alignment Media 

Alignment phenomena and their influence on NMR spectra have first been reported in 1963 by 

Saupe who already predicted their utility for the measurement of anisotropic parameters under 

solution-like conditions.[44] Since then, a wide range of methods for the study of molecules in 

anisotropic solution has been developed and applied to numerous examples from small molecules 

up to complex natural products and even proteins. However, not all of these approaches require 

the use of an additional òmediumó. When molecules containing an anisotropic magnetic 

susceptibility like extended aromatic systems[45] or paramagnetic sites[46] are exposed to strong 

magnetic fields, a self-alignment is induced leading to the observation of anisotropic parameters. 

An advantage of this method is that no special sample preparation is needed and the alignment 

properties can be predicted via DFT calculations of the magnetic susceptibility tensor as shown by 

Karschin et. al.[29] Paramagnetism can also be introduced to analyte molecules on purpose via the 

introduction of tags containing coordination pockets for paramagnetic metal ions.[47] Next to 

magnetic fields, also strong electric fields applied to a sample lead to an alignment of polar 

molecules along their electric dipole moment.[48] This approach led to the first observation of boron 

RQCs of ortho-carborane in 1986 by Ruessink.[49]   

Another possibility is the use of liquid crystals (LCs) made up from rod- or disc-shaped molecules 

containing aromatic rings and/or long alkyl chains with orientational order in nematic, cholesteric 

or smectic phases (see Figure 8). Single-component LCs are called thermotropic as their formation 

is temperature-dependent while lyotropic LCs usually consist of two-component systems of an 

amphiphile and a solvent (mostly water).[50] Preferred orientation of the organic molecules usually 

is uniaxial (= only one major direction of alignment), but also biaxial LCs are known.[51] Some LC 
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systems are also just forming under the influence of a magnetic field, including bilayers made up 

of phospholipids like dihexanoylphosphatidylcholine (DHPC) and dimyristoylphosphatidylcholine 

(DMPC) with their alignment properties tunable through variation of the DHPC:DMPC ratio[20,52] 

and the use of filamentous bacteriophages[53] which are especially interesting for the analysis of 

biomolecules.[54] Prominent examples for LCs suitable for organic solvents are dilute solutions of 

homo-polypeptides like poly-ǡ-benzyl-L-glutamate (PBLG), poly-ǡ-ethyl-L-glutamate (PELG) and 

poly-e-carbobenzyloxy-L-lysine (PCBLL) which form helical structures in solution and are also 

commercially available.[55] As they are also chiral, this additionally allows for enantiodiscrimination 

with different enantiomers giving different sets of RDCs/RQCs.[7ð10,56] In addition to that, 

thermoresponsive helical polyaspartate derivatives have been found to undergo a helix reversal 

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

conditions.[57] 

 

Figure 8. Schematic representation of a nematic (A), cholesteric (B) and smectic (C) liquid crystal. 

Since the early 1980s, strained polymer gels have been studied by NMR spectroscopy with the 

purpose of polymer characterization rather than reaching for an alternative to orient other 

molecules. Here, the samples were prepared by swelling the polymer in a deuterated solvent, and 

the swelling process was monitored by the quadrupolar splitting observed in the 2H spectrum.[58] 

Later, this idea was picked up by Tycko et. al. in 2000 who used a compressed cross-linked 

polyacrylamide gel for the alignment of 15N-labelled G/B1 protein in aqueous solution and 

subsequent measurement of 1H,15N RDCs.[59] In the same year, Sass et. al. extended the research in 

this field to different preparation methods of the aligned sample (stretching vs. compression),[60] 

and also special devices for mechanical stretching have been developed later.[61,62] In addition to 

that, the alignment properties of polyacrylamide were further influenced by variation of the 

polymer composition.[63,64] 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 either mechanically stretching or compressing the polymer gel. 
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In the following decade, a wide range of polymer gels was developed for the most common organic 

solvents by the groups of Luy, Gil and Griesinger, thus expanding the use of strained polymers to 

the analysis of small organic and organometallic molecules. An overview of selected examples is 

given in Table 1. 

Table 1. Selected cross-linked polymer gels and their respective compatibilities with organic solvents. 

Polymer Compatible solvents Reference 

Poly(dimethyl)siloxane n-hexane, DCM, CDCl3, THF, benzene [65] 

Polystyrene 
CDCl3, DCM, THF, benzene, 1,4-dioxane, 

toluene 

[16,17,66ð68] 

Poly(vinylacetate) 
MeCN, acetone, EtOAc, benzene, CDCl3, 

DMSO, methanol, THF, 1,4-dioxane 

[69] 

Poly(methylmethacrylate) CDCl3 
[70] 

Polyacrylamide water, DMSO, DMF [59ð61,63,64,71] 

Gelatin water  [72] 

Poly(acrylonitrile) DMSO, DMF, methanol, CDCl3 
[73,74] 

 

Polymer sticks are usually prepared by polymerization of the respective monomer (e.g. styrene) 

with a small amount of cross-linking agent (e.g. divinylbenzene) in a vessel mimicking the 

dimensions of an NMR tube. The reaction can be initialized using a radical starter[59ð61,63,64,66ð71] or 

by thermal initialization[16,17] and the strength of alignment can be tuned by variation of the cross-

linker concentration. Alternatively, cross-linking of the polymer chains can be achieved via 

accelerated electrons.[65,73,74] To avoid broad background signals of the polymer in the 1H NMR 

spectra of anisotropic samples, the use of perdeuterated alignment media has been proposed which 

is especially useful for avoiding signal overlap in 2D spectra.[67,74] Selecting a suitable alignment 

medium can be challenging especially for highly reactive organometallic species such as 

organolithium compounds. For this purpose, Pöppler et. al. slightly modified the preparation of the 

chemically inert polystyrene by using thoroughly degassed starting material, omitting the originally 

used radical starter azobis(isobutylnitril) (AIBN) and performing the whole process under inert gas 

conditions.[16,17]    
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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 

valence electron which is why it has to be stored in mineral oils to prevent oxidation with oxygen 

and moisture in the air. Of all metals, lithium has the largest negative standard electrode potential 

(Ĭ3.045 V) and a high energy density, making it very attractive for its use in batteries.[75] 

The first organolithium compound was synthesized in 1917 by Schlenk and Holtz via a 

transmetalation reaction of dialkylmercury with lithium metal.[76] Since then, the importance of 

organolithiums and lithium amides in synthetic chemistry has increased drastically.[77,78] One of the 

most prominent applications of organolithiums such as n-butyllithium (n-BuLi) is for the purpose 

of deprotonation, where the use of directing groups can increase the selectivity e.g. in aromatic 

systems (ortholithiation),[79] or exchange with halides[80] and subsequent transformation with an 

electrophile. An addition of both the lithium and its organic residue (e.g. n-Bu) to a product is 

observed in the reaction with an alkene (carbolithiation).[81]  

The reactivity of organolithiums is closely related to their structure, which in reality is much more 

complex than the simple notation òRLió often used in reaction equations. To compensate the 

electron deficiency of the lithium cation, aggregates are formed in the solid state and in solution, 

where the degree of aggregation depends on the organic residue. As a result, n-butyllithium,[82] 

isopropyllithium[83] and cyclohexyllithium[84] have been found to form hexamers in the solid state 

whereas ethyllithium,[85] methyllithium[86] and tert-butyllithium[82] are tetramers. The structures are 

made up of an octahedron/tetrahedron of lithium atoms with the alkyl residues binding not directly 

to the corners of the Li polyhedral but the triangular faces (Figure 9) that each lithium atom 

reaches its preferred coordination number of four. Despite the close proximity of the lithium 

atoms, it is assumed that no metal-metal bonds are present.[87] The LiāāāC interactions are believed 

to be of mostly ionic nature with a bonding situation that can be described as a four-center-two-

electron (4c-2e) bond.[88] The situation is different for lithium amides where no formation of lithium 

polyhedra but an alternating motif of lithium and nitrogen either in cyclic structures for trimeric 

lithium hexamethyldisilazide (LiHMDS)[89ð91] or an infinite helix for lithium diisopropylamide 

(LDA)[92] is observed.  
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Figure 9. Molecular structure of hexameric n-BuLi (A), tetrameric t-BuLi (B)[82] and trimeric LiHMDS (C).[89ð91] 

Hydrogen atoms are omitted for clarity. Lithium atoms are depicted in purple, carbon atoms in black and silicon atoms 

in gray.  

In solution, the aggregation is highly dependent on the solvent used, and determination of the 

aggregation/solvation state is not trivial. In hydrocarbon solvents such as hexane and benzene, 

alkyllithiums have been found to adopt the same structures as in the solid state using IR and Raman 

spectroscopy, colligative properties and cryoscopy.[93] Addition of donor bases like ethers or amines 

(selected examples are shown in Scheme 1) leads to a deaggregation of the lithium polyhedra and, 

as a result, higher reactivity. However, solutions of e.g n-BuLi in ether are not infinitely stable as 

they react via lithiation and ǟ-elimination of the ether, leading to a cleavage of the CðO bond (and 

ring opening in case of cyclic ethers like THF)[94] which is why organolithiums are mostly 

commercially available in hydrocarbon solutions.[77]  

 

Scheme 1. Examples for oxygen-based (A) and nitrogen-based (B) donor bases used for the deaggregation of 

organolithium compounds. 

A powerful method to investigate organolithiums in solution is NMR spectroscopy.[95,96] Both 

naturally occurring isotopes 6Li (7.6 %, I = 1) and 7Li (92.4 %, I = 3/2) are NMR-active, and 

although the heavier isotope 7Li has both a higher natural abundance and sensitivity, often 6Li is 

preferred for NMR measurements. Chemical shifts of both lithium isotopes usually appear in a 

very narrow range and are often not very useful for structure determination.[97] Instead, the 13C 
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chemical shift of the ǟ-carbon directly bound to the lithium is of much higher validity and depends 

on both the aggregation and structure of the organic residue.[98] A common approach to determine 

the aggregation of organolithiums via NMR spectroscopy is the multiplet analysis of 13C ǟ-carbon 

signals. Due to its very small quadrupole moment (the smallest of all known quadrupolar nuclei), 

resulting in a behavior almost like a I = 1/2 nucleus,[96] spin-spin coupling of 6Li to other nuclei 

like 13C are almost always observed (however, also couplings to 7Li have been measured[99]). As a 

consequence of the low natural abundance of both 6Li and 13C, isotope labelled material has to be 

used. Rapid dynamics even within the polyhedral structures or between several coexisting species 

further complicate structural characterization and requires very low measurement temperatures:[100] 

a sample of t-Bu6Li in cyclopentane shows a nonet in the 13C spectrum at room temperature 

(corresponding to a coupling of carbon to four equivalent 6Li nuclei) and a septet at Ĭ88°C 

(coupling to three equivalent 6Li nuclei), indicating fast scrambling of the t-Bu substituents over 

the four triangular faces of the Li tetrahedron.[101]  

A drawback of this technique is that this way the aggregation but not the solvation by ether can be 

determined: the dimeric structure of t-Bu6Li coordinated by diethyl ether can be verified by the 

corresponding 13C quintet (1:2:3:2:1 relative peak intensity as a result of the coupling to two 6Li 

nuclei) but the number of bound ether molecules cannot be determined that way.[102] Couplings to 

donor bases are usually not observed: oxygen does not possess a ògoodó NMR-active isotope (16O 

and 18O both do not have a nuclear spin and 17O has I = 5/2 at a natural abundance of 0.038 %) 

and the non-quadrupolar nitrogen isotope 15N (I = 1/2) with only 0.364 % abundance also requires 

isotopic enrichment for the measurement of LiðN coupling constants. In this field, Collum and 

coworkers prepared [6Li,15N]LiHMDS and determined its solvation state with a large range of 

oxygen and nitrogen mono- and polydentate based donor bases via the multiplet structure of 6Li 

and 15N nuclei.[103,104] They showed that the solvation with simple ethers like OEt2 and THF in 

pentane leads to monosolvated dimers with two distinct 6Li signals if only 0.5 eq. of ether per 

lithium is present and stepwise increase of ether concentration results in the preferred formation 

of disolvated dimers. At ether concentrations larger than 1.0 eq. per lithium, free ether signals 

appeared in the 13C spectra, indicating that the disolvated species is favored over trisolvated. Neat 

ethereal solutions of LiHMDS showed that the monomer is the major aggregate formed at very 

low temperatures (Ĭ100°C) in THF while it is only a side product in OEt2.
[104] The equilibrium 

between dimer and monomer in THF is also highly temperature and concentration dependent: the 

monomer/dimer ratio was observed to decrease with increasing temperature (constant LiHMDS 

concentration) and to increase with decreasing concentration (constant temperature).[105] Later, they 
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expanded their study towards the use of LDA [106] and lithium enolates[107] in regio- and 

stereoselective reactions.  

In the last decades, advanced NMR techniques have been developed and extended for the analysis 

of organometallic compounds.[108] One example is heteronuclear Overhauser effect spectroscopy 

(HOESY)[109] which shows cross-signals between close-by nuclei (e.g. 6/7Li and 1H) and thus can be 

used to evaluate whether a lithium atom is bound to an organic residue or not (contact ion pair, 

CIP vs. solvent separated ion pair, SSIP) and to determine the 3D structure of a molecule.[110,111] 

An alternative method is the use of diffusion measurements via diffusion ordered NMR 

spectroscopy (DOSY):[112] next to the comparison of the 6/7Li diffusion coefficient to that of 

protons of attached organic residues, it is possible to gain insight into molecular sizes and weights 

of molecules to analyze structure and aggregation.[113] Almost ten years ago, our group developed a 

DOSY method for the molecular weight determination using external calibration curves (ECC-

DOSY) based on three different molecular shape models: compact spheres (CS) for closed, ball-

shaped molecules (e.g. adamantane), expanded disks (ED) for flat, mainly two-dimensional analytes 

(e.g. anthracene) and dissipated spheres and ellipsoids (DSE) for structures between the two before 

mentioned extreme cases.[114] This way, the solution structures of donor-base free LDA in toluene 

was determined to be an equilibrium of trimer and tetramer with the tendency towards higher 

oligomers with decreasing temperature.[115] Furthermore, the structure and solvation of alkali metal 

cyclopentadienyl complexes[116] and the turbo-Hauser base TMPMgClāLiCl[117] in THF were solved.       

 

1.3. Boron and Organoboron Compounds 

Boron, the first p-block element in the periodic table with metalloid character, exhibits unique 

chemical reactivity which is fundamentally different from its heavier analogues of group 13.[118,119] 

In nature, boron makes up only 0.001% of the earth crust and is exclusively found in oxygen-

containing minerals such as borax (Na2[B4O5(OH)4]ā8 H2O) and kernite (Na2[B4O6(OH)2]ā3 H2O). 

There are two naturally occurring isotopes, 10B and 11B (19.9 % and 80.1 % natural abundance, 

respectively) which are both NMR-active with the lighter isotope having a nuclear spin of 3 and 

the heavier of 3/2. Especially 11B with its small quadrupole moment and high sensitivity is popular 

for NMR spectroscopic analysis of boron compounds in solution and the solid state. The less 

abundant 10B isotope, on the other hand, has excellent thermal neutron capturing properties and 

therefore plays a large role in research for using boron-rich molecules in Boron Neutron Capture 

Therapy (BNCT) to selectively fight cancer cells.[120]  
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Due to its three valence electrons, boron is prone to form molecules with three covalent bonds in 

a trigonal planar geometry like its halides BX3 (X = F, Cl, Br, I), boric acid (esters) BOH3/BOR3 

(R = organic residue) and organoboranes BR3. The empty, perpendicular pz-orbital makes these 

compounds good Lewis acids that readily react with a corresponding Lewis base (e.g. ammonia) 

under the formation of (pseudo-)tetrahedral Lewis acid-base adducts. Here, the acidity is 

determined by the bonding partners of boron and their electron donating or withdrawing 

properties, Ǯ-bonding abilities into the pz-orbital and steric repulsion. When the residues become 

so large that an adduct formation becomes sterically impossible, one speaks of frustrated Lewis 

pairs.[121] Several boron-containing examples show the potential of these compounds for the 

caption and activation of small molecules like H2
[122], CO2

[123] and CO[124] and as metal-free catalysts 

for hydrogenation reactions.[125]  

Organoboron compounds can be easily synthesized either from organolithium or Grignard 

reagents or by treating organic alkenes or alkynes with boranes in a hydroboration reaction which 

can be further converted to alcohols showing opposite selectivity to direct hydration of olefins 

using HX/H2O (X = Cl, Br, I, anti-Markovnikov selectivity, Scheme 2).[126] 

 

Scheme 2. Synthesis of organoboron compounds: 1) via reaction of boronic acid esters with organolithium or 

Grignard reagents, 2) via hydroboration of alkenes with a possible subsequent oxidation to alcohols. 

