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1. Introduction and Outline

1 Introduction and OQutline

Over the last decade the field of organocatalysis, i.e. the catalysis of chemical reactions by
means of small organic molecules, has grown to a thriving area of general concepts, atypical
reactivity and widely useful reactions connected with a tremendous increase of the research
activities, as stated 2004 by David MacMillan: “Although the modern era of organocatalysis
remains in its infancy, the pace of growth in this field of chemistry has been nothing short of
breathtaking.” (in A. Berkessel, H. Groger, Asymmetric Organocatalysis, 2005, Wiley VCH).
Since then, various generic activation modes, such as H-bond, counterion, enamine, iminium,
SOMO or photoredox catalysis, have been identified and successfully applied for a broad variety
of asymmetric reactions. Consequently, organocatalysis is now widely accepted as the third main
branch of asymmetric catalysis beside enzymatic catalysis and metal catalysis. Furthermore,
organocatalysis is in many cases superior to its predecessors, due to its potential in savings in
cost, time, energy and chemical waste and easier experimental procedure, non-toxicity and
versatility.

Despite the great number of synthetic applications of organo- and photocatalysis,
conformational and mechanistic studies for a better understanding of the underlying origin of
stereoselectivity, activation modes and mechanisms are rather scarce. But for a further
development and improvement of catalysis in general, this knowledge is highly desirable, since it
may allow the optimization of existing methodologies as well as the design of new catalytic
systems and activation modes for organo- and photocatalysis.

The aim of this thesis was therefore to elucidate several conformational and mechanistic
issues of organo- and photocatalysis. For this purpose, several modern NMR spectroscopic
methods were applied to elucidate catalyst conformations and H-bond characteristics, to
investigate mechanistic issues and to monitor photocatalytic reactions by means of a self-made
NMR illumination unit.

In addition, these NMR techniques, applied for mechanistic and conformational studies
on organo- and photocatalysts, can be transferred to the research field of supramolecular
chemistry and to more application-oriented issues in electrochemical research, as demonstrated

in chapter 8 and 9.




1. Introduction and Outline

In chapter 2, conformational preferences of organocatalytically active tripeptidic
foldamers are elucidated in a combined NMR/MD study. Residual dipolar couplings are thereby
applied for the validation of structure coordinates for molecular dynamics simulations.
Furthermore, the peptide backbone and sidechain conformations are revealed by NOE and/or

RDC-based MD simulations.

In chapter 3, the influence of the configuration of (£)-cis-f-ACC on the conformational
preferences of three tripeptidic foldamers is investigated in a combined NMR/MD study. All
three peptides show independent of the B-ACC configuration an unexpected high stability of the
backbone conformation, induced by a bifurcated H-bond network and allylic strain. The
orientation of the cyclopropane ring and its methoxy substituent can be manipulated by the
configuration of B-ACC without changing the peptide conformation. This was related to the
different selectivities found in the applications of B-ACC in organocatalysis and medicinal

chemistry.

In chapter 4, NMR spectroscopy was used to distinguish between the activation modes of
hydrogen bonding and ion pairing in Breonsted acid catalysis. It is shown, that for the activation
of imines by a phosphate catalyst ion pairing and hydrogen bonding co-exist and that their ratio
can be manipulated readily by simply introducing substituents with different electronic
properties. Contrary to previous assumptions, the hydrogen bond strength and the amount of the
hydrogen bonded species present are found to be decisive for the catalytic reaction. In addition,

the influence of the water content on the complex formation is investigated.

In the field of photocatalytic water reduction, in chapter 5 the formation and relevance of
Pt-colloids and the supposed cleavage of a chloride from the photocatalyst
[(tbbpy),Ru(tpphz)PtCl,](PFe), under irradiation with visible light is investigated by NMR
spectroscopy. The detection methods for the *Jiy 105 coupling acting as a sensor for a potential
Pt-cleavage are optimized by means of a model compound and subsequently applied for the
photocatalyst. It is shown that without the sacrificial electron donor triethylamine no cleavage of
the CI'/PtCl, unit from the photocatalyst or a CI/OH™ exchange upon irradiation in CD3;CN/D,0O

takes place.
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The flavin photocatalysis is investigated in chapter 6 by means of DOSY experiments
dealing with the self aggregation of riboflavin tetraacetate RFT and a potential association with
para-methoxybenzyl alcohol MBA. In pure acetonitrile RFT is a dimer, whereas in water it is a
monomer. These aggregation tendencies are correlated with the solvent dependency of the
quantum yield of the photooxidation of MBA with RFT. No hints for an association of RFT and
MBA are observed by NMR spectroscopy.

In chapter 7 the development of a glass fiber-based NMR-illumination unit designed for
the online monitoring of photocatalytic reactions and additionally first test measurements of the

photooxidation of MBA with RFT are described.

In the field of electrochemical research, four different methods for the measurement of
cationic transference numbers of several non-aqueous lithium ion electrolytes are compared to
each other in chapter 8. Whereas the three electrochemical methods yield transference numbers
decreasing with concentration, NMR DOSY measurements show increasing transference
numbers with increasing concentration. This discrepancy is explained by effects of ion-ion and

ion-solvent interaction. Furthermore, two DOSY pulse sequences are compared to each other.

In the field of supramolecular research, a combined solution state NMR and X-ray study
about a soluble, self-assembling supramolecular four-state switch with the ability to incorporate
guests, composed of [Cp”"Fe(7°-Ps)] and CuX (X = Cl, Br), is presented in chapter 9. Four
different supramolecules are characterized by solution state NMR and three of them by X-ray
crystallography. Their solution characteristics, formation pathways, optimal formation conditions
and their ability to incorporate guests are described. The manipulation of the solvent mixture
delivers a self-assembling reversible supramolecular four-state switch, which even allows the

selective incorporation of guests.
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2 RDCs in Short Peptidic Foldamers

Communication;

“Residual dipolar couplings in short peptidic Foldamers:
Combined analyses of backbone and side-chain conformations

and evaluation of structure coordinates of rigid unnatural amino acids”

H—Pro—(-)-cis-f-ACC—-Pro-OBn

Markus B. Schmid, Matthias Fleischmann, Valerio D’Elia,
Oliver Reiser, Wolfram Gronwald, and Ruth M. Gschwind

ChemBioChem 2009, 10, 440-444.
http://dx.doi.org/10.1002/cbic.200800736

The syntheses of all peptides studied were performed by Valerio D’Elia. The NMR investigations on 1 and the
PRODRG based B-ACC parametrization were accomplished in close collaboration with Markus Schmid, who

completed the RDC interpretation and performed the X-Ray based parametrization.