A very famous application for organoboron compounds/organoboronic acids/esters is the use as 

transfer reagents in the palladium-catalyzed Suzuki-Miyaura cross-coupling reaction[127] as a 

versatile tool for sp2-sp2 and sp2-sp3 carbonðcarbon bond formation in the synthesis of complex 

organic compounds and natural products.[128] An example catalytic cycle for a Suzuki-Miyaura 

coupling is shown in Scheme 3. 
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Scheme 3. Catalytic cycle of an exemplary Suzuki-Miyaura cross coupling reaction. 

Compounds made up of boron and hydrogen only are called boranes (neutral molecules) and 

hydroborates (anions) which form a class of diverse cluster structures. The simplest borane, BH3, 

is not stable and spontaneously dimerizes to diborane B2H6 under the formation of three-center 

two-electron (3c-2e) bonds between the two boron atoms and a bridging hydrogen atom to 

compensate the electron deficiency of the borane (Scheme 4). The BðH bond lengths of the boron 

atom to the bridging hydrogen atoms (~1.31-1.32 Å) have been determined to be somewhat longer 

than to the terminal ones (1.16-1.18 Å) both in the gas phase[129] and the solid structure[130], resulting 

in a pseudo-tetrahedral coordination geometry of the boron atoms. 

 

Scheme 4. Dimerization equilibrium between borane and diborane. 

Diborane is also the basic building block for the higher boranes which form e.g. through 

thermolysis as highly symmetric polyhedral clusters containing both 2c-2e (terminal BðH) and 3c-

2e bonds (B-B and bridging BðH). The structures of these cluster compounds can be predicted by 

the number of skeletal electrons present with the Wade-Mingos rules that can be universally applied 

to all kinds of cluster compounds.[131] Depending on the number of occupied edges of the 

polyhedron, the clusters can be classified as closo (closed, all edges occupied, 2n+2 skeletal electrons, 

e.g. [B6H6]
2-, n = number of boron atoms in the cluster), nido (nest, one edge unoccupied, 2n+4 

skeletal electrons, e.g. B5H9) and arachno (spider web, two edges unoccupied, 2n+6 skeletal 

electrons, e.g. B4H10, see Figure 10). Especially the closo-hydroborates, resulting from the reaction 
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of the simplest hydroborate BH4
Ĭ with B2H6, are highly stable against decomposition of the boron 

scaffold with air, moisture (the hydroborate salts are water soluble), acids and bases under ambient 

conditions.[119]  

 

Figure 10. Molecular structures of [B6H6]2Ĭ (closo, A), B5H9 (nido, B) and B4H10 (arachno, C), boron atoms are shown in 

pink, hydrogen atoms in light gray.  

Exchanging [BðH]Ĭ units with the isolobal CðH fragment leads to the well-known class of 

carboranes. The first carborane compound B3C2H5 was obtained in 1962 in small yields from a 

mixture of B5H9 with acetylene in an electric discharge.[132] Today, the icosahedral closo-

dicarbadodecaboranes C2B10H12 (in the following referred to just as òcarboranesó for convenience) 

are the most prominent compounds.[133] There are three isomers corresponding to different 

arrangement of the two present CðH groups: the prominent ortho-carborane where the carbon 

atoms are sitting directly next to each other in the cluster with a CðC bond, meta-carborane and 

para-carborane where there is the most possible space between the two carbon atoms. All three 

carboranes are air- and water-stable with para-carborane being thermodynamically the most stable 

form. Upon strong heating (400°C ð 500°C), ortho-carborane slowly isomerizes into meta-carborane 

in high yields, at temperatures over 600°C, partial conversion into para-carborane is observed.[134] 

Ortho-carborane can be synthesized by reaction of the nido-borane B10H14 with acetylene in the 

presence of Lewis bases (e.g. acetonitrile). By using substituted acetylene derivatives, ortho-

carboranes functionalized at carbon can be easily obtained in high yields.[135,136]  
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Figure 11. The three possible isomers of closo-dicarbadodecaborane: ortho-carborane (A), meta-carborane (B) and para-

carborane (C), boron atoms are shown in pink, carbon atoms in black and hydrogen atoms in light gray. 

Alternatively, substitution of carbon-bound hydrogens can be achieved by treating the respective 

carborane with n-BuLi, where the proton is exchanged by a lithium cation, and subsequent reaction 

with an electrophile.[137] Functionalization at the boron atoms with halogens works via electrophilic 

halogenation: the respective carborane is heated in the presence of AlX3 (X = Cl, Br, I) in 

chloroform or CCl4. In this process, halogenation selectively occurs first at the boron atoms 

furthest away from the carbon atoms and last at those bound to two carbon atoms.[138] However, 

the main products of this reaction are mono-, di- and trihalogenated carboranes with traces of 

tetrahalogenated carborane present. Full chlorination can be accomplished by leading chlorine gas 

through a carborane solution in chloroform or CCl4 under irradiation of ultraviolet light[139] with 

the carbon-bound hydrogen atoms staying untouched, while the same treatment with bromine only 

leads to bromination of maximum four boron atoms. Although ortho- and meta-carborane react in 

a similar way, it has been found that the meta-isomer requires longer reaction times to achieve the 

same result.[134] Fluorination is somewhat less selective and may lead to a range of products with 

different degree of fluorination up to the completely B-fluorinated C2B10F10H2.
[140] By the use of 

special catalysts and/or directing groups, also selective functionalization of BðH groups is 

possible.[141] Treatment of the closo-carboranes with nucleophiles and subsequent deprotonation 

leads to an abstraction of one BðH unit of the cluster under the formation of [C2B9H11]
2- which 

can coordinate metal cations analogous to the cyclopentadienyl anion (metallacarboranes, Scheme 

5).[142] 
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Scheme 5. Abstraction of a boron atom from the icosahedron of ortho-carborane and subsequent protonation and 

deprotonation.[143] 

Since the mid-1960s, carboranes have been studied via 11B NMR spectroscopy with the central 

question being the assignment of the multiple signals caused by boron atoms with different 

chemical environment. For example, depending on the symmetry of the cluster, between one and 

ten distinct boron signals are expected for C2B10H12 and its substituted derivatives. Especially for 

closo-carboranes with a narrow chemical shift range, signal overlap quickly leads to difficulties 

interpreting the spectra, which is a problem that can only partly be solved by the use of higher 

magnetic field. At first, signal assignment was attempted by heteronuclear decoupling,[144] the 

calculation of chemical shielding at the boron nuclei[145] and comparison to the spectra of 

substituted derivatives (e.g. with halogens or deuterium).[138,146] In 1984, Venable et. al. presented 

the proton-decoupled 11B COSY experiment which revealed the connectivity of the boron atoms 

in the cluster. Still, 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.[147] Even today, despite the wide availability of high-field NMR devices (B0 Ó 7 T) and 

although 11B 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 many 11B signals) and only chemical shift values, relative signal intensities and 

comparison to literature data (if available) are reported.[148] 

Applications of icosahedral carboranes are widespread among several scientific disciplines because 

of their ease of functionalization.[149] Due to their three-dimensional structure similar in size to a 

rotating phenyl ring and their hydrophobicity, carboranes are also often referred to as ò3D phenyló 

substituents. They 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 

reagents.[150] The icosahedral core also opens possibilities for the design of new polymers,[151] 

materials[152] and ligands for coordination chemistry.[153] 

Another important class of boron compounds are the BODIPY (= BOron DIPYrromethene) dyes 

which are strongly fluorescent over a widely tunable range of wavelengths. Consisting of a bidentate 

dipyrromethene ligand binding to a boron atom and two further substituents (usually fluorine but 
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also other halides and organic residues are possible), the first BODIPY compounds were described 

in 1968.[154] Since then, a great variety of derivatives have been synthesized. They stand out through 

their high stability in both the solid state and solution, high quantum yields (up to 99%) and easy 

tunability of the optical properties via functionalization of the dipyrromethene core.[155] Typically, 

they are obtained upon treatment of the respective dipyrromethene ligand with BF3āOEt2 in the 

presence of a base like NEt3 (see Scheme 6).  

 

Scheme 6. Basic synthesis of BODIPY dyes starting from pyrrole and aldehyde derivatives. 

The simplest BODIPY compound (see Scheme 7), however, has not been successfully synthesized 

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

stable above temperatures of Ĭ40°C.[156]  

 

Scheme 7. Basic structure of the boron dipyrromethene (BODIPY) dyes.  

Due to its excellent fluorescence properties and great structural variety, BODIPY compounds 

enjoy high popularity as fluorescence labels of biomolecules,[157] indicators[158] and as solid-state 

laser dyes.[159] 
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2. Scope of this Work  

As structure and reactivity of organolithium and lithium amide compounds are closely linked, 

knowledge about their aggregation and solvation behavior is of great importance. In addition to 

NMR methods for the characterization of lithium compounds in isotropic solution like HOESY 

and (ECC-)DOSY, anisotropic parameters might further complement the structure analysis 

toolbox. Here, the quadrupolar nature of the 7Li nucleus provides a valuable source of information 

as the electric field gradient (EFG), which interacts with the nuclear quadrupole moment, is highly 

sensitive to the closest coordination environment.[160] In solution weakly aligned by a chemically 

inert polystyrene (PS) gel suitable for reactive lithium species, this interaction is visible in the form 

of residual quadrupolar couplings (RQCs) that have already been used qualitatively in our group 

on a range of lithium compounds.[16ð18] 

Within this work, the use of 7Li RQCs will be expanded to a quantitative determination of the 

lithium solvation state. For this purpose, a range of lithium complexes 1-6 containing rigid, 

bidentate, monoanionic bis(benzoxazol-2-yl)methanide-based ligands that are structurally well-

characterized in the crystalline state were chosen as model compounds for the measurement of 7Li 

RQCs in weakly aligned THF solution. At the same time, theoretical RQCs are predicted for 

differently solvated models using EFG tensors calculated from geometry-optimized structures with 

zero, one and two THF donors in combination with alignment tensors determined from 

experimental 1H,13C RDCs of the bidentate aromatic ligands in solution. Comparison of both 

measured and calculated 7Li RQC values shows that the correct solvation state can be determined 

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 compound 1 is explored using relaxed potential energy 

scans.  

In the second part of the thesis, the method was extended to the 11B nucleus and applied to boron-

rich borane and carborane clusters 7-15 based on the closo-dicarbadodecaboranes ortho-carborane 

and meta-carborane with different symmetry resulting in four to seven distinct 11B resonances. A 

slightly modified version of a F2-coupled 1H,11B HMQC with a reduced 11B flip angle (30° - 45°) 

allows for the extraction of the sign of the 11B RQC with respect to that of 1TB-H from the tilt of 

the signal, and small RQCs not resolved in the 1D 11B spectra can be estimated. This information, 

in combination with 1H,11B RDCs, is used to assign the signals in the 11B spectra to the respective 

boron atoms in the (car)borane cluster by fitting the experimental RQC values to geometry-

optimized structure models for all possible assignments and the correct assignment is selected by 

evaluation of Cornilescu´s quality factor (Q-factor).[27]  
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Last but not least, three boron difluoride complexes 16-18 containing bidentate dipyrromethene 

and 4-methyl bis(benzoxazol-2-yl)methanide ligands are investigated upon how the ligand 

substitution pattern influences the sign of the EFG at the boron atom and, as a result, the sign of 

the experimental 11B RQC which is determined relative to 1TB-F with an 19F,11B HMQC with a 

reduced 11B flip angle. 
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3. Results and Discussion 

3.1. Lithium Compounds 

 

Figure 12. Basic structures of lithium compounds 1-6 with the positions numbered for NMR signal assignment and 

discussion. 

The lithium compound 1 consists of a lithium ion coordinated by a rigid bidentate, monoanionic 

bis(benzothiazol-2-yl)methanide ligand and is synthesized by deprotonation of the corresponding 

ligand with n-BuLi in diethyl ether. Crystallization from a saturated diethyl ether solution at Ĭ30°C 

results in the formation of yellow crystals that lead to the structure shown in Figure 13 (space 

group P21/ c with one molecule in the asymmetric unit). The lithium atom is pseudo-tetrahedrally 

coordinated by the ligand via the two nitrogen atoms and two additional diethyl ether molecules of 

which one is disordered over several positions. Similar to other known complexes containing the 

bis(benzothiazol-2-yl)methanide or the related, more common bis(benzoxazol-2-yl)methanide 

ligand,[161,162ð164] the aromatic ligand is not completely planar but shows a butterfly folding of the 

two benzothiazole moieties and a slight dislocation of the lithium atom from the C3N2 plane (the 

structural parameters are shown in Table 2). This also leads to an asymmetric coordination of the 

two diethyl ether molecules with different C5āāāLiðO1 and C5āāāLiðO2 angles.  

 

 

 

 

 



Results and Discussion 

 27 |  

 

Figure 13. Asymmetric unit of compound 1. 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 compound 1 freshly crystallized from diethyl ether, and dissolved in THF-d8 shows 

well-resolved signals in the 1H NMR spectrum with C2v symmetry of the aromatic ligand and two 

diethyl ether molecules present in solution (Figure 14). It is striking that the integral of the signal 

at 5.37 ppm belonging to the proton at the bridging carbon atom H5 shows only half of its expected 

value of 1, which originates from the long T1 relaxation time of the isolated proton. The 

corresponding 7Li spectrum (Figure 97 in the appendix) consists of one single sharp signal with a 

linewidth (LW) of ~3 Hz. All spectra indicate a symmetric coordination motif of the bidentate 

ligand similar to the crystal structure via the two nitrogen atoms also in solution without any signs 

of dynamics or isomerization even at Ĭ60°C (see Figure 95 and Figure 98 in the appendix). In 

addition, the 7Li,1H HOESY spectrum (Figure 99 in the appendix) shows cross signals between 

the lithium and the proton signals at 7.22 and 7.09 ppm which can be assigned to the positions 1 

and 2, respectively (see Figure 12 for numbering of the positions), which also confirms that the 

ligand remains tightly bound to the lithium with its two nitrogen atoms and does not dissociate in 

solution.  
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Figure 14. 400.3 MHz 1H NMR spectrum of compound 1 in THF-d8. The residual solvent signals are marked with #. 

However, unlike as in SC-XRD experiments, the determination of the solvation state of compound 

1 using conventional NMR methods is not so easy as the J-coupling (if present at all) vanishes due 

to fast exchange between the solvent molecules in solution. For this purpose, a strategy using 7Li 

RQCs is pursued: experimental 7Li RQCs are measured in aligned solution and then compared to 

values calculated for geometry-optimized structure models of possible solvation states of 

compounds 1-6 in THF using Equation (6). The necessary alignment tensors are determined from 

1H,13C RDCs of the aromatic ligand and EFG tensors are calculated from the structure models 

with DFT methods. Here, it is assumed that in THF solution, the diethyl ether ligands present in 

the solid compounds 1, 2 and 6 are replaced by THF molecules, and only THF-solvated complexes 

are considered in the following chapter. 

For compound 1, three structure models 1ā(THF)n in total were considered: one containing only 

the bidentate benzothiazole ligand (n = 0) and structures with one (n = 1) and two additional THF 

ligands (n = 2), respectively, which were geometry optimized both in the gas phase (Figure 15) 

and using the conductor-like polarizable continuum solvent model (cpcm) with THF as a 

solvent.[165,166] The attempt to calculate a model containing three coordinating THF molecules 
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repeatedly led to the n = 2 structure with the third THF molecule moving away from the lithium 

without any signs of interaction.  

 

Figure 15. Structures of the three possible solvation states of compound 1ā(THF)n in THF solution for n = 0 (A), 1 

(B) and 2 (C) geometry optimized in the gas phase at the B3LYP/Def2TZVP level of theory. 

The structural parameters of the three solvation state models are summed up in Table 2 and 

compared to the crystal structure 1ā(OEt2)2 shown in Figure 13 (note that the higher steric demand 

and lower polarity of OEt2 relative to THF further influences the structural parameters, which 

makes the crystal structure only indirectly comparable to the THF-solvated models). Of all four 

structures, only the non-solvated model 1ā(THF)0 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 from below in a trigonal planar 

geometry, the lithium atom is drawn from the C3N2 plane and the ligand begins folding away from 

the THF molecule. This effect increases when a second THF donor is added to the structure, and 

asymmetric coordination of both ether molecules to the lithium as observed in the crystal structure 

also occurs in the calculated model. LiðN bond lengths increase about 2-3% when a THF donor 

is added to the structure while the NðLiðN angle decreases about 4-5%. In general, bond lengths 

(LiðN and LiðO) are between 2% and 6% larger in the crystal structure and, as a result, the NðLið

N angle is ~1% smaller what might also be influenced by higher spatial demand of diethyl ether in 

comparison to the more compact THF. While 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 compound 1 which is probably influenced 
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by crystal packing effects. The structures optimized with the cpcm solvent model do not show any 

major differences from the gas phase models. LiðN and LiðO bond lengths are approximately 1-

5% and 2% larger than in the gas phase, respectively, while the NðLiðN bite angle is up to 9% 

smaller for 1ā(THF)0 on which the solvent model apparently has the largest effect.  

Table 2. Structural parameters for the geometry-optimized and differently solvated structure models of compound 1 

without (1ā(THF)0), with one (1ā(THF)1) and two THF ligands (1ā(THF)2) in the gas phase (gp) and with the cpcm 

solvent model with THF as a solvent (cpcm) at the B3LYP/Def2TZVP level of theory in comparison to the crystal 

structure (1ā(OEt2)2).  

 d(LiðN) 

[Å]  

d(LiðO) 

[Å]  

NðLiðN 

[°]  

C5āāāLiðO 

[°]  

d(LiāāāC3N 2) 

[Å]  

Folding 

[°]  

1ā(THF)0 

(gp) 

1.885 - 106.5 - 0.000 0.0 

1ā(THF)0 

(cpcm) 

1.982 - 97.4 - 0.000 0.0 

1ā(THF)1 

(gp) 

1.932, 

1.923 

1.906 102.0 131.9 0.311 3.7 

1ā(THF)1 

(cpcm) 

1.993 1.949 96.9 118.7 0.296 2.4 

1ā(THF)2 

(gp) 

1.978, 

1.980 

1.929, 

1.951 

97.2 135.7, 

112.6 

0.327 7.1 

1ā(THF)2 

(cpcm) 

1.998, 

2.001 

1.965, 

1.922 

95.4 107.7, 

144.8 

0.436 4.7 

1ā(OEt 2)2 

(crystal) 

2.020(4), 

2.030(4) 

2.002(4),  

1.948(1)-

2.058(9) 

95.9(2) 132.54(17),  

114.1(27)-

125.88(42) 

0.157(4) 8.39(8) 

 

EFG tensors were calculated at the lithium nucleus for all gp and cpcm models. Calculated values 

are given in Table 3 and graphical representations of the tensors are shown in Figure 16. 

Generally, the trend is that the EFG is largest for the twofold-coordinated structures 1ā(THF)0 and 

becomes smaller with increasing number of THF donors. In addition to that, the tensors for the 

cpcm structures are ~77 %, 35 % and 17 % smaller for n = 0, 1 and 2, respectively, which is due 

to longer LiðN and LiðO bond lengths. For the structures with n = 0, the largest tensor component 

(= V zz) is negative and aligned along the NāāāN vector (lobe marked in orange in Figure 16A.1 and 

A.2) with the strongest positive contribution perpendicular to the ligand plane. The smallest 
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component, V xx, which is positive, runs along the C2-axis of the molecule along the LiāāāC5 vector. 

Here, the rhombicity of the tensor is significantly larger for the cpcm model (ǥ = 0.97 vs. ǥ = 0.28, 

respectively) with V xx almost being zero. After the addition of one THF molecule (n = 1), the 

donating oxygen atom adds negative contribution to the EFG. As a result, V zz becomes positive 

and is roughly 30% smaller compared to n = 0 in the gas phase, while the absolute V zz value in the 

cpcm model does not change from n = 0 to 1. Now the tensor is not aligned with the ligand axes 

anymore but tilted away from the coordinating THF molecule with the blue (positive) lobes roughly 

marking the bisector of the C5āāāLiðOTHF angle. However, although both tensors are of similar 

asymmetry parameter (ǥ = 0.10 for the gas phase and ǥ = 0.22 for the cpcm model, respectively), 

the largest negative tensor component V yy is still roughly aligned along the NāāāN vector for the gas 

phase model, it is more elongated towards C5 in the cpcm structure. For the n = 2 structure, the 

tilt of the tensor is less pronounced with the positive component V zz aligned along the OTHF1āāāOTHF2 

direction with the largest difference to n = 1 being the size. 1ā(THF)2 with four donors coordinating 

the lithium atom is closest to the ideal tetrahedral geometry and thus shows an EFG four times 

smaller than the threefold-coordinated 1ā(THF)1 and even five times smaller than 1ā(THF)0 for the 

gas phase model. In the cpcm solvent model, the n = 2 tensor is only about three times smaller 

than those of n = 0 and 1 and shows a much larger rhombicity than in the gas phase (ǥ = 0.71 vs. 

ǥ = 0.13, respectively).   

 

Figure 16. Graphical representation of the EFG tensors for the three calculated solvation models 1ā(THF)n for n = 0 

(A), 1 (B) and 2 (C) in the gas phase (A.1-C.1) and with the cpcm solvent model with THF as a solvent (A.2-C.2). The 

orange and blue lobes represent directions of negative and positive EFG, respectively. For (A) and (B), the tensor is 

shown with the same scaling factor while the scaling for (C) is four times higher.  
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Table 3. EFG tensors (eigenvalues) at the lithium nucleus calculated for the different solvation state models for 

compound 1 (B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model with THF as a solvent 

(cpcm). 

Model Vxx (a.u.) Vyy (a.u.) Vzz (a.u.) ǥ 

1ā(THF)0 (gp) 0.0188 0.0332 Ĭ0.0520 0.28 

1ā(THF)0 (cpcm) 0.0004 0.0288 Ĭ0.0293 0.97 

1ā(THF)1 (gp) Ĭ0.0181 Ĭ0.0223 0.0404 0.10 

1ā(THF)1 (cpcm) Ĭ0.0117 Ĭ0.0184 0.0300 0.22 

1ā(THF)2 (gp) Ĭ0.0048 Ĭ0.0062 0.0111 0.13 

1ā(THF)2 (cpcm) Ĭ0.0014 Ĭ0.0081 0.0095 0.71 

 

The synthesis of the polystyrene sticks used for alignment was carried out under inert gas 

conditions as described in chapter 5.2. They are therefore suitable for the measurement of the air 

sensitive lithium compounds 1-6. 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 

occurs along the tube (often referred to as z-axis) 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 direction. For the large ligands of compounds 1-6, PS sticks with 3.4 mm diameter 

and 0.2 vol% DVB were chosen as larger diameters and amounts of the cross-linker DVB lead to 

stronger alignment and thus larger RDC and RQC values but also to higher sample 

inhomogeneities and broader lines in the NMR spectra. The 7Li spectrum of compound 1 after a 

swelling time of seven days is shown in Figure 17, showing the expected quadrupolar triplet with 

a 7Li RQC value of 37 Hz.  
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Figure 17. 194.4 MHz 7Li NMR spectrum of compound 1 in PS (3.4 mm/0.2 vol%)/THF-d8 after seven days of 

swelling. The absolute RQC value is 37 Hz. 

For the calculation of RQCs, the alignment tensor A is needed which is experimentally determined 

by the measurement of 1H,13C RDCs of the bis(benzothiazol-2-yl)methanide ligand. For this 

purpose, the CLIP-HSQC experiment[31] was used to measure one-bond CðH couplings in the 

isotropic (1JC-H) and the anisotropic sample (1TC-H) from which the RDCs can be extracted (RDC = 

1DC-H = 1TC-H ð 1JC-H, see Figure 18). Here, it is important that all anisotropic parameters (RDCs 

and RQCs) are measured without large time gaps between the experiments so that the values can 

be safely correlated as the swelling process is continuous and the size of the anisotropic parameters 

might further change. For compound 1, all CðH couplings become smaller upon alignment (1TC-H 

< 1JC-H) which results in all 1H,13C RDCs being negative with the largest negative value belonging 

to C3ðH indicating a preferred alignment along the longest axis of the rod-shaped ligand parallel to 

the magnetic field of the NMR device. However, due to the 1H,13C RDC at C5ðH also being 

negative, a second preferred direction of alignment along the C2 axis of the molecule is present. All 

experimental CðH couplings for compound 1 are listed in Table 4.  
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Figure 18. Excerpt of a 400.3/100.7 MHz 1H,13C CLIP-HSQC spectrum of compound 1 in THF-d8 superimposed 

with an excerpt of a 500.3/125.8 MHz 1H,13C CLIP-HSQC spectrum of compound 1 in PS (3.4 mm/0.2 vol%)/THF -

d8 after seven days of swelling. The signals are marked with the numbers of the respective positions of compound 1 

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

d(13C) = 125-130 ppm belong to the aromatic groups of polystyrene. 

Table 4. Experimentally determined one-bond CðH couplings for compound 1. 

Position 1JC-H (Hz)  1TC-H (Hz)  1DC-H (Hz)  

1 159 138 Ĭ21 

2 158 141 Ĭ17 

3 160 133 Ĭ27 

4 161 141 Ĭ20 

5 160 145 Ĭ15 

 

For the determination of an experimental alignment tensor for compounds 1-6, the model structure 

of the solvation state without any THF molecules was used as it is assumed that the alignment of 

the complexes is dominated by the large aromatic ligands and the smaller solvent molecules do not 

have a major effect in that way. In addition to that, the NMR spectra both of isotropic and 

anisotropic samples show that average C2v symmetry is maintained in (aligned) solution which is 

not the case for the static models 1-5ā(THF)n for n = 1 and 2 (the ligand of compound 6 possesses 
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CS symmetry and therefore has no rotation axes). In this work, alignment tensor determination is 

carried out with the software MSpin[24] which fits a set of experimental RDCs assigned to fixed 

bond vectors of a model structure and in a second step gives back calculated RDC values for the 

best fit. Cornilescu´s quality factor[27] (in the following described as Q-factor) indicates how well 

the input model fits to the experimental data with lower Q-factors showing better agreement 

between experiment and model. 

Using the experimental 1H,13C RDCs obtained from the CLIP-HSQC spectra of compound 1 on 

the model of 1ā(THF)0 yields a low Q-factor of 0.041 and gives further proof that the planar n = 0 

structures are suitable representatives for depicting the alignment behavior in the sample. In 

addition, the possible formation of a lithium lithate with the form of [Li(THF)4]
+[Li(L)2]

Ĭ (L = 

bis(benzoxazole-2-yl)methanide or bis(benzothiazol-2-yl)methanide) which would also be in 

agreement with the 1H NMR spectrum is excluded as for this structure with D2d symmetry, an 

axially symmetric alignment tensor (A xx = A yy) would be expected. As the negative 1H,13C RDC 

values already indicated, the largest positive component of the alignment tensor (A yy) runs along 

the longest distance within the ligand (C3ðHāāāC3õðH) with a second preferred alignment direction 

along the C5ðH bond through the C2 axis while orientation along the z-axis perpendicular to the 

ligand plane is strongly disfavored, showing the largest principal value A zz (Figure 19). Using the 

cpcm model of 1ā(THF)0 instead lowers the Q-factor a little to 0.034 and gives very similar tensor 

values with A zz of Acpcm deviating less than 1% from that of Agp. Although the use of the n = 1 and 

2 gas phase structures and the n = 2 cpcm structure also give tensors with similar values and the 

principal axes pointing into roughly the same directions, for all following calculations of 7Li RQCs, 

Agp of the respective model structure 1-6ā(THF)0 was used for better comparison. 
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Figure 19. Graphical representation of the alignment tensor for compound 1. The green and red lobes represent 

directions of positive and negative (more and less preferred with respect to isotropic solution) alignment, respectively. 

The principal values are Axx = 2.207ā10Ĭ4, Ayy = 3.845ā10Ĭ4 and Azz = Ĭ6.052ā10Ĭ4 (ǥ = 0.27, Q-factor = 0.041). 

As shown in Equation (6), both tensors A and V need to be multiplied for the calculation of RQC 

values. However, for all structures with n > 0, the PAS of A and V 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 compounds 1-6, the PAS of the alignment tensor was chosen as a 

reference coordinate system (RCS) and the respective EFG tensor was, if necessary, rotated into 

the RCS as described in chapter 5.7 in the experimental part. Another advantage of using the PAS 

of A as the RCS is that all off-diagonal elements of A are zero which simplifies Equation (6). The 

results for compound 1 are summed up in Figure 20.  

Generally, the trend already observed for the EFG tensors also continues for the calculated 7Li 

RQC values: they are largest for the twofold-coordinated models without THF and decrease with 

increasing number of coordinating THF molecules with the values for the gas phase models being 

larger than for the corresponding structures in the solvent model. In case of compound 1, there 

are two structures that fit well to the experimental value measured in the anisotropic 7Li spectrum: 

1ā(THF)1 in the solvent model and 1ā(THF)2 in the gas phase. 
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Figure 20. Calculated 7Li RQC values for compound 1 using geometry-optimized models of 1ā(THF)n 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 of 37 Hz (red line). 

For clarification, the influence of the position of the THF molecules was further characterized 

using relaxed potential energy scans of compound 1: the C5āāāLiðOTHF1 angle was altered in steps of 

1.86° while the OTHF1ðLiðOTHF2 angle was fixed at the value of the minimum structure (= 107.2°). 

The resulting energy curve is shown in Figure 21 where the relative energy (in kJ/mol) is plotted 

against the C5āāāLiðOTHF1 angle. Two local minima at 107.7° and 144.8°, corresponding to the two 

angles C5āāāLiðOTHF1 and C5āāāLiðOTHF2 of the minimum structure, and one local maximum at 126.3° 

where both THF molecules are bound symmetrically to the lithium, can be observed. Angles < 

107.7° and > 144.8° result in a steep rise of energy due to steric repulsion between the THF 

molecule and the bis(benzothiazole)methanide ligand. The EFG tensor components V xx, V yy and 

V zz (Figure 22, already rotated into the RCS) behave similarly with local minima and maxima at 

the optimized and symmetric structure, respectively. V yy, which is oriented along the NāāāN 

direction, shows the smallest changes over the angle scan as there are no significant geometry 

adjustments in this direction. The other two components V xx and V zz, oriented along the C2 axis 

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

THF ligands and follow the same curve pattern as the relative energy.  
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Figure 21. Relative energy plotted against the C5āāāLiðOTHF angle for compound 1ā(THF)2 using the cpcm solvent 

model. The OTHF1ðLiðOTHF2 angle was fixed at 107.2°. 

 

Figure 22. EFG tensor components V ii (absolute values, rotated into the RCS, indices xx, yy and zz correspond to 

the directions of EFG along the x, y and z-axis of the RCS, respectively) plotted against the C5āāāLiðOTHF angle for 

compound 1ā(THF)2 using the cpcm solvent model. The OTHF1ðLiðOTHF2 angle was fixed at 107.2°. 

At room temperature, all structures with an energy Ò 2.5 kJ/mol (= thermal energy kBT at 298 K) 

should be present, which means that a thermally averaged EFG tensor can be calculated according 

to the Boltzmann distribution and be used to determine an averaged 7Li RQC (Equation (15)).  
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 (15) 

Here, V ij(k) corresponds to the EFG tensor element, g to the degeneracy and DE to the relative 

energy of each conformation k while kB and T stand for the Boltzmann constant and the 

temperature, respectively. The resulting averaged EFG tensor can now be used for Equation (6) 

to calculate an averaged 7Li RQC of 37.13 Hz which nicely fits to the experimentally measured 

RQC of 37 Hz and is 24 % larger than the value determined for the static (minimum) structure 

shown in Figure 20, as all other, non-minimum structures show larger EFG tensors than the static 

model. 