ChemBioChem 2009, 10, 440-444.
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2.1 Abstract

Residual dipolar couplings (RDCs) have been shown to be highly potent structural
parameters to determine the configuration of small molecules by NMR, but RDC-supported
detailed conformational studies of short open-chain structures have not been reported so far. This
study demonstrates that RDCs at natural abundance can provide essential structural information
even in the case of short linear peptides with unnatural amino acids. Tripeptidic foldamers,
composed of proline and cis-B-aminocyclopropanecarboxylic acid (cis-B-ACC), which has been
successfully incorporated into NPY analogs, integrin ligands, and organocatalysts, are
investigated as exemplary systems. An RDC-based approach to select appropriate structures for
the force field parametrization of rigid non-standard amino acids is presented. Its relevance is
demonstrated by conformational analyses of H-(L)-Pro-(L)-Pro-(-)-cis-B-ACC-OBn, for which
slight alterations in the proton positions of unnatural amino acids lead to significant deviations in
backbone and side-chain conformations. In addition, RDCs in combination with cis-B-ACC as a
probe for molecular alignment allow to obtain conformational information on the backbone of
H-(L)-Pro-(-)-cis-B-ACC-(L)-Pro-OBn. In this peptide, RDCs support also the elucidation of

preferences of proline side-chain conformations.

ChemBioChem 2009, 10, 440-444. 6
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2.2 Manuscript

Introduction

Although residual dipolar couplings (RDCs) have been established in the NMR structure
determination of biomacromolecules in solution for several years,!'? their potential for the
investigation of small molecules has not been fully explored due to difficulties in the evaluation

of internal dynamics and conformational averaging. Thus, RDCs have been mostly employed for

-6 or for the structure

the determination of configurations in rigid or cyclic compounds
refinement of cyclic peptides.l”™ Only very recently could configurations in more flexible open-
chain systems be elucidated.”'” To our knowledge, RDC applications addressing short linear
peptides, however, have been restricted to the systematic elucidation of the conformational

"2 peither the conformations of short linear

preferences of individual natural amino acids;!
peptides nor the influence or the structure of cyclic unnatural amino acids have been analyzed in
detail by RDCs. Since certain unnatural amino acids, for example, f-amino acids, are known to
induce strong conformational preferences in peptides, foldamers containing B-amino acids are
promising targets for structural investigations supported by RDCs. In particular, the rigid cis-B-

aminocyclopropanecarboxylic acid!®! (cis-B-ACC) stabilizes even short peptide sequences,”'¥

15161 and asymmetric

and high activities and selectivities have been found in medicinal chemistryt
organocatalysis''”! for cis-B-ACC containing peptides. However, the structural analysis of these
peptides by NMR and CD methods established for peptides comprised of natural amino acids has
been problematic due to difficulties in assigning parameters for the unnatural building blocks and

due to a missing body of reference compounds.

To fill this gap, NMR solution studies on tripeptides 1 and 2 (Figure 2.1) are presented
here. RDCs were applied as a quality check for the different cis-B-ACC parametrizations for
molecular dynamics (MD) simulations and to detect preferences in proline side-chain
conformations. Furthermore, the use of cis-B-ACC as an alignment probe allowed for the

analysis of the peptide backbone.

ChemBioChem 2009, 10, 440-444. 7
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Figure 2.1: = H-(L)-Pro-¥-(L)-Pro-OBn 1, H-(L)-Pro-(L)-Pro-¥-OBn 2 (for conformational analysis) and
Ac-¥ -NEt, 3 (for the parametrization of cis-B-ACC); ¥ = (-)-cis-B-ACC.

Results and Discussion
RDC:s as a quality check for the B-ACC parametrization

In structural studies of small molecules and non-standard amino acids, the appropriate
parametrization of these compounds is essential for reliable MD simulations. The hydrogen
positions, which are addressed by various NMR-derived restraints, especially influence the
results of MD calculations. Since a crystal structure of the enantiomer of 3 (Figure 2.1) was
available,!"®! 3 was used as a model compound for 1 and 2 in order to generate a parametrization
of cis-B-ACC. For this purpose, two sets of coordinates for 3 were prepared, one with the
Dundee PRODRG?2 server!'” and the second one from the crystal structure!'® by a subsequent
DFT equilibrium geometry calculation resulting in significantly different hydrogen positions (see
the structures in Figure 2.2). As RDCs provide in principle the potential to check the quality of
coordinates in rigid molecules, both B-ACC structures were fitted to a set of six experimental
RDCs of the rigid p-ACC moiety with the PALES software;**?"! these RDCs had been
determined from the well-resolved 1D 'H and 'H,"*C-P.E.HSQC spectral®®! of samples of 2 in
CDCl; and in a strained polydimethylsiloxane (PDMS)/CDCl; gel.m] A comparison of the

experimental and the backcalculated RDCs of the two coordinate sets is presented in Figure 2.2.

8 1 8 -
A) I coome ° B) I COOMe
N 6 1 N 6
4 1 4
< ° =
QO 2 O 2
Q Q
x o {HN x HN
e} | Cc=0 e} A1 C=0
LL{~ I 521 L
] 3
S -4 A o -4 A
3 Q= 0.357 g Q =0.021
N = VU 261 = U
Q &)
< -8 T T T T T T T 1 @ -8 T T T T T T T 1
< 8 6 4 2 0 2 4 6 8 < 8 6 4 2 0 2 4 6 8
experimental RDC | Hz — experimental RDC | Hz —

Figure 2.2:  Experimental and back-calculated RDCs for cis-B-ACC with structure coordinates A) according to
the Dundee PRODRG2 server'”! or B) derived from a crystal structure.!"® The Q factors allow for

the identification of the correct amino acid structure.

ChemBioChem 2009, 10, 440-444. 8
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Besides demonstrating that the set of experimental data is accurate and the configuration
of cis-B-ACC is correct, the significantly better Q factor of the X-ray-derived coordinates (Figure
2.2B) indicates their congruence with the actual structure in solution. The coordinate file
generated by PRODRG?2, on the other hand, can be rejected; in addition to a poor Q factor, a
significantly different alignment tensor was calculated, which would lead to the erroneous
evaluation of further RDCs. However, the PRODRG2 structure can be improved by an energy
minimization calculation, leading to results similar to the crystal structure (see the Supporting
Information, chapter 2.3.2).