The same angle scan was also performed on 1ā(THF)1,cpcm that showed a calculated 7Li RQC close 

to the experimental value in Figure 20. In contrast to the n = 2 structure, the relative energy curve 

plotted against the C5āāāLiðOTHF angle for 1ā(THF)1 (Figure 23) does not show a smooth course 

like the fourfold-coordinated compound 1ā(THF)2 does. A possible reason for the sudden changes 

in energy are orientational changes of the THF ring plane with respect to the ligand plane. For 

example, at a C5āāāLiðOTHF angle between 137° and 140°, the THF ligand rotates around roughly 

90° to avoid getting too close to the aromatic protons C1ðH/C 1õðH near the lithium atom. 

However, as the change of the LiðOTHF bond length is below 1 %, it is assumed that the effect on 

the EFG tensor is small. The EFG tensors behave similarly to compound 1ā(THF)2 with V yy along 

the NāāāN direction staying nearly constant while the components along the x- and z-axes become 

larger with increasing C5āāāLiðOTHF angle (Figure 24). This is due to i) the tensor itself growing in 

size with increasing trigonal planar symmetry and ii) the PAS of V more and more overlapping 

with the RCS, leading to larger absolute contributions of V along the axes of the RCS (see Figure 

25). In addition, while V yy (V zz) stays negative (positive) the whole time, V xx is positive at the 

beginning of the scan and undergoes a zero-crossing at a C5āāāLiðOTHF angle of roughly 126-127° 

due to the large, positive lobe belonging to V zz moving away from the x-axis of the RCS. 
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Figure 23. Relative energy plotted against the C5āāāLiðOTHF angle for compound 1ā(THF)1 using the cpcm solvent 

model.  

 

Figure 24. EFG tensor components V ij (absolute values, rotated into the RCS, indices xx, yy and zz correspond to 

the directions of EFG along the x, y and z-axis of the RCS, respectively) plotted against the C5āāāLiðOTHF angle for 

compound 1ā(THF)1 using the cpcm solvent model.  
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Figure 25. Graphical representation of the EFG tensor at the lithium atom of compound 1ā(THF)1 including the cpcm 

solvent model with a C5āāāLiðOTHF angle of 118.7° (A, minimum structure) and 179.9° (B), showing the influence of 

the THF position on the EFG together with the directions of the RCS axes. Color coding and sign convention is 

analogous to Figure 16. Both tensors are shown at the same scaling factor.  

Now, an averaged 7Li RQC can be calculated for compound 1ā(THF)1 using Equation (15) 

analogous to 1ā(THF)2. As only the positions of the THF molecule on one side of the ligand were 

considered in the scan, a degeneracy value of 2 was used for each conformation except for the 

symmetric structure shown in Figure 25B. This results in a value of 118.45 Hz which is clearly 

much larger than the experimental RQC of 37 Hz and therefore finally excludes the possibility that 

compound 1 is coordinated by only one THF molecule in solution. 

Compound 2 can be formally derived from compound 1 by exchanging the sulfur atoms in the 

ligand backbone with oxygen atoms. The larger CðOðC angle in the oxazole moiety (105.8° for 

2ā(THF)0, gp vs. 90.2° for the CðSðC angle in the thiazole unit of 1ā(THF)0, gp) leads to an 

unfolding of the two attached benzene rings around the coordination pocket of the two nitrogen 

atoms (the C1āāāC5āāāC1õ angle increases from 89.6Á for compound 1ā(THF)0, gp to 100.1° for 

compound 2ā(THF)0, gp, respectively). This 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 compound 1 (for structural parameters of compound 2, see Table 36).  

The C1-methylated compound 3, where more steric bulk is introduced to the coordination site 

around the lithium atom, shows very similar structural features as compound 2. While the crystal 

structure of compound 2 is already known,[163] crystals suitable for SC-XRD experiments of 

compound 3 were grown in this work via slow vapor diffusion of n-pentane into a concentrated 

THF solution at Ĭ30°C. It crystallizes in the space group P21/ c with one molecule in the asymmetric 

unit (Figure 26). Here, the THF ligands present in compound 3 do not show any disorder. 
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Figure 26. Asymmetric unit of compound 3 crystallized from THF/n-pentane. The anisotropic displacement 

parameters are shown at 50% probability level. All hydrogen atoms are omitted for clarity. 

The 1H NMR spectra for both compounds 2 and 3 are comparable to that of compound 1 (see 

Figure 101 and Figure 106 in the appendix, respectively) with a C2v symmetric ligand and one 

signal can be observed in each 7Li spectrum, respectively.  

Shape and alignment of EFG tensors at the lithium atom for compounds 2 and 3 are very similar 

to those of compound 1 (Figure 269 and Figure 270 in the appendix, respectively). The only thing 

that is striking is the fact that while the size of the largest tensor component V zz is roughly constant 

for the n = 0 structures, it decreases visibly for the n = 1 and 2 models (V zz of 1ā(THF)2, gp is 17% 

larger than that of 2ā(THF)2, gp and 25% larger than of 3ā(THF)2, gp). Anisotropic samples of 

compounds 2 and 3 give quadrupolar triplets that are similar to that of compound 1 with 7Li RQC 

values of 35 Hz for compound 2 (Figure 27A) and 34 Hz for compound 3 (Figure 27B), 

respectively. 
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Figure 27. 194.4 MHz 7Li NMR spectra of compound 2 (A) and compound 3 (B) in PS (3.4 mm/0.2 vol%)/THF-d8 

after seven days of swelling. The absolute RQC values are 35 Hz for (A) and 34 Hz for (B), respectively. 

Analogous to compound 1, all 1H,13C RDCs are negative for compounds 2 and 3 with the only 

exception being the value for the methyl groups bound to C1 in compound 3 (+3 Hz) which is also 

significantly smaller than that of the aromatic CðH groups due to fast averaging over several 

orientations due to the rotation of the methyl group in solution. With increasing steric bulk, also 

the ratio of the RDC values for C3ðH to C5ðH rises. While the increase is small from compound 1 

to 2 (1.8 vs. 2.2, respectively), the introduction of the methyl groups for compound 3 makes it rise 

to 3.2, indicating that alignment with the C5ðH 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 tensors (Figure 258 and Figure 259 in the 

appendix for compounds 2 and 3, respectively) with increasing rhombicity of A while the directions 

of the principal axes do not change. 

The calculation of 7Li RQCs for compound 2ā(THF)n shows that all values for n = 0 and 1 are 

significantly larger than the experimental RQC of 35 Hz while that for 2ā(THF)2 in the gas phase 

visibly fits best (Figure 277 in the appendix). When using the solvent model structure of 2ā(THF)2, 

the calculated RQC becomes even smaller, as already indicated by the EFG tensors. 
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In case of compound 3, even both 7Li RQC values calculated for THF containing cpcm structures 

are smaller than the experimental value (34 Hz, Figure 278 in the appendix) with that of n = 1 

being even smaller than for n = 2. The gas phase structures, on the other hand, again follow the 

trend of size already shown for the EFG tensors. However, here RQCcalc is only slightly larger for 

n = 1 compared to n = 2 with the latter also being closest to the 34 Hz. A possible reason for this 

might be that for compound 3, the orientation of the n = 1 and 2 EFG tensors changes most for 

the compounds discussed so far: while for 3ā(THF)2, gp the largest component V zz is roughly 

aligned with A zz in the RCS, for 3ā(THF)1, gp it is tilted more towards the x-axis of the RCS (along 

C5ðH) corresponding to the smallest component of A than towards the z-axis due to a smaller 

C5āāāLiðO angle compared to compounds 1 and 2. This leads to a decrease of the calculated RQC 

for 3ā(THF)1 with respect to those of 3ā(THF)2. Still, it can be concluded from 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 compound 4 is even larger than that of compound 3 with four additional t-Bu 

groups attached to C1/C1õ and C3/C3õ and thus further limiting the space available for potential 

solvent ligands in the lithium coordination sphere. Of all known lithium Box species, compound 4 

is the only one showing a threefold coordination in the crystal structure with only one additional 

THF molecule bound to the lithium, demonstrating that N-bonding is still favored over O-bonding 

despite the sacrifice of losing the preferred (pseudo-)tetrahedral geometry.[162] Here, the butterfly 

folding of the ligand (23.1(1)°) and the dislocation of the lithium atom from the ligand plane 

(0.696(7) Å) are much more pronounced than for all other lithium complexes discussed in this 

work due to steric repulsion between the t-Bu groups and the THF molecule, which coordinates 

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

Structure models for 4ā(THF)n for n = 0-2 were calculated analogous to compounds 1-3 in both 

the gas phase and the cpcm solvent model. While the n = 0 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° for 4ā(THF)1, gp and only 1.9° for 4ā(THF)1, cpcm vs. 23.1° for the crystal 

structure,[162] respectively) which might be due to a different orientation of the THF molecule. For 

the calculated structures (both gp and cpcm), the five membered ring of the THF donor is roughly 

rotated by 90° with respect to the crystal structure and the C4H8 unit is folded up towards C5ðH 

and nearly parallel to the ligand plane (see Figure 28), thus avoiding close proximity to the C1-t-

Bu groups. In addition, for 4ā(THF)1, gp and 4ā(THF)1, cpcm, the LiðO distance is between 3 and 

4 % larger than for the crystal structure (1.969 Å and 1.988 Å vs. 1.911(7) Å, respectively). The 
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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. Nevertheless, LiðOTHF bond lengths to 

the two THF molecules are significantly different (1.995 Å vs. 3.388 Å for the gas phase model and 

1.987 Å vs. 3.739 Å for the cpcm structure, respectively). As a result, it can be concluded that the 

Box ligand of compound 4 only provides room for one THF molecule to bind to the lithium atom. 

 

Figure 28. Top view onto the structure of compound 4ā(THF)1 in the crystal (A)[162] in comparison with a calculated 

model in the gas phase at the B3LYP/Def2-TZVP level of theory (B).  

The limited influence that the second THF molecule has on the coordination geometry of the 

lithium atom is also reflected in the EFG tensors. While for compounds 1-3, the size of the EFG 

tensor notably decreases when moving from n = 1 to n = 2, this effect is not observed for 

compound 4 (Figure 29). For the gas phase structure of 4ā(THF)2, the rhombicity becomes larger 

(ǥ = 0.36 for 4ā(THF)1, gp vs. ǥ = 0.55 for 4ā(THF)2, gp, respectively) whereas V zz is only ~8 % 

smaller for n = 2. At the same time for the cpcm structures, adding a second THF molecule even 

raises V zz by roughly 2 % with ǥ not changing significantly. In addition to that, the difference in 

magnitude of the EFG tensor for gp/cpcm structures of the same n change: gas phase EFGs are 

up to 43 % larger for n = 0, 29 % larger for n = 1 and 35 % larger for n = 2 for compounds 1-3, 

meanwhile they decline to 8 %, 11 % and 1 % for n = 0, 1 and 2, respectively, for compound 4. 
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Figure 29. Graphical representation of the EFG tensors for the three calculated solvation models of the N,N-

coordinated isomer of 4ā(THF)n for n = 0 (A), 1 (B) and 2 (C) in the gas phase (A.1-C.1) and with the cpcm solvent 

model with THF as a solvent (A.2-C.2). Color coding is analogous to Figure 16. All tensors are shown at the same 

scaling factor. Hydrogen 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 compound 4 (B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model 

with THF as a solvent (cpcm). 

Model Vxx (a.u.) Vyy (a.u.) Vzz (a.u.) ǥ 

4ā(THF)0 (gp) 0.0063 0.0373 Ĭ0.0437 0.71 

4ā(THF)0 (cpcm) 0.0072 0.0332 Ĭ0.0404 0.64 

4ā(THF)1 (gp) Ĭ0.0107 Ĭ0.0226 0.0333 0.36 

4ā(THF)1 (cpcm) Ĭ0.0101 Ĭ0.0197 0.0298 0.32 

4ā(THF)2 (gp) Ĭ0.0070 Ĭ0.0238 0.0308 0.55 

4ā(THF)2 (cpcm) Ĭ0.0101 Ĭ0.0204 0.0305 0.34 

 

The signals in the 1H NMR spectrum in THF-d8 at room temperature appear broad with only one 

signal visible for the two distinct aromatic proton pairs C2ðH/C2õðH and C4ðH/C4õðH (see brown 

spectrum in Figure 30), which had not previously been observed this way when using C6D6 as a 

solvent for the measurement of NMR spectra.[162] The same is the case for the 7Li spectrum, where 

the one visible peak shows a linewidth of 45.2 Hz in THF-d8 and 9.2 Hz in C6D6
[162] (in comparison, 

compounds 1, 2 and 3 possess lithium linewidths of 2.4, 6.4 and 4.3 Hz in THF-d8 at room 

temperature, respectively). When the sample is cooled down to Ĭ30°C, the signal of C5ðH splits 

up into two resonances, the aromatic signal even into six (see turquoise spectrum in Figure 30) 

while there are five visible signals for the t-Bu groups (with two of them overlapped, also six in 
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total). This suggests that there is some isomerization dynamics occurring for compound 4 in THF 

solution which does not happen in benzene, as warming up the sample to room temperature again 

leads to the brown spectrum in Figure 30 and vice versa. The integral ratio of the two signals for 

C5ðH is roughly 2.5:1 while the aromatic signals approximately are of similar integral which suggests 

the existence of one symmetric (with two aromatic and two t-Bu signals) and one asymmetric 

structure (with four aromatic and t-Bu resonances). In contrast, the 7Li signal becomes sharper at 

Ĭ30°C (LW = 12.8 Hz) but does not show any splitting (Figure 118 in the appendix). This behavior 

was not observed for compounds 1 and 3, where 1H and 7Li NMR measurements down to Ĭ75°C 

did not show any signs of dynamics within the complexes. 

 

Figure 30. Excerpt of a 400.3 MHz 1H NMR spectrum of compound 4 in THF-d8 measured at room temperature 

(brown) superimposed with a spectrum of the same sample recorded at Ĭ30°C (turquoise), showing the aromatic 

region between 6.90 and 7.15 ppm and the C5ðH region between 4.70 and 4.80 ppm, respectively. 

The symmetric isomer very likely belongs to the N,N-coordinated complex also present in the 

crystalline state, for the asymmetric isomer of compound 4, 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 during O-coordination, the next t-Bu group at 

C3 is further away from the lithium than C1ðt-Bu when the ligand´s nitrogen atom is bound which 

might provide the necessary space for a fourfold coordination with a second THF molecule. 

Geometry optimized model structures of the N,O isomer of compound 4ā(THF)2 show that indeed 

both LiðOTHF bonds have a reasonable length of 1.973 and 1.976 Å in the gas phase, respectively, 
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which are also in the range of the values for compounds 1-3ā(THF)2. In addition, the ligand of the 

N,O-coordinated isomer of 4ā(THF)2 is almost completely planar with a folding angle of only 1.4° 

and both THF molecules are very symmetrically oriented and visibly turned towards the O-

coordinated side while the Box ligand shows a large butterfly folding of 12.6° for the N,N isomer 

(see Figure 31) where the second THF molecule does not completely bind to the lithium. 

 

Figure 31. Top view onto a geometry-optimized structure model of the N,O (A) and the N,N-coordinated isomer of 

compound 4ā(THF)2 (B), both calculated in the gas phase at the B3LYP/Def2TZVP level of theory.  

The asymmetric coordination of the Box ligand to the lithium also has a major influence on the 

size and shape of the EFG tensors. While the shape of the EFG for the n = 0 structures is similar 

to that of the N,N isomer, V zz is 15 % smaller for the gas phase structure and almost 50 % smaller 

using the cpcm model for the N,O isomer of compound 4 (for tensor eigenvalues, see Table 6). 