The impact of such small differences in hydrogen positions on the conformational
analyses of short peptides is illustrated by MD calculations on 2 (Figure 2.3). The slightly

changed proton coordinates in the two different parametrizations not only lead to an erroneous
peptide backbone but also to different proline side-chain conformations. Upon applying the

correct parametrization, the most obvious changes occur in the backbone angles ¥, and 8 (from

57° to 335° and from 243° to 221°, respectively) and in the flip of the side-chain conformation of
Pro2 from down to up. The overall conformational alteration affects significantly the relative

position of Prol and B-ACC, which is essential for the structural interpretation of the
organocatalytic properties of unprotected 2.!'”) In the structural studies of small molecules such
as 2, it is essential to check whether the experimental NMR parameters originate from one
prevalent conformation or are averaged over several coexisting or interconverting conformations.
As criteria for the predominant adoption of a well-folded form of short linear peptides, it has
been proposed that no NOE restraints are violated and all interproton distances below 3.5 A that
occur in more than half of the calculated structures give rise to observable NOEs.!"* In addition,
the dominant population of a particular conformation can be evidenced experimentally by
unusual large or small 3JH,H values.?" Interestingly, in both structures shown in Figure 2.3, the
two NOE criteria are fulfilled; this indicates one conformation for 2. But only with the correct
parametrization, does the experimental 3 angle derived from 3JHN,HB agree with the calculated
structure (see SI, chapter 2.3.2). This example shows impressively that RDCs can be used as a
tool to evaluate the correctness of the coordinates of rigid unnatural amino acids in solution,
which is a crucial prerequisite for reliable restrained MD simulations, especially for short

peptidic foldamers.
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Figure 2.3:  Conformational changes of 2 caused by different B-ACC parametrizations derived from A)

Pro 1 < } Pro 1
B-ACC 3

PRODRG2 or B) an X-ray structure of 3. In both cases, the 50 structures with the lowest NOE
energies are displayed, fitted on the N, C* and CO of Pro2. The C-terminal benzyl protecting group

is omitted for the sake of clarity.

RDC:s for the backbone conformation analysis of a B-ACC containing foldamer

Inspired by the excellent performance of cis-f-ACC in the RDC back-calculation, we
used cis-B-ACC as a probe for molecular alignment, and thus exploited the potential of RDCs as
a source of conformational information for the structure refinement of short peptidic foldamers.
In principle, the reported applications of B-ACC-containing foldamers in medicinal chemistry
and organocatalysis suggest that conformational investigations should be performed at room
temperature. Since the degradation of 2 into the Pro-Pro-diketopiperazine is observed even at
273 K, 1 was selected for structural investigations with RDCs. At 300 K, the NOE interpretation
of 1 was severely hampered by exchange processes involving the amide proton of f-ACC, which
impeded NOE interpretation at this prominent position in the NOE network. In this case, RDC
data are expected to be particularly valuable, because they allow for the determination of the
orientation of vectors in the different amino acids relative to the alignment tensor.

Even in foldamers, linear tripeptides are very likely to show remaining internal dynamics
or, even more seriously, several interconverting conformations; these situations would lead to a
complex averaging of the experimental NMR parameters, including RDCs. In order to find out if
parts of 2 were conformationally restricted enough to reduce the influence of conformational
averaging to a minimum, and thus, to allow for RDC interpretation, the conformational stability
of 1 was investigated at 240 K, and the resulting structure analyzed according to the NOE and J
criteria discussed above. The NOE-restrained MD simulations indicated a surprisingly limited
conformational flexibility as far as rotations around the backbone angles o and 3 are concerned
(see Figure 2.4A for nomenclature and Figure 2.9 for the calculated structure ensemble). The

predominance of the conformation shown in Figure 2.9 at 240 K was revealed by the fulfillment
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2. RDCs in Short Peptidic Foldamers

of all NOE restraints and by observable NOEs for all interproton distances below 3.5 A. The
unexpected stability of the B angle was experimentally confirmed by the unusual 3JHN,HB[24] of
9.69 Hz (see Supporting Information, chapter 2.3.3). At 300 K, small changes in the chemical
shifts (<0.07 ppm, except for the amide proton), a qualitatively identical NOE intensity pattern
and the slight decrease in the 3JHN,HB (from 9.69 Hz to 8.89 Hz) showed that this conformation
was still preferred and only slightly loosened at higher temperatures. The formation of an
[18]

intraresidual hydrogen-bond, which is hinted at by IR spectroscopy at room temperature,
corroborates this conformation. On the other hand, the orientations of Prol and the benzyl
protecting group are less defined. Therefore, only those RDCs solely affected by rotations around
the angles o and B (with respect to the alignment probe cis-B-ACC) can be interpreted without
significant conformational averaging, and thus, were used for a structural refinement of the
backbone conformation of 1.

Based on this structural model of 1 and cis-B-ACC as an alignment probe, RDC
information was gathered on the angles a and 3, which describe the orientation of the adjacent
parts of the peptide relative to the probe (Figure 2.4A). For the angle J3, 3DHN,HB was determined
from 1D 'H spectra, and IDCG,HG within Pro3 (from P.E.HSQC spectra) was chosen as the sensor
for the rotation around a., as it is the only a-relevant RDC that is practically independent of the
proline side-chain conformation. The conformational space to be investigated by RDC analysis
was mapped by calculating structures of 1 without any distance restraints. The alignment tensors
for these structures were then determined by the six RDCs within the rigid cis-B-ACC residue,
and the two RDCs relevant for o and 3 were back-calculated and checked against experimental

values. Figure 2.4 displays the results of the relative NOE and RDC evaluation for a and .
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A) Conformational information on the angles o and § in 1 derived from B) NOEs, C) JHN,HB and D)

RDCs. The black bars mark angle regions in agreement with the experimental parameters.

For o and B, the RDC evaluation matches angles of 175°-200° and 160°-180°,

respectively, which are within the angle ranges derived from the relative NOE intensity pattern

(Figure 2.4). In addition, the B angle range determined by RDCs is supported by an estimated

Karplus curve for 3JHN,HB (8.89 Hz at 300 K) that indicates an angle of 180 + 30° (Figure 2.4C;

see Supporting Information, chapter 2.3.3, for details). Order parameters, which take remaining
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2. RDCs in Short Peptidic Foldamers

internal dynamics into account, had not been included in the RDC interpretation so far.

Therefore, the good agreement of the RDC data with other NMR parameters, which are each
dynamically averaged in different ways, can be interpreted as further proof of a considerably

stable core conformation of 1 in CDCl; at room temperature.

Figure 2.5:  Comparison of A) NOE- and B) RDC-derived structures of 1 at room temperature. In both cases, the
40 structures with the lowest energies are presented, which are based on o/p-relevant NOEs or

RDCs only.

Focusing on the backbone rotations around a and 3, we applied the RDC data in MD
simulations with the software system CNS (Crystallography & NMR System).*”! Our set of
eight RDCs (supplemented by the a-relevant IDCS,H&, IDCS,H& and 2Dng,Hm) were used as the
restraints on the basis of the alignment tensor determined for cis-B-ACC. For comparison, we
quantified the o- and B-relevant NOE contacts, as far as this was possible for the exchange-
affected NOEs, and applied them as distance restraints in separate calculations. The resulting

structures (presented in Figure 2.5) show similar o and [ values and a remarkable
correspondence of the entire conformation for both parameter sets. The reduced conformational
flexibility of the RDC-derived structures compared to that of the NOE-derived structures can be
explained by the limited precision with which the NOEs could be obtained due to exchange
contributions; this required the use of relatively large error bounds for NOEs. In contrast, the
RDCs could be determined very precisely. This example shows that, even in short linear peptides
at natural abundance, conformational information can be derived from RDCs in the case of a

conformationally stable compound and the presence of a reliable probe for molecular alignment.
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2. RDCs in Short Peptidic Foldamers

RDC:s for the detection of preferred proline side-chain conformations

Besides providing information on the peptide backbone, in principle, RDCs can also be
used to gain insight into proline side-chain conformations. In order to cancel the influence of
variable backbone conformations on the proline RDCs, separate alignment tensors were
calculated for Prol and Pro3. As a result, the RDC analysis reflects the averaging of the proline
side-chain conformations only and should allow for the detection of preferences. Based on a two-
state model assumption for proline conformations (“up” and “down”, Figure 2.6A),**?7
structures of 1 were calculated in which J coupling restraints forced the proline residues into one
of the two conformations. These structures were used to establish the conformation-dependent
correlations of experimental and back-calculated proline RDCs (10 for Prol and 6 for Pro3)

displayed in Figure 2.6B and C.

down (,E)
B) ., 47 prolinet s 4 C) 67 proline3
T a * [ T 4
T 2 ‘o ® 2 £ A
G e ~ A
Q o o . Q 24 a
< o ® [
e g o
L; ®|a up (Q=0.686) 3
S -2 . = down (Q=0.747) g 2
2 A e up:down 53:47 © a up (Q=0.368)
<
8 4 (Q=0.363) S sdown (Q=0.032)
Q v T T S 4 T T T T
-4 -2 0 2 4 -4 -2 0 2 4 6
experimental RDC | Hz — experimental RDC | Hz —»

Figure 2.6:  A) Up and down conformations of proline and experimental and back-calculated RDCs for B) Prol
and C) Pro3.

For Pro3, the excellent match of the down conformation and the experimental RDCs
(Figure 2.6C) indicates a distinct preference of this conformation, which is supported by an
analysis of scalar coupling constants.”® For Prol on the other hand, the Q factors are poor for
both the up and down conformations (0.686 and 0.747, respectively, Figure 2.6B). It can be
optimized to 0.363 by assuming an equilibrium up/down population of 53:47, which is in
agreement with the J analysis of Prol.*® The significantly larger Q factor of Prol compared to
that of Pro3 can be explained by the presence of fast internal motion at single sites in Prol or the

population of other conformations beside up and down.
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Conclusion

In summary, we have presented an RDC-based approach to select appropriate structures
for the force field parametrization of rigid non-standard amino acids. Conformational analyses of
H-(L)-Pro-(L)-Pro- ¥ -OBn show that even slight alterations in the proton positions of unnatural
amino acids can lead to significant deviations in backbone and side-chain conformations. In the
presence of cis-B-ACC as a probe for molecular alignment, RDCs allowed us to obtain
conformational information on the backbone of the short linear peptide H-(L)-Pro- ¥ -(L)-Pro-
OBn, being especially valuable if the NOE analysis is affected by chemical exchange. In
addition, RDCs were employed to detect the preferences of proline side-chain conformations.
This study shows that even in the case of short linear peptides with unnatural amino acids, RDCs
at natural abundance can provide essential structural information. This example demonstrates
that the RDC approach can be expanded to open-chain structures not only in the case of
configuration determination, but also in the field of conformational analyses. In the context of
B-ACC, RDC-supported conformational studies are expected to help establish the structure
activity/selectivity relationships of neuropeptide Y (NPY) analogues, integrin ligands and

organocatalysts that have been developed with this amino acid.

ChemBioChem 2009, 10, 440-444. 15



2. RDCs in Short Peptidic Foldamers

2.3 Supporting Information

2.3.1 Experimental Section

Compounds 1 and 2 were synthesized following the published protocol.l'”

NMR spectra were recorded on a Bruker Avance III 600 spectrometer (600.13 MHz)
(temperature was controlled by a BVT 3000 unit) and on a Bruker Avance III 600 (600.25 MHz)
equipped with a TCI cryoprobe with z-gradient.

Sample concentrations of 40 mM to 140 mM were applied for NMR measurements of 1

at 240 K and 300 K depending on sensitivity requirements of the different spectra, while
aggregation in this concentration and temperature range could be excluded by comparison of
chemical shifts and by diffusion measurements with convection artifact suppression.”” Due to
the relatively small size of the investigated molecules and therefore slow NOE build-up a mixing
time of 350 ms had to be used in the 2D "H,'"H-NOESY spectra. 'H,"*C-P.E.HSQC™? spectra for
the determination of RDCs were measured in CDCl; and in a strained PDMS/CDCl; gelm]which
provided a CDClI; line splitting of 20.5 Hz. 'H,'H-NOESY and 'H,"”C-HSQC-NOESY spectra
(due to severe signal overlap) of a 270 mM sample of 2 were recorded in CDCl; at 273 K.
NMR data were processed and evaluated with Bruker’s TOPSPIN 2.1 and the included DAISY
program was used for spectra simulation whenever necessary. NOESY spectra were integrated
and evaluated with AUREMOL;BO] its REFINE module was used for full relaxation matrix
calculations.

Assignments of proton and carbon resonances of the conformations with Xxx-Pro trans-
peptide bonds of 1 and 2 were obtained by the use of one- and two-dimensional NMR spectra.
'H-spectra and "*C-spectra (gated decoupled, power-gated, DEPT-135) in combination with
'H,'"H-COSY, 'H,'H-NOESY, 'H,"?C-HSQC and 'H,"*C-HMBC allowed for almost complete
assignment of all resonances of 1 and 2 (see Table 2.1).

MD simulations were performed with CNS 1.1 (Crystallography & NMR System).[25]
The simulated annealing protocol included a high temperature stage (2,000 steps at 50,000 K of
7.5 fs each) in torsion angle space, an annealing stage to 0 K (2,000 250 K-steps of 7.5 fs each)
and a final energy minimization following the conjugate gradient method in ten cycles of 200
steps each.