In addition, the negative (orange) part of the tensor is tilted towards the binding nitrogen atom 

(Figure 32). In contrast to compounds 1-3 and the N,N isomer of compound 4 containing one 

THF molecule, where the tensors have a rather small asymmetry parameter ǥ (< 0.25 for 1-

3ā(THF)1 and 0.36 for 4ā(THF)1, respectively) and the sign of the largest component V zz changes, 

this does not apply to the N,O isomer of compound 4ā(THF)1. Here, the tensors are more rhombic 

(ǥ = 0.78 for both gp and cpcm), and the negative (orange) part of V roughly aligns with the Lið

OTHF bond while it is oriented along the NāāāN direction in the ligand plane for N,N-coordinated 

complexes. Upon addition of a second THF donor in the gas phase, ǥ raises to 1 with V zz (still 

negative and 75 % smaller than for n = 1) aligned with the LiðN bond and V yy (positive) with the 

LiðOoxazole bond, resulting in the EFG vanishing perpendicular to the ligand plane along the OTHF1-
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LiðOTHF2 distance. Although the structure of the N,O isomer of compound 4ā(THF)2 does not 

significantly change when using the cpcm model, this apparently has a large effect on the EFG 

tensor: while the size and alignment of the positive (blue) tensor component (now defined as V zz) 

is comparable to the gas phase structure, a negative part of the EFG perpendicular to the ligand 

plane remains, resulting in a very small ǥ of 0.08. 

 

Figure 32. Graphical representation of the EFG tensor for the three calculated solvation models of the N,O-

coordinated isomer of 4ā(THF)n for n = 0 (A), 1 (B) and 2 (C) in the gas phase (A.1-C.1) and with the cpcm solvent 

model with THF as a solvent (A.2-C.2). Color coding is analogous to Figure 16. All tensors are shown at the same 

scaling factor while the scaling for C.1 and C.2 is twice as large as for the other structures. Hydrogen 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 compound 4 (B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model 

with THF as a solvent (cpcm). 

Model Vxx (a.u.) Vyy (a.u.) Vzz (a.u.) ǥ 

4ā(THF)0 (gp) 0.0050 0.0331 Ĭ0.0381 0.74 

4ā(THF)0 (cpcm) 0.0003 0.0271 Ĭ0.0276 0.97 

4ā(THF)1 (gp) 0.0037 0.0301 Ĭ0.0338 0.78 

4ā(THF)1 (cpcm) 0.0027 0.0222 Ĭ0.0249 0.78 

4ā(THF)2 (gp) 0.0000 0.0193 Ĭ0.0193 1.00 

4ā(THF)2 (cpcm) Ĭ0.0092 Ĭ0.0107 0.0199 0.08 

 

While the N,N and N,O isomers of compound 4 should show similar alignment behavior in the 

PS stick due to the comparable molecular shape, the significant differences in the EFG tensors 
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suggest that it should be possible to distinguish both isomers by their 7Li RQCs. In anisotropic 

solution, two different signals are visible in the 7Li spectrum already at room temperature (brown 

spectrum in Figure 33) with an integral ratio of approximately 2:1. Here, only the larger of both 

signals shows a quadrupolar splitting with a 7Li RQC value of 46 Hz which is about 20 % larger 

than that of compounds 1-3 and hints for either a larger A or V or both. When the sample is cooled 

down to Ĭ30°C, the integral ratio of the signals is reversed and like for the isotropic sample, this 

process is reversible. As the entropically favored product (the threefold-coordinated N,N isomer 

in this case) is usually preferentially forming at higher temperatures as already observed for other 

lithium compounds,[111] the downfield-shifted signal can be assigned to the N,N isomer. 

 

Figure 33. 194.4 MHz 7Li NMR spectrum of compound 4 in PS (3.4 mm/0.2 vol%)/THF-d8 after nine days of 

swelling measured at room temperature (brown) superimposed with a measurement of the same sample at Ĭ30°C 

(turquoise). The absolute RQC value of the brown triplet at 2.59 ppm is 46 Hz. 

1H,13C RDCs of the N,N isomer of compound 4 were measured using a proton-coupled 13C NMR 

spectrum at room temperature (Figure 122 in the appendix), leading to the alignment tensor shown 

in Figure 34. A zz of compound 4 is the largest of all lithium Box complexes discussed in this work 

and the trend of A xx along the C2 axis decreasing with increasing bulk at the ligand already discussed 

before visibly continues with A yy being approximately 50 times larger than A xx, leading to a large 

asymmetry parameter of 0.96. Still, A xx is very slightly positive, as indicated by the very small, yet 

still negative C5ðH RDC of Ĭ2 Hz. 
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Figure 34. Graphical representation of the alignment tensor for the N,N isomer of compound 4. Color coding is 

analogous to Figure 19. The principal values are Axx = 1.253ā10Ĭ5, Ayy = 6.570ā10Ĭ4 and Azz = Ĭ6.696ā10Ĭ4 (ǥ = 0.96, 

Q-factor = 0.066). 

Calculated 7Li RQCs for the N,N isomer of compound 4 are large for 4ā(THF)0 as already observed 

for 1-3 (Figure 35). In contrast to the other complexes analyzed so far, the values for the n = 1 

models are somewhat smaller than for n = 2 with the RQC of 4ā(THF)1, cpcm of 48.83 Hz being 

closest to the experimental value of 46 Hz while 4ā(THF)1, gp gives a result that is roughly 21 % 

larger (58.49 Hz). Although compound 4ā(THF)2, cpcm also has a calculated 7Li RQC which is 

quite close to the experimental value, the geometry-optimized structure models already showed 

that a simultaneous coordination of two THF molecules to the lithium in addition to the Box ligand 

is sterically not possible. This confirms that i) the N,N isomer is present as a threefold-coordinated 

structure 4ā(THF)1 in THF and ii) it belongs to the more downfield shifted 7Li signal at 2.58 ppm 

in the 7Li NMR spectrum. 
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Figure 35. Calculated 7Li RQC values for the N,N-coordinated isomer of compound 4 using geometry-optimized 

models of 4ā(THF)n 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 of 46 Hz (red line). 

As the 1H/ 13C signals of the N,O isomer of compound 4 are only reasonably well resolved at low 

temperatures, RDC values were extracted at Ĭ30°C from the CLIP-HSQC spectrum. Here, C2õðH 

of the O-coordinating side of the ligand shows a very large negative RDC of Ĭ46 Hz, indicating 

that this CðH 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, which can be traced back to the fact that the 

alignment is generally larger at low temperatures due to slower molecular tumbling (A zz of the N,N 

isomer of compound 4 is 18 % larger at Ĭ30° compared to room temperature). However, in 

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

vs. 0.96, respectively) as orientation along LiāāāC5ðH is more preferred.  
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Figure 36. Graphical representation of the alignment tensor for the N,O isomer of compound 4 at Ĭ30°C. Color 

coding is analogous to Figure 19. The principal values are Axx = 2.426ā10Ĭ4, Ayy = 6.416ā10Ĭ4 and Azz = Ĭ8.842ā10Ĭ4 

(ǥ = 0.45, Q-factor = 0.036). 

4ā(THF)0 of the N,O isomer gives large calculated 7Li RQCs analogous to the compounds discussed 

above while the values for 4ā(THF)1 (both gp and cpcm) and 4ā(THF)2, gp are very small (below 

13 Hz, see Figure 37). 4ā(THF)2, cpcm shows a larger RQC of 47.17 Hz, which is negative, just 

like the values for the n = 1 models (only absolute RQCs are shown in the figure below). The 

upfield-shifted 7Li signal in the corresponding NMR spectrum at 1.84 ppm very likely belonging to 

the N,O isomer of compound 4 has a LW of ~55 Hz, which is too broad to be able to observe a 

triplet with a line separation of ~13 Hz. In addition, no upfield shifted ST signal with a RQC of 

~47 Hz like calculated for 4ā(THF)2, cpcm can be observed (a possible downfield shifted ST would 

be overlapped with the signal belonging to the N,N isomer). As a result, it is not unambiguously 

possible to determine the solvation state of the N,O isomer of compound 4 this way. However, 

the temperature dependence of the integral ratio of both present isomers as well as the isotropic 

1H spectra strongly speak for an equilibrium between mono- and disolvated species 4ā(THF)1 (N,N) 

and 4ā(THF)2 (N,O). 
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Figure 37. Calculated 7Li RQC values (absolute values) for the N,O-coordinated isomer of compound 4 at Ĭ30°C 

using geometry-optimized models of 4ā(THF)n with n = 0, 1 and 2 in the gas phase (black bars) and with the cpcm 

solvent model (gray bars).  

The ligand of compound 5 is much smaller than that of compounds 1-4 with two pyridine moieties 

connected by a CH2 group, yielding the lithium complex 5ā(THF)2 upon deprotonation with n-BuLi 

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

those of compounds 1-4, the lithium atom in the gas phase model of compound 5ā(THF)1 is 

coordinated by the bidental ligand and the THF donor in a nearly trigonal planar fashion. This 

leads to an EFG tensor which shows an orientation similar to the n = 0 model with the negative 

components in orange in plane with the ligand and the positive V zz being nearly perfectly 

perpendicular to it. For the cpcm model of compound 5ā(THF)1 where the deviation from the 

trigonal planar geometry is larger (with a C5āāāLiðOTHF angle of 153.6° vs. 177.8° in the gas phase), 

also the positive component of the EFG tensor (V zz) is tilted towards the bisector of the angle as 

already observed in compounds 1-4. The only major difference is that in the gas phase the largest 

negative contribution to the EFG (V yy) is aligned along the NāāāN direction while in the cpcm 

model it is pointing towards the oxygen atom of the THF molecule. The same phenomenon is 

observed in the n = 2 structures with V zz being roughly parallel to the OTHF1āāāOTHF2 vector similar 

to compounds 1-4. However, compared to the other complexes discussed yet, V zz of 5ā(THF)2, gp 

is 14 % and that of 5ā(THF)2, cpcm even 35 % larger than the value of the respective structure 

model of 1ā(THF)2, which shows the largest EFG for the n = 2 models of the symmetrically, N,N-

coordinated lithium Box complexes.  
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Figure 38. Graphical representation of the EFG tensor for the three calculated solvation models 5ā(THF)n for n = 0 

(A), 1 (B) and 2 (C) in the gas phase (A.1-C.1) and with the cpcm solvent model with THF as a solvent (A.2-C.2). 

Color coding is analogous to Figure 16. For (A) and (B), the tensor is shown with the same scaling factor while the 

scaling for (C) is four times higher. 

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

compound 5 (B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model with THF as a solvent 

(cpcm). 

Model Vxx (a.u.) Vyy (a.u.) Vzz (a.u.) ǥ 

5ā(THF)0 (gp) 0.0198 0.0371 Ĭ0.0569 0.30 

5ā(THF)0 (cpcm) Ĭ0.0001 Ĭ0.0329 0.0330 0.99 

5ā(THF)1 (gp) Ĭ0.0178 Ĭ0.0309 0.0487 0.27 

5ā(THF)1 (cpcm) Ĭ0.0149 Ĭ0.0305 0.0454 0.34 

5ā(THF)2 (gp) Ĭ0.0048 Ĭ0.0081 0.0129 0.26 

5ā(THF)2 (cpcm) Ĭ0.0048 Ĭ0.0099 0.0147 0.35 

 

The 7Li signal of compound 5 in aligned THF solution shows a splitting into a triplet like for 

compounds 1-3 with a RQC value of 36 Hz (see Figure 128 in the appendix). Comparable to the 

other compounds 1-4, all experimental 1H,13C RDCs of compound 5 after a swelling time of six 

days are negative, but with the largest (negative) value belonging to C1ðH/C 1õðH, already indicating 

that the most preferred direction of alignment might be a different one in this case. As expected 
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for the decreased size of compound 5, the alignment tensor is significantly smaller than of 

compounds 1-4 (almost 50 % in comparison to A of compound 3). In addition to that, a swap of 

the x- and y-axes in the PAS of A can be observed with the most preferred direction of alignment 

now being along the C2 axis of compound 5 parallel to the external magnetic field, while A zz 

(negative) remains perpendicular to the ligand plane also in this case (Figure 39).  

 

Figure 39. Graphical representation of the alignment tensor for compound 5. Color coding is analogous to Figure 

19. The principal values are Axx = 1.345ā10Ĭ4, Ayy = 2.313ā10Ĭ4 and Azz = Ĭ3.658ā10Ĭ4 (ǥ = 0.26, Q-factor = 0.033). 

It is striking that for compound 5, unlike the other lithium compounds, the calculated 7Li RQCs 

for the n = 1 models are even larger than those of n = 0 (see Figure 40). While for the structure 

models without THF, the largest EFG component V zz is multiplied with the smallest alignment 

tensor value A xx, the nearly trigonal planar structure of compound 5ā(THF)1, gp has V zz roughly 

aligned with the largest component of A, which leads to a larger calculated 7Li RQC although V zz 

of 5ā(THF)1, gp is 17 % smaller than that of 5ā(THF)0, gp. Although the predicted RQC values for 

the n = 2 models are both smaller than the experimental value of 36 Hz, which arises from the 

smaller A tensor in combination with a similar experimental RQC in comparison to compounds 1-

3, they are still closest and it can be concluded that the solution structure of compound 5 is also in 

agreement with its crystal structure. 
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Figure 40. Calculated 7Li RQC values for compound 5 using geometry-optimized models of 5ā(THF)n 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 of 36 Hz (red line). 

In contrast to compounds 1-5, the ligand of compound 6 is asymmetric, resulting in CS-symmetry 

with only one mirror plane (= ligand plane). Similar to compound 4, it contains only one solvent 

molecule coordinated to the lithium (diethyl ether in this case) in the solid state. The only difference 

is that the ether here is coordinating from below the ligand and not from the side, resulting in an 

almost trigonal planar coordination geometry. This is due to the 2,6-diisopropylphenyl (Dipp) 

group attached to one of the nitrogen atoms, which is roughly oriented perpendicular to the ligand 

plane and blocking coordination from the sides. The close proximity of the lithium atom to the i-

Pr-groups of the Dipp substituent can also be observed in solution in the 7Li,1H HOESY spectrum 

(Figure 134 in the appendix).  

The geometry-optimized structure model 6ā(THF)2 shows that, unlike for compound 4, two THF 

molecules can coordinate to the lithium atom with LiðOTHF bond lengths in the range of those of 

the other n = 2 models with a similar, asymmetric coordination of both THF molecules. While one 

of the THF molecules is sitting more below the ligand, the second solvent molecule coordinates 

from the side of the ligand oriented towards the sterically less demanding indole moiety and the 

Dipp group slightly twisted away. LiðN bond lengths are also comparable to the other compounds 

with the LiðN indole bond slightly shorter than the LiðNDipp bond in all cases (including the crystal 

structure, for structural parameters see Table 40 in the appendix). 
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Despite the asymmetric ligand, EFG tensors for the n = 0 models do not show any visible tilt of 

the negative component (V zz) towards one of the binding nitrogen atoms with their size and shape 

comparable to the other N,N-coordinated compounds 1-5. For compound 6ā(THF)1, similar to 

compound 5, where the solvent molecule also binds from below the ligand, the (now positive) V zz 

component is roughly oriented perpendicular to the ligand plane while here, the largest negative 

EFG principal value (V yy) 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 the first. In case of the n = 2 

structures, V zz for compound 6ā(THF)2 is between 30 % and 55 % larger than for compounds 1-3 

and 5 which might be a result of the reduced symmetry of the bidentate ligand compared to the 

other complexes. Still, the orientation of V zz along the OTHF1āāāOTHF2 direction is also observed for 

6ā(THF)2 like for the other complexes with V yy tilted towards the indole nitrogen like for 6ā(THF)1, 

but this effect is less pronounced here.  

 

Figure 41. Graphical representation of the EFG tensor for the three calculated solvation models 6ā(THF)n for n = 0 

(A), 1 (B) and 2 (C) in the gas phase (A.1-C.1) and with the cpcm solvent model with THF as a solvent (A.2-C.2). 

Color coding is analogous to Figure 16. For (A) and (B), the tensor is shown with the same scaling factor while the 

scaling for (C) is three times higher. Hydrogen 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 

compound 6 (B3LYP/Def2TZVP) in the gas phase (gp) and using the cpcm solvent model with THF as a solvent 

(cpcm). 