The unnatural amino acid cis-B-ACC was implemented into CNS on the basis of the DFT

minimized structures, as discussed in 2.2, and force field parameters were created by the Dundee
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PRODRG?2 server''” and XPLO2D.”"! The benzyl protecting group was parameterized on the
basis of the available data for the natural amino acid phenylalanine.

The solvent for structure refinement was simulated by a cubic box of 50 A length filled
with 1,000 molecules of chloroform (obtained from VEGA ZZ 2.0.8%%), for which periodic
boundary conditions were assumed. The CHCl; geometry as well as atomic charges were taken
from literature datal®*! and force field parameters were generated by XPLO2D.

Calculated structures were visualized and evaluated with MOLMOL 2K 2.4

Nomenclature of 1:

HAI3
HAIZ_ |
HAI1/C\AI
orsy_ OAH Pro 3
\CAG HD1 I’-IGZ
HG1
Pro 1 Hagt | b2 e
HB1 HAC1 /HBZ
HB{ ! HAB1 \ , cB OBn
CB c "CAB—CAC N / “HB1
HG1 ~ ~ o ", CA HD2
./ CA NAA CAD ) HB2 \
_cé I L ” HA' HEI: CD2 HE2
Hef N e OAF c /CB\ /TR
i’ C\D “HT1 B-ACC o/ OAA \\ \cz
HD2 _co1_ / "HZ
HD1 CT
HE1

Figure 2.7:  Nomenclature of 1 as used for CNS. The same atom names were used for 2. Only the primarily
populated conformation of 1 (with a trans Xxx-Pro peptide bond) is depicted as only this one was

investigated in detail.
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Resonance assignment of 1 and 2

Table 2.1:

Assignment of proton and carbon resonances of 1 and 2 (major conformation with frans peptide

bonds only, see Figure 2.7 for atom nomenclature). Chemical shifts were referenced to solvent

signals (8('H)cyen = 7.26 ppm, 8("*C)cpeiz = 77.16 ppm).

€8Tl 70 |ceLiel] zH 78Tl 7D €€'L ZH v'8T1 i) 1€°L ZH
v'8T1 0] €L «JIH ¥'8T1 ) 9¢'L «JH L8T1 «dD veL «JH
6171 «dD €L «aH 6171 «dD vEL «aH 1'8T1 «dD «©L «aH
u u u
8Hel 5] 40 8Hel 15%) 40 Ls¢el 5] 40
) e | TAEH } e | TaH . o | Tan
699 ST URRCUN I $'99 IO U N I L99 IO (T
TS VO S9°¢ «IVH . 16°€ ad . L8€ ad
— | ow oy 1 @ e | an s @ e | oan
T8z avo €T 14VH ) ) | TOH . e | oH
o7 Vo ez Hvh |22V d €T 0D |S0TW0T| [y cous LvT DD 0TI o ot
8¢ avd 16°€ 19vH g8z . 14 r4sis 6 . 4 42181
avd S9'L avH LTT 19 L1T 194
o b &3 aH $'8s v €Sy VH 1'6S VO SSy VH
LV IAH TILI o) 91LI D
) oo | TOH v'Ts v L9E «IVH v'Ts VD 69°¢ «IVH
S I Ly BT B i | ovo ciL | owo
) 61T TdH 8L av0 9T [dVH ) 8T avo e [dVH )
sLe | W 61 LH yer | ovo | 1oz | 1ovu |22V ror | ovo | ssz | 1ova |22V
665 VO €Sy VH T9¢ avo 8I'¥ 19vH 99¢ avo (47 19vH
o) 8991 avo L6'8 davH 1'L91 avo 858 dvH
) €1'¢ TaH ] vL'T ad . 18T ad
€Ly an 76T [aH 8°9% an 18T [aH TLy an 18T [aH
oz o0 €L 7OH oz o 891 OH 2oz o0 691 OH
18°1 IDOH [ o1g 651 I1OH [ o1g 651 I1OH [ o1g
} 81 7dH ) 61 7dH . 16'1 74H
1ot 4o S1'z T9H voe B 60T T9H 80t 4 L0T 19H
8'8¢ VO 68°¢ VH 665 VD SLE VH 809 VO L€ VH
o) ILH T9LI o) [ LH YLl D 80'C ILH
wdd wdd pe wdd wdd pe wdd wdd pe
uoqaed uojoad : uoqaed uojoad : uoqJIed uojoad :
1 ()8 /(Hp? ourwe 1 ()8 /(H?Q outwe /) /(H oulwe

O €L “91DAD) TJO dwugIsse d0UBUOSAL

1 0¥ “G10aD) 1 J0 udwuFISSe 30ULUOSAL

(31 00€/86T “S1DAD) 1 JO AW UFISSE dUBUOSL

18

ChemBioChem 2009, 10, 440-444.



2. RDCs in Short Peptidic Foldamers

2.3.2 Quality check of different cis-B-ACC coordinates with RDC data

In order to generate an appropriate B-ACC parametrization for MD simulations, various
cis-B-ACC coordinate files were generated with the help of the Spartan 06 program package!®”!
(Table 2.2). Three different starting structures were used for that purpose: One structure that was
directly built within Spartan, a second structure which was generated by the Dundee PRODRG2
server, and a third one by inverting the stereocenters of a crystal structure of the enantiomer of
38 followed by addition of hydrogen atoms with Spartan. Different equilibrium geometry
calculation algorithms were applied to these structures: a molecular mechanics approach (MMFF
force field), a semi-empirical calculation (RM1 method) and an ab initio calculation (Hartree-
Fock with 6-31G* basis set). In addition, density functional theory calculations (B3LYP, 6-31G*
basis set) on the crystal structure and its MM minimized offspring were performed. All these
structures were fitted to 6 RDCs within the rigid -ACC moiety with the help of the PALES?*!]
bestFit module (using singular-value decomposition). The results in terms of alignment tensors

and bond and angle parameters as well as quality factors Q are summarized in Figure 2.8 and

Table 2.2 (see footnote of Table 2.2 for structure code).

0,5 Py
N o
A0
A1
°
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Figure 2.8:  Alignment tensors (represented by their normalized axial components and their rhombicities) based

on experimental B-ACC RDCs and the 14 different coordinate sets of 3 (see Table 2.2).

It can be concluded that BO and CO (the PRODRG structure and the crystal structure to
which hydrogen atoms had been added simply by Spartan) yielded insufficient Q factors and
erroneous alignment tensors due to the wrong hydrogen positions (decisive parameters are
highlighted in Table 2.2). All the other equilibrium geometry calculation methods, however,

resulted in acceptable Q factors and both similar parameters and alignment tensors within the
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range of experimental errors. The two geometries obtained by the DFT calculations were used as

the basis for the applied CNS parametrization of cis-p-ACC.