Model Vxx (a.u.) Vyy (a.u.) Vzz (a.u.) ǥ 

6ā(THF)0 (gp) 0.0162 0.0347 Ĭ0.0510 0.36 

6ā(THF)0 (cpcm) 0.0012 0.0319 Ĭ0.0331 0.93 

6ā(THF)1 (gp) Ĭ0.0169 Ĭ0.0269 0.0437 0.23 

6ā(THF)1 (cpcm) Ĭ0.0130 Ĭ0.0282 0.0412 0.37 

6ā(THF)2 (gp) Ĭ0.0059 Ĭ0.0126 0.0184 0.36 

6ā(THF)2 (cpcm) Ĭ0.0027 Ĭ0.0141 0.0168 0.68 

 

The 7Li RQC value after a swelling time of six days is 45 Hz and is approximately 20 % larger than 

that of complexes 1-3 and 5 (Figure 135 in the appendix). Due to the asymmetry of the ligand and 

additional substituents compared to compounds 1-5, 12 experimental 1H,13C RDCs could be 

measured for the determination of the A tensor which are more than twice as many than for the 

other complexes. This time, the value for the ligand backbone (C5ðH) is positive while the largest 

negative RDC belongs to C13ðH, the para CðH group of the Dipp substituent (Ĭ34 Hz). The 

resulting A tensor (Figure 42) has now a positive A zz 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.   
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Figure 42. Graphical representation of the alignment tensor for compound 6. Color coding is analogous to Figure 

19. The principal values are Axx = Ĭ1.824ā10Ĭ4, Ayy = Ĭ3.549ā10Ĭ4 and Azz = 5.373ā10Ĭ4 (ǥ = 0.26, Q-factor = 0.116). 

Calculation of 7Li RQCs according to Equation (6) for the three differently solvated structure 

models of compound 6 leads to similar results as for compounds 1-3 and 5: RQCs for the n = 0 

and n = 1 models are significantly larger than the experimental value of 45 Hz with the value for 

the cpcm structure being visibly smaller than in the gas phase (Figure 43). For n = 2, the results 

for 6ā(THF)2, gp and 6ā(THF)2, cpcm are both very similar (46.35 Hz and 41.14 Hz, respectively) 

and closest to the experiment. This indicates that, although there is only one additional diethyl 

ether molecule coordinating the lithium atom in the crystal structure, it is present as the disolvated 

species 6ā(THF)2 in THF solution. 
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Figure 43. Calculated 7Li RQC values for compound 6 using geometry-optimized models of 6ā(THF)n 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 of 45 Hz (red line). 

The findings by the analysis of the 7Li RQC can be further supported by a molecular weight analysis 

of compound 6 in THF solution using External Calibration Curve (ECC) DOSY.[114,116] For this 

purpose, 1H and 7Li DOSY spectra using 2,2,3,3-tetramethylbutane (TMB) as an internal calibrant 

were recorded (Figure 44) and the molecular weight was determined using the shape model of 

dissipated spheres and ellipsoids (DSE) which describes the structure of compound 6 best. The 

first thing observed in the DOSY spectra is that both the 1H signals belonging to the ligand and 

the 7Li signal show the same diffusion coefficient of 7.742ā10Ĭ10 m2/s, indicating that the lithium 

atom is tightly attached to the ligand. In addition, the signal belonging to the CH2 groups of diethyl 

ether (the respective methyl group signal is overlapped with the two methyl group resonances 

belonging to the Dipp group of the ligand and therefore not included in the analysis) has a 

significantly larger diffusion coefficient than compound 6 (2.426ā10Ĭ9 m2/s), thus showing no 

interaction with the lithium. 
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Figure 44. 400.3 MHz 1H DOSY spectrum (left) and 155.6 MHz 7Li DOSY spectrum (right) of compound 6 in THF-

d8. The respective groups of signals with the same diffusion coefficient are labelled with the respective substance. 

The molecular weight MWDSE for compound 6 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 state (n = 0-2) calculated from the respective sum 

formula (MWcalc). The percentage deviation between the two values is marked by MWdiff. As shown 

in Table 9, the MWcalc values for n = 0 and 1 are by more than 10 % smaller than the experimentally 

derived MWDSE whereas it differs only 4 % from the disolvated structure 6ā(THF)2 which is in 

agreement with the results from the 7Li RQC analysis presented above.  

Table 9. Calculated molecular weight MWcalc compared to the experimentally determined value MWDSE according to 

the DSE shape model and their deviation MWdiff for the three possible solvation states of compound 6 in THF 

solution. 

Structure Model MWcalc [g/mol]  MWDSE [g/mol]  MWdiff [%]  

6ā(THF)0 366 491 Ĭ25 

6ā(THF)1 439 491 Ĭ11 

6ā(THF)2 511 491 4 
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3.2. Carboranes 

 

Figure 45. Basic structures of ortho-carborane (7), meta-carborane (8) and decaborane (9) with the positions numbered 

for discussion. Black circles represent carbon atoms, while boron atoms are shown in white. Each carbon and boron 

atom is bound to a terminal hydrogen atom if not indicated otherwise. 

3.2.1. Unsubstituted Boranes and Carboranes  

Boron-bound protons are only rarely resolved in 1H NMR spectra due to i) broadening as a 

consequence of boron quadrupolar relaxation and ii) overlapping of several 1:1:1:1 quartets 

resulting from the J-coupling of the proton to the spin 3/2 11B nucleus (Figure 137 in the appendix 

for compound 7).  

The 11B{ 1H}  spectrum of compound 7 (ortho-carborane) shows four relatively sharp (LW = 50 ð 

80 Hz) boron signals over a narrow chemical shift range (~ 13 ppm) with an intensity ratio of 

2:2:4:2 which is consistent with the C2v symmetry of the compound (Figure 46). Without 1H 

decoupling, each signal splits up into a doublet (1JB-H = 150 ð 180 Hz) with the coupling constant 

becoming larger with increasing 11B chemical shielding. As there is only one set of four equivalent 

boron atoms (B2, B3, B5 and B6, for numbering of the boron positions see Figure 45), the largest 

signal can immediately be assigned to these positions in the cluster. In total, six assignment 

possibilities remain for the other three independent boron positions and the respective signals in 

the spectrum. 
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Figure 46. 192.6 MHz 11B{1H} NMR spectrum of compound 7 in THF-d8. 

Despite the spherical structure of compound 7, after 10 days of swelling (using a PS stick with 

3.8 mm diameter and 0.4 vol% of DVB), all four boron signals show a quadrupolar splitting 

between 285 and 642 Hz (Figure 47). In addition to that, RDC values (1H,11B and 1H,13C) between 

Ĭ42 and 20 Hz could be measured which can be used for signal assignment and determination of 

A similar to the lithium compounds in chapter 3.1. Still, with four independent 11B RQC values at 

hand, an assignment of all signals should be possible only with RQCs. Here, RQCs have the 

advantage that the values are of a significantly larger range than those of RDCs which makes it 

much more unlikely that two values are close or identical, thus making signal assignment less 

ambiguous.  
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Figure 47. 192.6 MHz 11B{1H} NMR spectrum of compound 7 in PS (3.8 mm/0.4 vol%)/THF -d8 after 10 days of 

swelling. The four quadrupolar triplets are marked in different colors. Absolute values are RQCgreen = 540 Hz, RQCred 

= 285 Hz, RQCyellow = 440 Hz and RQCblue = 642 Hz, 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 for MSpin. Now, 11B signals that can already 

be assigned beforehand, like B2, B3, B5 and B6 of compound 7 to the largest signal at approx. Ĭ13 

ppm marked in yellow in Figure 47, stay fixed while all other possible assignments are left free 

floating. Each of the six assignment possibilities of compound 7 gives a set of back-calculated RQC 

values and, resulting from that, a Q-factor and an A tensor with the correct assignment giving the 

lowest Q-factor and the correct A.  
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Figure 48. General strategy used for 11B signal assignment in (car)borane clusters using 11B RQCs with MSpin. 

However, one problem remains. Similar to RDCs, RQCs can be both positive or negative, 

depending on the orientation of the EFG tensor at each boron atom relative to the external 

magnetic field. From simple 1D 11B 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 of 11B RQCs is via comparison to the respective 1H,11B RDC for 

boron atoms with a (nearly) axially symmetric EFG tensor (like B7-B10 of compound 7), which are 

usually of the same sign, similar to the analysis of 2H RQCs.[12,167] Two additional ways were 

established in this work: the first method expands the signal assignment strategy shown in Figure 

48 by 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 possibilities for 

the four RQCs of compound 7. An example is shown in Figure 49. 
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Figure 49. The Q-factor plotted against the eight possible combinations of relative signs of the experimental RQC 

values for the correct signal assignment of compound 7 (assignment possibility f) in Figure 56, color coding as in 

Figure 47, green ɸ B8/B 10, red ɸ B7/B 9, yellow ɸ B2/B 3/B 5/B 6 and blue ɸ B1/B 4). 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 the 

same sign, respectively, d) green + yellow and red + blue have the same sign, respectively, e) red + yellow + blue have 

the same sign, f) green + 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 absolute 

signs in the MSpin analysis (green + blue negative and yellow + red positive vs. green + blue 

positive and yellow + red negative) has no influence on the Q-factor itself but results in sign 

inverted A tensors while the principal axes and absolute tensor components are identical (see 

Figure 50A and B). In this case, a comparison to the A tensor determined from RDCs is necessary 

as unlike for RQCs, the sign of RDCs can unambiguously be obtained from experimental data 

(Figure 50C).    
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Figure 50. Alignment tensors for compound 7 determined from: 11B RQCs only using negative values for green + 

blue and positive values for yellow + red (A), 11B RQCs only using positive values for green + blue and negative values 

for yellow + red (B) and 1H,11B/ 1H,13C RDCs only (C). 

The second method is an experimental approach via a conventional 1H,11B HMQC experiment 

with a reduced 11B flip angle. The energy contribution of the J-coupling JAX between two nuclei A 

and X to a nuclear spin state mI can be expressed by: 

ЎὉ Ὤὐ ά ά  (16) 

Depending on the sign of JAX and mI, 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 = 11B, see Figure 51). Thus, if the sign of JAX is known, so are the spin states 

mX of the resulting multiplet in the spectrum of A. A similar assumption can be made for the 11B 

RQC where the sign of the RQC determines which satellite transition appears at larger or lower 

frequencies (Figure 52). In a regular 1H,11B HMQC experiment, a 90° pulse is applied to the 11B 

channel to achieve maximum signal which however leads to complete mixing of all 11B spin states 

and thus a (more or less) equal intensity distribution of all peaks of the signal. When the 11B pulse 

is now reduced to 30° - 45°, a part of the spin state information of the 11B nuclei is preserved. As 

the 11B spin states in the 1H multiplet and the transitions visible in the 11B quadrupolar triplet are 

connected, the HMQC correlation is strongest between the 11B spin states and their respective 

transitions. This leads to a tilted HMQC signal, similar to as it can be observed when a coupling to 

a third, passive nucleus is involved,[168] with a positive slope when 1JB-H (1TB-H in anisotropic solution) 

and the 11B RQC have the same sign (like in the example shown in Figure 53) and a negative slope 

when they are of opposite sign, respectively. Therefore, if the sign of 1JB-H (1TB-H) is known, the sign 

of the 11B RQC can be extracted from the tilt of the HMQC signal. 1JB-H can be calculated with 

DFT methods (see Table 41-Table 49 in the appendix for compounds 7-15) and is usually 

positive.[169]  



Results and Discussion 

 69 |  

 

Figure 51. Energy diagram showing the effect of the J-coupling to 11B on the spin states and transitions of a 1H nucleus 

for J > 0 (A). The four resulting transitions are marked in different colors. Resulting 1H NMR spectrum with each line 

of the multiplet representing a defined 11B spin state (B). 

 

Figure 52. Energy diagram showing the effect of the first-order quadrupolar interaction on the 11B spin states and 

transitions for ǫ0 > 0 (A). The three resulting transitions are marked in different colors. Resulting 11B NMR spectrum 

under weakly aligned conditions with the lines of the quadrupolar triplet assigned to the respective transitions (B). 
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Figure 53. Excerpt of an 1H,11B HMQC spectrum of compound 8 in PS/THF-d8 after 15 days of swelling and a 11B 

flip angle of 45°. The 11B spin states in the 1H quartet as well as the corresponding 11B transitions are labelled and the 

slope resulting from the signal tilt is indicated. The positive slope of the tilt suggests a positive RQC in this case. 

If now the sign of 1TB-H is known (which is the same sign as 1JB-H in all cases under the chosen 

alignment conditions and positive), the sign of the 11B RQC can easily be derived from the slope 

of the tilt. Figure 54 shows the 1H,11B HMQC spectrum of compound 7. As all values for 1JB-H 

were calculated to be positive, this leads to the RQCs of the signals marked in green and blue being 

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

 

Figure 54. 600.3 MHz 1H,11B HMQC spectrum of compound 7 in PS (3.8 mm/0.4 vol%)/THF -d8 after 10 days of 

swelling with a 11B flip angle of 45°. The 11B transitions of the different signals are marked in the respective colors 

analogous to Figure 47. The tilts of the HMQC signals are shown in the respective colors, resulting in RQCgreen and 

RQCblue being negative and RQCred and RQCyellow being positive, respectively. The 1D 1H trace is taken from the 

isotropic spectrum. 
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The EFG tensors of all boron atoms are roughly aligned along the BðH bond with their largest 

component (V zz < 0 in all cases). For the carbon-bound boron atoms B1-B6, the EFG is generally 

larger with their positive components of rhombic shape and elongated towards the carbon atoms 

with B2/B 3/B 5/B 6 showing the largest rhombicity (Figure 55A, ǥ = 0.53 vs. 0.31 for B1/B 4, for 

the values, see Table 10). V zz of B1/B 4 is approx. 32 % larger and that of B2/B 3/B 5/B 6 about 17 % 

larger than that of B7/B 9 and B8/B 10. The four non-carbon-bound boron atoms, on the other hand, 

show almost axially symmetric EFG tensors (see Figure 55B, ǥ = 0.1 for both B7/B 9 and B8/B 10). 

Still, the smallest V zz value of Ĭ0.15 a.u. for the non-carbon-bound boron atoms of compound 7 

is three times larger than V zz at the lithium nucleus of the twofold coordinated lithium complexes 

in chapter 3.1 (V zz å Ĭ0.05 a.u.) which can be explained by the partly filled p-shell of the boron 

atoms that leads to a more asymmetric charge distribution of the electrons close to the nucleus.[170] 

 

Figure 55. Graphical representation of the EFG tensors for carbon-bound boron atoms (A) and non-carbon-bound 

boron atoms (B) of compound 7. Sign convention and color coding is analogous to Figure 16. All tensors are shown 

at the same scaling factor. 

Table 10. EFG tensors (eigenvalues) at the boron nuclei calculated for compound 7 (B3LYP/Def2TZVP) in the gas 

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

B Atom Vxx (a.u.) Vyy (a.u.) Vzz (a.u.) ǥ 

B1/B 4 0.0758 0.1443 Ĭ0.2202 0.31 

B2/B 3/B 5/B 6 0.0435 0.1404 Ĭ0.1839 0.53 

B7/B 9 0.0673 0.0815 Ĭ0.1488 0.10 

B8/B 10 0.0674 0.0828 Ĭ0.1502 0.10 
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Now, with all 11B RQC values and their respective signs at hand, they can be used analogous to 

RDCs for signal assignment in MSpin. The results for all six possibilities show that five of the 

obtained Q-factors are significantly larger than the sixth which very likely belongs to the correct 

signal assignment (see dark blue bars in Figure 56). Assignment possibility f) with a Q-factor of 

0.032 belongs to the assignment of the signal marked in green to B8/B 10, the one marked in red to 

B7/B 9 and the one marked in blue to B1/B 4, respectively. The second lowest Q-factor (0.158, 

possibility a)) is roughly five times larger than that of possibility f) which corresponds to the 

assignment of the green and blue signals swapped. All other permutations lead to Q-factors that 

are approximately ten times as large as that of f) or even larger, leading to the conclusion that f) is 

very likely the correct assignment, which is also in agreement with literature[138,144ð147] and the 

11B{ 1H}  COSY (Figure 142). 

Using RDCs (1H,11B and 1H,13C) for signal assignment in the same way (assignment fixed for the 

yellow signal and the CðH group while all other assignments are left free floating) gives similar 

results as for the 11B RQCs above with the Q-factor adopting the lowest value for the same 

assignment possibility with a Q-factor of 0.036 (dark green bars in Figure 56). Although the 

assignment is even more unambiguous for RDCs (with the second lowest Q-factor being 0.392) 

than by RQCs, in both cases the correct assignment could be determined without doubt. 

 

Figure 56. The Q-factor plotted against the six signal assignment possibilities a)-f) for compound 7 using 11B RQCs 

only (dark blue bars) and 1H,11B and 1H,13C RDCs only, respectively (dark green bars). The assignment of the largest 

signal marked in yellow in Figure 47 is fixed to B2/B 3/B 5/B 6 in all cases, as well as the 1H,13C RDC for the RDC 

analysis. 
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Compound 7 prefers alignment with the z-axis (= largest component of the A tensor, A zz > 0 in 

this case) orthogonal to the CðC bond which is in agreement with the large negative RDC values 

for the CðH groups (Ĭ42 Hz) and the nearly parallel BðH groups B8ðH and B10ðH (Ĭ34 Hz). The 

size and shape of A determined from RQCs only (Figure 57A) is very similar to that determined 

from RDCs only (Figure 57B) with a deviation of Azz,RQC and A zz,RDC of about 8.8 %. In total, ARDC 

is somewhat more rhombic and a little bit smaller than ARQC (ǥ = 0.69 for ARDC vs. ǥ = 0.42 for 

ARQC, respectively), but the directions of the principal axes are identical (with the x-axis parallel to 

the CðC bond). 

The final signal assignment of all four boron signals of compound 7 with their respective 

experimental chemical shifts, 1H,11B RDC and 11B RQC values are shown in Table 11. 

 

 

Figure 57. Graphical representation of the alignment tensor (assignment possibility f) in Figure 56) for compound 7 

determined from 11B RQCs only (A) and 1H,11B/ 1H,13C RDCs only (B) in comparison. Both tensors are given at the 

same scaling factor. The principal values are Axx = Ĭ2.358ā10Ĭ4, Ayy = Ĭ5.746ā10Ĭ4 and Azz = 8.104ā10Ĭ4  (ǥ = 0.42, 

Q-factor = 0.032) for A and Axx = Ĭ1.134ā10Ĭ4, Ayy = Ĭ6.257ā10Ĭ4 and A zz = 7.391ā10Ĭ4 (ǥ = 0.69, Q-factor = 0.036) 

for B, respectively. 
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Table 11. Assignment of boron atoms of compound 7 to the respective 11B signals in the 11B NMR spectrum, their 

experimental 1H,11B RDC and 11B RQC values.  

Boron atom Chemical shift 1JB-H
 1H, 11B RDC 11B RQC 

B1/B 4 Ĭ14.5 ppm 178 Hz 3 Hz Ĭ642 Hz 

B2/B 3/B 5/B 6 Ĭ13.6 ppm 163 Hz 16 Hz 440 Hz 

B7/B 9 Ĭ9.5 ppm 149 Hz 19 Hz 285 Hz 

B8/B 10 Ĭ2.9 ppm 148 Hz Ĭ34 Hz Ĭ540 Hz 

  

The same strategy shown in Figure 48 was applied to compound 8 (meta-carborane) which is a 

structural isomer of compound 7 with the same symmetry. As a consequence, the 11B{1H} 

spectrum in THF-d8 looks very similar to that of compound 7 with four signals (see Figure 148 in 

the appendix). For the alignment of compound 8, the same conditions were chosen as for 

compound 7, giving the spectrum shown in Figure 153 in the appendix after a swelling time of 15 

days. Here, it is striking that only three of the four boron signals show a quadrupolar splitting 

between 125 and 533 Hz whereas the fourth, largest signal belonging to the four equivalent boron 

atoms B2/B 3/B 5/B 6 still appears as a singlet. This indicates that a possible RQC might be very small 

compared to the linewidth of the signal (LW å 70 Hz) and no experimental value can be obtained 

for these groups this way. In the 1H,11B HMQC with a 11B flip angle of 45°, however, there is still 

a very small tilt visible which does not only give the sign of the 11B RQC relative to 1TB-H (which is, 

like 1JB-H, positive for all BðH groups in compound 8, see Table 42 in the appendix) but also allows 

to estimate the size of the small RQC to be Ĭ25 Hz by measuring the distance between the two 

outermost signals and dividing it by two (Figure 58). 
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Figure 58. 600.3/192.6 MHz 1H,11B HMQC spectrum of compound 8 in PS (3.8 mm/0.4 vol%)/THF -d8 after 15 

days of swelling with a 11B flip angle of 45°. The 11B transitions of the signals are marked in different colors analogous 

to Figure 153. The tilts of the HMQC signals are shown in the respective colors, resulting in RQCgreen and RQCyellow 

being negative and RQCred and RQCblue being positive, respectively. Due to the tilt of the largest signal marked in 

yellow, the corresponding 11B RQC can be estimated to be approx. Ĭ25 Hz. The 1D 1H trace was taken from the 

isotropic 1H spectrum. 

Analogous to compound 7, six different permutations for signal assignment of the blue, green and 

red signal using 11B RQCs in MSpin are available for compound 8 (the assignment of the yellow 

signal is fixed and its estimated 11B RQC from the 1H,11B HMQC is also included in the analysis). 

This gives again six different Q-factors of which 0.033 is the lowest belonging to the assignment 

of the green signal in Figure 153 in the appendix to B7/B 9 (for numbering, see Figure 45), the red 

signal to B8/B 10 and the blue signal to B1/B 4 (assignment possibility d) in Figure 59). Here, the 

second lowest Q-factor (0.290) is almost ten times larger than the lowest, belonging to an 

assignment where the red and blue signals are swapped. In case of compound 8, the same analysis 

using 1H,11B and 1H,13C RDCs also gives the lowest Q-factor for possibility d), however, the next 

largest value is only about 1.5 times larger and does not give a clear result compared to 11B RQCs. 

The reason for this is the similar size of the 1H,11B RDCs of the blue and red signal belonging to 

B1/B 4 and B8/B 10, respectively, while the corresponding 11B RQC values are farer apart 

(RDCblue/RDC red = 0.75 while RQCblue/RQCred = 2.2). As B1 (B4) is directly opposite to B10 (B8), 

this leads to the respective BðH bonds B1ðH (B4ðH) and B10ðH (B8ðH) being nearly parallel and, 

as a result, they show very similar 1H,11B RDCs. The EFG tensors (Figure 271 in the appendix), 

on the other hand, differ visibly: that of B1/B 4 (V zz = Ĭ0.18 a.u., ǥ = 0.51), which is bound by two 
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carbon atoms, is slightly larger and significantly more rhombic than the EFG of B8/B 10 (V zz = 

Ĭ0.15 a.u., ǥ = 0.10), the only boron atoms of 8 that are not bound to the carbon atoms. Just like 

for compound 7, the resulting 11B signal assignment for compound 8 is in agreement with the 11B 

COSY (Figure 151 in the appendix) and literature.[144ð147] 

 

Figure 59. The Q-factor plotted against the six signal assignment possibilities a)-f) for compound 8 using 11B RQCs 

only (dark blue bars) and 1H,11B and 1H,13C RDCs only, respectively (dark green bars). The assignment of the largest 

signal marked in yellow in Figure 153 is fixed to B2/B 3/B 5/B 6 in all cases, as well as the 1H,13C RDC for the RDC 

analysis. 

The alignment of compound 8 in the PS stick with the same composition and comparable swelling 

times is a little bit weaker than that of compound 7. A zz of compound 8 is approx. 46 % smaller 

than A zz of compound 7 if A is determined from 11B RQCs only and roughly 33 % smaller if A is 

determined from 1H,11B and 1H,13C RDCs only, respectively. In case of compound 8, A is highly 

rhombic with ǥ å 1 and the (absolute) tensor components are very similar for ARQC and ARDC (the 

A zz values differ only about 0.25 %). What is striking here is that the principal tensor components 

of ARQC and ARDC are of opposite sign, leading to a PAS in which the z- and y-axes are swapped. 

However, this only affects the definition of the tensor axes (according to the convention 

| A zz|>| A yy|>| A xx|) and not the preferred orientations of the molecule in the sample (see Figure 

260 in the appendix). The sign change of A xx, which as a result also affects the signs of A yy and A zz 

due to the definition of A as a traceless matrix, does not affect the overall appearance of A as the 

lobe corresponding to A xx is barely visible because of the tiny principal value. 
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Due to the very similar 11B spectra of compound 7 and 8, the question arises whether 11B RQCs 

could also be used for the differentiation of the two isomers by cross-fitting of experimental 11B 

RQCs of compound 7 to the structure of compound 8 and vice versa. As described above, the 

assignment of the yellow signal as well as the CðH groups (for RDCs) stay fixed while the other 

assignments are left free floating with six possible combinations each. The results are plotted in 

Figure 60. 

When using the experimental values (11B RQCs, dark blue bars or 1H,11B and 1H,13C RDCs, dark 

green bars) of compound 7 on the structure of compound 8, generally large Q-factors are obtained 

for each possible combination with the lowest being 0.202 for the use of RDCs on assignment 

possibility d) (Figure 60B). However, when the 11B RQCs of compound 7 are fitted to the structure 

of compound 8, assignment possibility c) gives a relatively low Q-factor of 0.051 (Figure 60A). 

Still, it is clear that this assignment cannot be correct as i) the corresponding use of RDCs gives an 

extremely high Q-factor of 0.849 and ii) all combinations shown in Figure 60B do not give the 

unambiguous results as obtained when the correct structure is associated with the correct 

experimental values (compare to Figure 56 and Figure 59). 
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Figure 60. The Q-factor plotted against the six signal assignment possibilities a)-f) for using experimental 11B RQCs 

(dark blue bars) and 1H,11B and 1H,13C RDCs, respectively (dark green bars), of compound 8 on a structure model of 

compound 7 (A), and of compound 7 on a structure model of compound 8 (B) The assignment of the largest signal 

marked in yellow in Figure 47 and Figure 153 is fixed to B2/B 3/B 5/B 6 in all cases, as well as the 1H,13C RDC for the 

RDC analysis. 
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Compound 9 (decaborane) is an air-sensitive nido-borane which formally derives from compound 

7 by removing the CðH groups to create an open, bowl-shaped structure with C2v symmetry. In 

addition, compound 9 possesses four bridging hydrogen atoms connecting B1 (B4) with B2 (B3) and 

B6 (B5) that would be connected to at least one carbon atom in compound 7. Unlike for compounds 

7 and 8, there are two well separated proton signals in the 1H NMR spectrum: one unusually sharp 

1:1:1:1 quartet at 0.58 ppm (LW å 25 Hz for each line) belonging to one of the terminal BðH 

groups with 10B satellites visible and a second, very broad signal at Ĭ1.72 ppm that originates from 

the bridging hydrogen atoms (Figure 61). The latter shows a LW of å 150 Hz which is probably 

the result of several overlapping resonances: 1JB-H is calculated to be slightly different for B1/B 4ð

Hbridge and B2/B 3/B 5/B 6ðHbridge (41 Hz vs. 43 Hz, respectively, see Table 43 in the appendix), which 

would result in a quartet of quartets. In addition, there is a calculated 2JH-H coupling between the 

bridging and the terminal hydrogen atoms that might also contribute to a further overlap of lines 

(Ĭ7.6 Hz for HbridgeðB
1/B 4ðH and Ĭ6.7 Hz for HbridgeðB

2/B 3/B 5/B 6ðH).   

 

Figure 61. 600.3 MHz 1H NMR spectrum of compound 9 in THF-d8. The residual solvent signals are marked with #. 

The signal marked with * is an impurity. 

In the 11B{1H} NMR spectrum, compound 9 shows four signals like compounds 7 and 8 but within 

a much larger chemical shift range of roughly 50 ppm (compared to a range of 10-15 ppm for 
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compounds 7 and 8) which is known for nido-boranes.[171] Especially one signal at Ĭ35.8 ppm is 

very much separated from the other three signals while two other lines at 10.6 and 11.5 ppm are 

almost overlapping (Figure 62).  

 

Figure 62. 192.6 MHz 11B{1H} NMR spectrum of compound 9 in THF-d8. 

The EFG tensors at the boron atoms of compound 9 are large for B1-B6 (Figure 63A) and very 

small for B7-B10 (Figure 63B) in comparison to each other (Table 12). While B1 and B4 show the 

largest BðH EFG of all compounds discussed in this work (Ĭ0.2425 a.u.), that of B7 and B9 is the 

smallest (Ĭ0.1260 a.u., V zz of B1/B 4 is twice as large as V zz of B7/B 9). Only the EFG of B1/B 4 

shows approximate axial symmetry with ǥ = 0.1, the other tensors are rhombic (ǥ = 0.31-0.50) 

with the positive tensor components elongated towards the opening of the bowl-shaped nido 

structure. 



Results and Discussion 

 81 |  

 

Figure 63. Graphical representation of the EFG tensors for boron atoms B1-B6 (A) and boron atoms B7-B10 (B) of 

compound 9. Sign convention and color coding is analogous to Figure 16. All tensors are shown at the same scaling 

factor. 

Table 12. EFG tensors (eigenvalues) at the boron nuclei calculated for compound 9 (B3LYP/Def2TZVP) in the gas 

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

B Atom Vxx (a.u.) Vyy (a.u.) Vzz (a.u.) ǥ 

B1/B 4 0.1089 0.1336 Ĭ0.2425 0.10 

B2/B 3/B 5/B 6 0.0532 0.1617 Ĭ0.2150 0.50 

B7/B 9 0.0436 0.0824 Ĭ0.1260 0.31 

B8/B 10 0.0492 0.1039 Ĭ0.1531 0.36 

 

Alignment of a sample of compound 9 leads to a quadrupolar splitting of all four boron signals 

with absolute 11B RQCs between 122 and 532 Hz (Figure 64). The triplets belonging to the two 

most downfield-shifted signals at 11.76 and 10.69 ppm are overlapping in a way that only one of 

the satellite transition signals each is visible while the other lies beneath the central transition peak 

of the respective other signal. However, using lineshape fitting tools, both triplets in this region 

can be visualized (see Figure 159 in the appendix). The 1H,11B HMQC with a reduced 11B flip angle 

(Figure 161 in the appendix) shows that only the 11B RQC of the largest signal marked in yellow is 

positive while all other 11B RQCs are negative. 
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Figure 64. 192.6 MHz 11B{1H} NMR spectrum of compound 9 in PS (3.8 mm/0.4 vol%)/THF -d8 after 11 days of 

swelling. The four quadrupolar triplets are marked in different colors. Absolute values are RQCgreen = 155 Hz, RQCred 

= 258 Hz, RQCyellow = 532 Hz and RQCblue = 122 Hz, respectively. 

Due to the very similar size of RQCgreen and RQCblue, the boron signals cannot unambiguously be 

assigned using RQCs only in the MSpin analysis. The lowest Q-factor of 0.039 is given by an 

assignment of the green signal to B8/B 10 and the blue signal to B7/ B9 (assignment possibility e) in 

Figure 65, the yellow signal is fixed to B2/B 3/B 5/B 6 and permutations where the red signal is 

assigned to other boron atoms than B1/B 4 give Q-factors larger than 0.15) while swapping the two 

assignments gives a Q-factor of 0.057 which is barely 1.5 times as large (assignment possibility c)). 

These ambiguities can be cleared by comparison to the results of the MSpin analysis using 1H,11B 

RDCs and/or the 11B{ 1H}  COSY which clearly show that the green signal belongs to B8/B 10 and 

the blue signal to B7/B 9, respectively, thus showing that assignment possibility e) is the correct one, 

which is also in agreement with literature.[147,172] As it can be derived from the respective correlation 

in the 1H,11B HMQC spectrum (Figure 157), the sharp, well separated 1H signal at 0.58 ppm 

belongs to B7ðH and B9ðH whose small linewidth might be a result of the exceptionally small EFG 

at these boron atoms. 
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Figure 65. The Q-factor plotted against the six signal assignment possibilities a)-f) for compound 9 using 11B RQCs 

only (dark blue bars) and 1H,11B and 1H,13C RDCs only, respectively (dark green bars). The assignment of the largest 

signal marked in yellow in Figure 64 is fixed to B2/B 3/B 5/B 6 in all cases. 