Table 2.2: Comparison of geometric parameters of the generated B-ACC coordinates of 1 and their RDC

evaluation with PALES.
bond lengths / A
A0 Al A2 A3 B0 B1 B2 B3 Co0 C1 C2 C3 C4 C5
CAB CAC 1.56 | 1.51 1.53 | 1.50 1.56 | 1.51 1.53 | 1.50 1.47 | 1.51 1.53 | 1.50 | 1.52 | 1.52
CAB CAE 1.56 | 1.52 | 1.52 | 1.51 1.57 | 1.52 | 1.53 | 1.52 1.54 | 1.52 | 1.53 | 1.51 1.52 | 1.52

CAC CAE | 156 | 1.51 | 1.53 | 1.50 1.56 | 1.51 | 1.53 | 1.50 151 | 1.51 | 1.53 | 1.49 | 1.54 | 1.50
CAB NAA | 147 | 144 | 144 | 142 151 | 143 | 143 | 142 144 | 144 | 143 | 142 | 142 | 143
CAC CAD | 153 | 148 | 1.50 | 1.50 1.58 | 1.49 | 149 | 1.50 148 | 149 | 1.50 | 1.50 | 1.50 | 1.51
CAE CAG | 153 | 149 | 1.49 | 1.50 1.56 | 148 | 148 | 1.49 1.50 | 148 | 148 | 1.49 | 1.49 | 1.49
CAB HAB1 | 1.10 | 1.09 | 1.11 | 1.07 1.00 | 1.09 | 1.11 | 1.07 1.10 | 1.09 | 1.11 | 1.07 | 1.08 | 1.08
CAC HAC1 | 1.10 | 1.09 | 1.11 | 1.07 1.00 | 1.09 | 1.11 | 1.07 1.10 | 1.09 | 1.10 | 1.07 | 1.08 | 1.08
CAE HAE1 | 1.10 | 1.09 | .11 | 1.07 1.00 | 1.09 | 1.11 | 1.07 1.10 | 1.09 | 1.11 | 1.07 | 1.09 | 1.09
NAA HAB | 1.01 | 1.01 | 1.01 | 1.00 1.00 | 1.02 | 1.02 | 1.00 1.01 | 1.02 | 1.02 | 1.00 | 1.02 | 1.01

bond angles / °
A0 | Al | A2 | A3 B0 | Bl | B2 | B3 C0 | Cl | C2 ] C3 ] ca| G5
CAB CAC CAE | 60.0 | 598 | 60.1 | 60.0 59.8 | 59.5 | 60.0 | 59.7 603 | 59.7 | 60.0 | 59.3 | 59.5 | 59.2
CAC CAE CAB | 60.0 | 59.8 | 60.2 | 59.5 60.0 | 60.1 | 60.2 | 59.3 575 | 60.0 | 60.2 | 60.1 | 59.5 | 60.2
CAE CAB CAC | 60.0 | 60.4 | 59.7 | 60.6 60.2 | 60.4 | 59.8 | 61.0 622 | 603 | 59.9 | 60.6 | 61.0 | 60.6
NAA CAB CAC | 1173|1217 | 1181 [ 1219 | 1212|1210 [ 1198 [ 112.1| |118.8 | 121.5 | 118.8 | 121.5 | 121.3 | 120.8
NAA CAB CAE | 1173|1211 | 1182 |121.0| | 1213|1215 | 1177|1212 | 1163 |121.0 | 1172 | 118.7]120.5 | 119.2
CAD CAC CAB |117.3]121.9|1192|121.0] |122.7|122.0 | 1184|1206 | | 1182|1202 |117.4|118.0|118.5|117.1
CAD CAC CAE | 1173|1186 |117.1 [1173| |121.7| 1184 | 117.1 [ 1169 | |119.1 | 119.5|117.0 | 116.4 | 115.8 | 115.8
CAG CAE CAB | 11731209 | 1169 | 118.5| [1223|119.7]116.1|118.1| |123.3]119.4|118.9|120.5 | 120.6 | 120.7
CAG CAE CAC |1173|1175| 1160|1172 |121.4|119.6 | 1161|1172 |119.9]120.5]119.3 | 120.6 | 120.9 | 121.0
HAB1 CAB CAC | 1173|1166 | 1189|1148 | | 1350 116.1 | 1169 | 1150 |135.1 | 1162 |117.7 | 1152 116.6 ] 115.5
HAB1 CAB CAE |117.3]116.7|119.1 [115.7| | 1349 117.0 | 1185 | 1156| |133.1 | 116.7|119.1 | 117.4|117.0| 117.5
HAC1 CAC CAB |1173|1168]118.8|113.8| [134.6]|114.0|117.6|113.6| | 1353|1169 |119.1 | 115.5]115.1|115.6
HAC1 CAC CAE |1173|1154]118.5|113.6| | 1356 118.5]|117.6|1142| | 1345|1158 1175|1164 |114.7|116.6
HAE1 CAE CAB |117.3]113.9|1182|1149| | 1346|1159 | 1192|1166 | |134.6|117.0|1204|117.6 1162|1174
HAE1 CAE CAC |117.3]118.6|119.6 [115.7| | 1354 | 117.1 | 1204 | 1167 | |137.6 | 117.6 | 119.0 | 1154 | 115.3 | 114.2
HABI CAB NAA | 1160|1117 | 113.1 | 113.3 | | 884 [112.0 | 113.9|112.7] | 93.0 | 112.1|113.9|113.6 | 111.9 | 113.5
HAC1 CAC CAD | 1160|1138 | 1133|1180 | 873 1140|1152 | 1184 | [ 91.7 | 114.2|114.9|118.1 [ 1192|1188
HAE1 CAE CAG | 1160|1152 | 1151|1180 | 87.7 | 114.1 | 1145|1167 | | 88.1 | 1128|1109 |112.9|113.9|113.4

PALES-output
A0 | Al | A2 | A3 B0 | Bl | B2 | B3 Co[Cct[C2[C3[cCa]Cs
Q RDC_RMS | 0.054 | 0.098 [0.081 | 0.036 | [0:357 ] 0.039 | 0.066 | 0.058 | [ 0310 | 0.062 | 0.057 | 0.007 | 0.021 | 0.036
Da_HN | -3.18 [ 3.07 | -325 | -3.23 | | 337 | -3.13 | -3.44 [ 3.14 | | 3.87 [ -3.19 | -3.42 | -3.27 [ 327 | -3.83
rhombicity | 0.46 | 0.46 | 047 | 030 | | 042 | 0.46 | 0.38 | 035 | | 0.49 | 0.39 | 038 | 0.32 | 0.34 | 0.29

Structure code:

A structure built within Spartan

B PRODRG structure 0 starting structure

C crystal structure 1 molecular mechanics: MMFF
2 semi-empirical: RM1

C4 DFT: B3LYP, 6-31G*, starting from CO 3 Hartree-Fock: 6-31G*

C5 DFT: B3LYP, 6-31G*, starting from C1
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2.3.3 Structure investigation of 1

Structure investigations of 1 at 240 K based on NOEs:
28 negative NOE contacts (spin diffusion limit), detected in 2D 'H,'H-NOESY (350 ms

mixing time) spectra at 240 K, were used as restraints in MD simulations. At first, relatively
loose distance restraints were used to restrict the available conformational space, employing
uniform upper and lower bounds of 0.500 nm and 0.175 nm, respectively. Using the standard
simulated annealing protocol, described in chapter 2.3.1, 100 structures were calculated. Of
these, 5 structures with low total and NOE energies were selected as a representative set for
further analysis. Each member of this ensemble together with the NOESY cross peak volumes
(determined with AUREMOL) was used as input for the full relaxation matrix calculation (with
the REFINE module (to be published) included in AUREMOL) in order to take spin diffusion
effects into account. The refined sets of distance restraints were then applied for the next round
of structure calculations. In total 5 rounds of structure calculations were performed until
convergence of both distance restraints and calculated structures was reached. Solvent refined
structures were obtained by subsequent refinement employing a chloroform box with periodic

boundary conditions. Figure 2.9 shows the obtained structure ensemble.

NOE derived structures in chloroform (240 K)

p=189° l o =174°

ko /

Figure 2.9:  Ensemble of 50 structures refined in a chloroform box with 28 NOE distance restraints at 240 K

derived from full relaxation matrix calculations.
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The range of the B angle populated by the structure ensemble is in agreement with the
large J coupling between the amide proton and the B-proton of cis-f-ACC (9.69 Hz at 240 K).
As no Karplus curve has become available for cis-B-ACC so far, the quantum mechanically
calculated Karplus curve for 4% was compared to the one calculated for 5 by an empirically

generalized Karplus equation.”*”!

Figure 2.10: Model compounds for the calculation of the Karplus curve.

Thus, it was concluded that the cyclopropane ring scales down the scalar coupling
constant in comparison to aliphatic chains as substituents. This was transferred onto the well-
known Karplus curve for SJHN,HG of natural o-amino acids.*® Hence, the observed J coupling of

9.69 Hz was interpreted in terms of a population of B values of 180° + 30° (Figure 2.4C).

Structure investigation of 1 at 300 K based on NOEs:

At 300 K, only four NOEs carrying quantifiable a- and B-relevant structural information
could be identified (HAC1 - HD*(Pro3) for a and HAB - HAC1 as well as HAB - HAEI for B).
The quantification of this NOE information was additionally hampered by chemical exchange
processes involving the amide proton. Therefore, no global calibration of NOE intensities was
possible at 300 K and the REFINE module of AUREMOL could not be applied for spin

diffusion corrections either.

When trying to translate relative NOE intensities relevant for o directly into angular
information as shown in Figure 2.4B (right), proline side chain conformations become important
as they influence interatomar distances, too. In order to take this into account, a two-state
approximation was made for Pro3 (the two conformations of low energy are usually referred to

aS “up” and “dOWn,,)[39]

and the population of these two conformations was estimated to be
approximately 30 % : 70 % up : down with the help of J couplings.*® This ratio was used for the
theoretical calculation of NOE intensities (Figure 2.4B, it was also used for Figure 2.4D) which
included the assumption that the populations of o and proline side chain conformations are

independent.
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In order to additionally obtain upper limit distance restraints for MD simulations, the
structurally relevant four NOEs that carry conformational information about the angles o and 3
were quantified according to equation (2.1): Two B-relevant contacts involving the amide proton
were calibrated to the NOE HAB-HABI (1,.r= 3.0 A) whose distance cannot exceed 3 A, so that
the applied restraints represent upper limits on any account. Two further restraints, meaningful
for o, were calibrated to the geminal peak of the d-protons of Pro3. The upper limit of all these
restraints was extended to 1.07*r.r (= 1.5*NOE,#NOExy) in order to concede spin diffusion
influences and shortcomings in NOE integration. The generated structure ensemble is displayed

in Figure 2.1.

1

NOE._, \¢
Fo =l '(NOE”’J (2.1)

xy

Structure investigation of 1 at 298 K based on RDCs:

A second set of structures was calculated employing residual dipolar couplings (RDCs)
as conformational restraints. 23 RDCs could be determined experimentally from well-resolved
1D proton spectra and P.E.HSQC spectra at 298 K. They are summarized together with their
estimated errors in Table 2.3. However, only 8 of them (highlighted in Table 2.3) were suited for
interpretation as all the others were heavily influenced by internal dynamics.

Experimental errors of 0.2 Hz were assumed for 3Dy determined from multiplet analysis
of 1D proton spectra. For 'Dey from P.E.HSQC spectra, the error was estimated to be 1 Hz in
case the RDC could be extracted directly from peak splitting in ®2 and 2 Hz in case the
multiplets in ®2 had to be simulated with DAISY due to higher order influences. Errors in 2DHH
from the peak tilt in P.E.HSQC spectra were estimated dependent on the peak quality as 0.4 Hz
or 0.7 Hz. These errors were also used for the alignment tensor determination and Q factor

calculation with PALES.

Concerning the angle o, the RDCs zDng,Hgg, IDCS,HSZ, chg,Hgg and IDCOL,HQ beared
conformational information, but in principle they all depend on the proline side chain
conformation which impeded their straightforward interpretation. However, IDCO.,HOL showed
almost no dependence on the proline side chain conformation (Figure 2.11) and was therefore

suited to extract information on o.
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Table 2.3: Experimentally determined residual dipolar couplings.