The directions of preferred and less preferred orientations in the PS stick for compound 9 are the 

same as for compound 7 with the preferred alignment along the z-axis (A zz > 0) orthogonal to the 

opening of the bowl-shaped molecule (where the CðC bond would be for compound 7, see Figure 

261 in the appendix). The tensor components, however, are somewhat smaller than those of 

compound 7: A zz of ARQC is ~34 % smaller for compound 9 compared to that of compound 7 

while A zz of ARDC is only ~8 % smaller, respectively. The large gap might originate from the fact 

that for compound 7, A zz of ARQC is larger than that of ARDC which is the other way round for A zz 

of ARQC and ARDC of compound 9. In addition to that, the alignment tensor of compound 9 is much 

less rhombic than that of compound 7 (ǥ = 0.16 for ARQC and ǥ = 0.20 for ARDC). 

 

3.2.2. Carboranes Functionalized 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 more 

complicated boron NMR spectra with more than four signals. Together with increased signal 

overlap, this makes 11B resonance assignment even more challenging.   

Compound 10 can be easily synthesized as described in the experimental part by treating compound 

7 with dry AlCl3 in CHCl3 under reflux (Scheme 8). This way, exclusively the boron positions B8 
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and B10 giving the most downfield shifted signal in the 11B{1H} NMR spectrum of compound 7 

(Figure 46) react via electrophilic halogenation. 

 

Scheme 8. Synthesis of compound 10. 

Colorless, block shaped crystals suitable for SC-XRD experiments were obtained from a saturated 

chloroform solution at room temperature. Compound 10 crystallizes in the space group Pna21 with 

one molecule in the asymmetric unit (Figure 66) and remarkably does not show any disorder as it 

is known for the unsubstituted carboranes.[173] 

 

Figure 66. Asymmetric unit of compound 10. The anisotropic displacement parameters are depicted at the 50 % 

probability level. Hydrogen atoms are omitted for clarity. 

As a result, the product compound 10 also possesses C2v symmetry and shows four different boron 

signals in the 11B spectrum. Still, 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 assigned at once to their corresponding 

boron positions in the cluster: in addition to the only 11B signal containing four equivalent boron 

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

hydrogen-bound species due to the absence of a 1JB-H coupling in the 11B spectrum which is also 

shows a significant downfield shift of roughly 9 ppm compared to B8/B 10 of compound 7 (Figure 

67).     



Results and Discussion 

 85 |  

 

Figure 67. 128.4 MHz 11B NMR spectrum of compound 10 in CDCl3. The small additional signals between 2 and 

Ĭ23 ppm probably arise from traces of monochlorinated ortho-carborane. 

In the 13C NMR spectrum of compound 10, a visible upfield shift of more than 10 ppm of the 

carbon signal with respect to that of compound 7 is observed (Figure 164 in the appendix) which 

is a result of the antipodal effect well known in borane clusters.[171,174] Upon substitution of BðH 

with BðX (X = halogen or other electron donating groups such as ðOR or ðSR), a shielding of the 

nucleus or nuclei antipodal (= directly opposite) to the functionalized boron atom(s) is observed.  

The carbon-bound boron atoms B1-B6 and B7/B 9 for compound 10 do not show any significant 

change in size and shape of the EFG tensors compared to the corresponding boron atoms in 

compound 7 while the substitution of hydrogen with chlorine has a large effect on the EFG tensor 

at the respective boron atoms B8 and B10 (Figure 68 and Table 13, note that the EFG tensor of 

B8/B 10 has a scaling factor five times larger than the other boron atoms). |V zz| of chlorinated 

boron atoms is up to 8 times smaller than that of protonated ones. In addition to that, it is of 

inverted sign and the whole tensor shows larger rhombicity (ǥ = 0.41 for B8/B 10ðCl in compound 

10 vs. ǥ = 0.10 for B8/B 10ðH in compound 7). 
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Figure 68. Graphical representation of the EFG tensors for boron atoms B1-B6 (A) and boron atoms B7-B10 (B) of 

compound 10. Sign convention and color coding is analog to Figure 16. All tensors of hydrogen-bound boron atoms 

are shown at the same scaling factor. The EFG tensors of the chlorine-bound boron 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 compound 10 (B3LYP/Def2TZVP) in the gas 

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

B Atom Vxx (a.u.) Vyy (a.u.) Vzz (a.u.) ǥ 

B1/B 4 0.0767 0.1442 Ĭ0.2209 0.31 

B2/B 3/B 5/B 6 0.0441 0.1386 Ĭ0.1827 0.53 

B7/B 9 0.0711 0.0811 Ĭ0.1522 0.07 

B8/B 10 Ĭ0.0086 Ĭ0.0207 0.0294 0.41 

 

Alignment of compound 10 in anisotropic solution is very strong compared to the other 

(car)boranes discussed yet which is visible through 1H,11B RDCs up to 43 Hz, a 1H,13C RDC of 

Ĭ72 Hz and 11B RQCs up to almost 1500 Hz although a PS stick with 0.3 vol% instead of 0.4 vol% 

DVB was used for the measurements. All four boron signals show a quadrupolar splitting between 

178 and 1468 Hz, even that of B8/B 10ðCl despite the very small EFG at the respective boron atoms 

(Figure 69).  
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Figure 69. 192.6 MHz 11B{1H} NMR spectrum of compound 10 in PS (3.8 mm/0.3 vol%)/CDCl3 after 19 days of 

swelling. The four quadrupolar triplets are marked in different colors. Absolute values are RQCgreen = 311 Hz, RQCred 

= 178 Hz, RQCyellow = 1211 Hz and RQCblue = 1468 Hz, respectively. 

As B8/B 10 and B2/B 3/B 5/B 6 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 only 

challenge that remains is that the absolute sign of the 11B RQC of B8/B 10 cannot be determined via 

a 1H,11B HMQC as there is no one-bond J-coupling to a proton. The signs of RQCred and RQCyellow 

could be extracted from the corresponding tilts in the 1H,11B HMQC spectra (both positive) while 

the signals of the satellite transitions marked in blue are too weak to give any information about 

the sign. As a consequence, the signs of RQCgreen and RQCblue are left free floating together with 

the assignment of the signals marked in red and blue which creates four sign combinations for each 

of the two assignment possibilities (eight Q-factors in total). Here, all options where RQCblue is 

positive gives Q-factors larger than 0.75. The lowest Q-factor of 0.033 is given by a possibility with 

the red and blue signals assigned to B7/B 9 and B1/B 4, respectively, with RQCgreen > 0 and RQCblue 

< 0. The same assignment result is obtained when 1H,11B and 1H,13C RDCs are used for the analysis 

(Q-factor of 0.038) which is also consistent with literature.[175,176] 

As already indicated by the large RDC and RQC values, the alignment tensor for compound 10 is 

approximately 54 % larger for A determined from 11B RQCs and 46 % larger for A determined 
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from 1H,11B and 1H,13C RDCs, respectively, compared to the unsubstituted compound 7. The 

directions of the principal axes are identical with the CðC and the ClāāāCl vector preferentially 

orientating perpendicular to the magnetic field (Figure 262 in the appendix) while alignment 

alongside the other two axes is disfavored. In contrast to compound 7, A of compound 10 is much 

less rhombic with ǥ = 0.05 vs. ǥ = 0.42 for ARQC of compound 7 and compound 10 and ǥ = 0.17 

vs. ǥ = 0.69 for ARDC, respectively.   

Compound 11, the twice chlorinated isomer of compound 8 also showing C2v symmetry, can be 

synthesized analogous to compound 10 using compound 8 as starting material (Scheme 9). 

 

Scheme 9. Synthesis of compound 11. 

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 

compound 11 is P21/ c with two molecules in the asymmetric unit and analogous to compound 10, 

no disorder was observed (Figure 70). 

 

Figure 70. Molecular structure of compound 11 in the crystalline state. The anisotropic displacement parameters are 

depicted at the 50 % probability level. Hydrogen atoms are omitted for clarity. 

Similar to the other C2v-symmetric carboranes, compound 11 gives four well separated signals in 

the 11B NMR spectrum (Figure 174 in the appendix). Like for compound 10, two signals can be 

assigned at once, that at Ĭ14.52 ppm to the four equivalent boron atoms B2/B 3/B 5/B 6 and that at 

0.22 ppm to the chlorinated boron atoms B8/B 10, respectively. This again leaves two 11B resonances 

containing two boron atoms unassigned, although it is very likely that the most upfield shifted 
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signal at Ĭ23.59 ppm belongs B1/B 4 which are the boron positions antipodal to the chlorinated 

boron atoms B8/B 10 (in comparison, the most upfield shifted 11B signal for compound 8 in THF-

d8 is at Ĭ16.75 ppm).  

As for the EFG tensors, the situation is similar to that of compound 10: the tensors at the 

protonated boron atoms do not show any visible changes in comparison to the unsubstituted 

compound 8 while the chlorination of B8/B 10 leads to a significant decrease of V as already 

observed for compound 10 (Figure 272 in the appendix).  

The size of the 11B RQCs compared to those of compound 10 are much smaller (absolute values 

between 98 and 341 Hz for resonances of protonated boron atoms and no visible splitting for the 

signal belonging to the chlorinated boron atoms) which indicates weaker alignment of the meta-

isomer analogous to the unsubstituted compounds 7 and 8. Using the information about the signs 

of the 11B RQCs from the 1H,11B HMQC (Figure 71), assigning B7/B 9 to the signal marked in red 

and B1/B 4 to that in blue in Figure 179 in the appendix gives a Q-factor of 0.045 while a swapped 

assignment gives a somewhat larger value of 0.117. However, the MSpin analysis with 1H,11B and 

1H,13C RDCs is even more ambiguous with Q-factors of 0.023 (B1/B 4 ɸ blue and B7/B 9 ɸ red) 

and 0.035 (B1/B 4 ɸ red and B7/B 9 ɸ blue) which is caused by the very similar values of the 1H,11B 

RDCs from the red and blue signal of Ĭ19 and Ĭ20 Hz, respectively, suggesting parallel alignment 

in the anisotropic solution. Clarification can be obtained by the respective correlations in the 

11B{1H} COSY (Figure 177 in the appendix), showing that the first assignment possibility is indeed 

the correct one, which is also in agreement with literature.[175] Now, the obtained alignment tensor 

in combination with the EFG tensors at the chlorinated boron atoms B8/B 10 can be used to 

calculate a theoretical 11B RQC according to Equation (6). This gives values of Ĭ2 Hz when ARDC 

is used and Ĭ7 Hz when ARQC is used, respectively, which are both very small RQC values that are 

significantly smaller than the linewidth of the corresponding 11B signal (~ 70 Hz). 
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Figure 71. 600.3/192.6 MHz 1H,11B HMQC spectrum of compound 11 in PS (3.8 mm/0.3 vol%)/CDCl3 after 28 

days of swelling with a 11B flip angle of 45°. The tilts of the HMQC signals are shown in the respective colors analogous 

to Figure 179, resulting in RQCblue and RQCred being negative and RQCyellow being positive, respectively. The 1D 1H 

trace is taken from the isotropic spectrum. 

The twice chlorinated compound 11 shows a significant difference in the alignment tensor 

compared to the unsubstituted compound 8 (see Figure 72). In general, A zz of ARQC is roughly 

30 % larger and of ARDC 23 % larger for compound 11 with respect to compound 8. While in both 

cases, the largest principal value is negative and corresponds to the direction of disfavored 

alignment parallel to the B8-B10 bond (which are the chlorinated boron atoms in compound 11), the 

y-axis belonging to the largest positive value, that is oriented parallel to the C···C vector for 

compound 8, is rotated by 90° around the z-axis for compound 11. In addition to that, A of 

compound 11 is much less rhombic (ǥ = 0.32 vs. 0.97 for ARQC and ǥ = 0.48 vs. 0.94 for ARDC for 

compounds 11 and 8, respectively). As a result, the chlorine atoms attached to B8 and B10 have a 

large influence on the alignment behavior of compound 11 even with the preferred direction of 

alignment changing. The influence is even stronger visible for the pair of compounds 7 and 10 

where the alignment observed for compound 7 is not only preserved after chlorination of B8/B 10 

but enhanced by roughly 50 %.  
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Figure 72. Graphical representation of the alignment tensor for compound 8 (A) in comparison to compound 11 (B) 

determined from 11B RQCs. Both tensors are given at the same scaling factor.  

Compound 12, either obtained as a byproduct in the synthesis of compound 11 (Scheme 10a)) or 

by leading a stream of chlorine gas through a solution of compound 8 in chloroform in the presence 

of AlCl3 (Scheme 10b)), poses a greater challenge than its twice chlorinated relatives. As only one 

of the hydrogen atoms of B8/B 10 (set to B8 here) has been substituted by a chlorine atom, the 

molecule does not have a rotation axis anymore and only one mirror plane going through B8, B10, 

B1 and B4 perpendicular to the CāāāC vector remains, resulting in CS symmetry. 

 

Scheme 10. Synthesis of compound 12. 

Crystals of compound 12 were acquired by evaporation of the solvent (n-hexane) under reduced 

pressure. It crystallizes in the space group Pccn with one molecule in the asymmetric unit with a 

disorder at B6 and C11 (occupancy of 0.468(9) like shown in Figure 73, 0.532(9) with B6 and C11 

swapped, for more detail see chapter 6.19.5). 
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Figure 73. Molecular structure of compound 12 in the crystalline state. The anisotropic displacement parameters are 

depicted at the 50 % probability level. Hydrogen atoms and disorders are omitted for clarity. 

As a result of the reduction of symmetry, compound 12 shows seven different resonances in the 

11B spectrum with four signals representing one equivalent boron atom belonging to the those lying 

on the mirror plane and three signals containing two equivalent boron atoms each (Figure 74). 

Now, only one of the seven signals can be assigned at first sight which is the chlorinated B8 to the 

signal at 1.14 ppm as easily identified due to appearing as a singlet while all other signals split up 

into a doublet due to the spin-spin coupling with their bound hydrogen atoms. 

 

Figure 74. 192.6 MHz 11B NMR spectrum of compound 12 in CDCl3. 
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V zz at B8 is roughly 20% larger than at the other chlorinated boron atoms of compounds 10 and 11 

but still smaller than the smallest EFG of a hydrogen-bound boron atom belonging to B10 by a 

factor of 4. In addition, it shows similar rhombicity to B8/B 10 of compound 10 but is less rhombic 

than the EFG at B8/B 10 of compound 11 (ǥ = 0.41 vs. ǥ = 0.61 vs. ǥ = 0.43 for compounds 10, 11 

and 12, respectively). The chlorinated boron atoms of both compounds 10 and 12 have at least one 

neighboring BðH group with an EFG tensor of nearly axial symmetry which influences the shape 

of the BðCl EFG (see Figure 68 and Figure 273 in the appendix) which is not the case for 

compound 11, where all BðH groups are bound to at least one carbon atom, inducing a rhombic 

shape in the EFG. 

Upon alignment in polystyrene, three of the seven 11B signals show a quadrupolar splitting with 

absolute values between 184 and 272 Hz (Figure 75). The respective signs as well as estimated 11B 

RQC values for the signals marked in purple, yellow and brown can be extracted from the tilts in 

the 1H,11B HMQC, resulting in positive values for the purple and orange signal while all other 

RQCs belonging to hydrogen-bound boron atoms are negative (value and sign of the 11B RQC of 

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

 

Figure 75. 192.6 MHz 11B{1H} NMR spectrum of compound 12 in PS (3.5 mm/0.4 vol%)/CDCl3 after 14 days of 

swelling. The seven signals are marked in different colors. Absolute 11B RQC values are RQCred = 184 Hz, RQCorange 

= 249 Hz, RQCblue = 272 Hz, respectively. 




































































































































































































































































































































