D/Hz AD /Hz source

CA HA 0,1 1,0 P.E.HSQC
CB HB1 0,5 1,0 P.E.HSQC
HB2 2,7 1,0 P.E.HSQC
'Den G HG1 2,6 1,0 P.E.HSQC
Prol HG2 3,7 1,0 P.E.HSQC
D HDI -0,8 1,0 P.E.HSQC
HD2 -1,1 1,0 P.E.HSQC
HB1 HB2 2,9 0,4 P.E.HSQC
D HGI1 HG2 3,8 0,4 P.E.HSQC
HD1 HD2 2,0 0,4 P.E.HSQC
CAB HABI -7,4 1,0 P.E.HSQC
'Dey CAC HACI 5,2 2,0 P.E.HSQC
CAE HAE1 2,9 2,0 P.E.HSQC
B-ACC HAB HABI -0,9 0,2 1D-'H
- HABI1 HAC1 -0,3 0,2 1D-'H
i HABI HAE1 0,5 0,2 1D-'H
HACI HAEI1 1,8 0,2 1D-'H
CA HA 5,0 1,0 P.E.HSQC
"Den Db HDI -1,9 1,0 P.E.HSQC
HD2 -0,3 1,0 P.E.HSQC
Pro3 D HDI HD2 3,7 0,7 P.E.HSQC
, HBI 3,0 0,2 1D-'H
Dun HA i
HB2 1,3 0,2 1D-'H
RDC=a
g
;.
6
5 experimental RDC: __
5.0Hz
.-
D/Hz
3
5
4
= 1D(HACA) up-conformation
0 . 1D(I—'|ACA) dov:/n-conforrpation : :
0 100 o/ © Mo

Figure S4.
Figure 2.11: IDCa,Ha shows almost no dependence on the side chain conformation of Pro3 (a ratio of 30:70

up:down was used for Figure 2.4D).
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For the use of RDCs as CNS restraints, the alignment tensor defined for the cis-B-ACC
residue was applied. As the “axial” input in CNS is dependent on Dy, i.€. on the internuclear
distance, three different scaling factors for the “axial” value of 3DHN,H[3 (the only applied RDC
for which the distance cannot be assumed to be fixed) were used which were supposed to cover
the available distance range. However, the structures of low energy generated with these three
different scaling factors were identical, resulting in the 40 structures (out of 300) that are

displayed in Figure 2.5B.

2.3.4 Structure investigation of 2

54 positive NOE contacts (extreme narrowing limit) detected in "H,"H-NOESY (350 ms
mixing time) spectra at 273 K were used as restraints in MD simulations employing a procedure
analogue to 1 (chapter 2.3.3). Because of similar chemical shifts of some protons and therefore
ambiguous assignment of some NOESY peaks, a 'H,”"C-HSQC-NOESY was measured.
Nevertheless, eight NOESY contacts remained ambiguous and one twofold ambiguous. All
NOESY contacts to the aromatic protons have been included only qualitatively with uniform
upper and lower bounds of 0.500 nm and 0.175 nm, respectively. Of the 54 NOE contacts, four
had to be replaced by corresponding signals from other NOESY spectra because of poor peak
quality. These peaks were checked carefully and their upper and lower bounds were extended by
0.020 nm.

The relatively high number of restraints for such a small peptide and especially the high
number of long range contacts (Figure 2.12) leads to very well defined final structures (see

Figure 2.3).

w
o
w
o

N
]

20

N N
o o

-
o

-
o

o

Number of restraints

o ]

Number of restraints
*

o
o

1 2 3 4 0 1 2 3
Residue number Residue range |i-j|
Figure 2.12:  Distance restraints of 2. Left: For each residue white = intraresidual; pale grey = i+[i+1|; dark grey =
long range restraints. Right: Restraints for the whole molecule vs. the distance between the

interacting residues.
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The calculated structures of 2 already converged after two cycles of structure calculations
(Figure 2.13). This could be interpreted, in addition to the high number of restraints, in terms of a

very good reliability of the calculated structures.

Figure 2.13:. Ensemble of the lowest energy structures of 2 for each step in the spin diffusion cycle. The

structures are self-consistent.

Validation of the MD calculations for 2:

Small chemical shift changes (A3(300 K-240 K < 0.72 ppm) showed that this

conformation was still preferred at higher temperatures.

Analogously to 1, the range of the [ angle populated by the structure ensemble of 2
(221° + 17°) was in very good agreement with the J coupling between the amide proton and the
B-proton of cis-B-ACC (6.63 Hz at 273 K), which indicated B values between 225° + 15°

(following the estimation procedure described in chapter 2.3.3).
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All distances below 3.5 A that occurred in more than the half low-energy CNS structures

give rise to cross peaks in the NOESY spectra.

Table 2.4:

All H-H distances below 3.5 A in the calculated structures of 2.

H-H-distances in calculated structures NOESY qsed as

below 3.5 A cross peaks distance
restraints
1 PRO HA 2 PRO HDI yes yes
1 PRO HA 2 PRO HD2 yes yes
1 PRO HBI 2 PRO HDI yes yes
1 PRO HBI 2 PRO HD2 yes yes
1 PRO HBI 4 BZA HD2 yes yes
1 PRO HB2 2 PRO HDI yes yes
1 PRO HB2 2 PRO HD2 yes yes
1 PRO HB2 3 B-ACC HAB yes yes
1 PRO HB2 4 BZA HBI yes yes
1 PRO HB2 4 BZA HB2 yes yes
1 PRO HB2 4 BZA HD2 yes yes
1 PRO HB2 4 BZA HDI yes yes
1 PRO HB2 4 BZA HE2 yes yes
1 PRO HG2 3 B-ACC HAB yes yes
1 PRO HG2 4 BZA HBI yes yes
1 PRO HG2 4 BZA HB2 yes yes
1 PRO HG2 4 BZA HD2 yes yes
2 PRO HB2 3 (-ACC HAB yes yes
2 PRO HB2 4 BZA HBI t1 noise ---
2 PRO HB2 4 BZA HDI1 verysmall -—-
2 PRO HBI 4 BZA HEI yes yes
2 PRO HG2 4 BZA HDI yes yes
2 PRO HG2 4 BZA HEI yes yes
2 PRO HG2 4 BZA HZ yes yes
2 PRO HD2 3 B-ACC HAB yes yes
2 PRO HD2 4 BZA HBI yes yes
2 PRO HD2 4 BZA HDI yes yes
2 PRO HD2 4 BZA HEI overlap -
2 PRO HD2 4 BZA HZ yes yes
3 B-ACC HAB 4 BZA HBI small ---
3 B-ACC HAB 4 BZA HB2 small ---
3 B-ACC HAB 4 BZA HDIl near diag. -
3 B-ACC HABI 4 BZA HB2 tl noise ---
3 B-ACC HACI 4 BZA HB2 yes yes
3 B-ACC HACI 4 BZA HBI yes c

ChemBioChem 2009, 10, 440-444.
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2.3.5 Statistical information on the calculated structures of 1 and 2

Table 2.5: Statistical information on the calculated structure ensembles.
Figure 2.3B Figure 2.9 Figure 2.5A Figure 2.5B
number of selected
50 50 40 40
structures
number of restraints
54 28 4 11
(NOE/RDC, respectively)
rmsd (heavy atoms without
0.39+0.27 0.61+0.24 0.52 +0.20% 0.31+0.14%
OBn residue)™ / A
E(NOE/RDC) / kJ mol”! 20+0.1 14+1.8 <1 <1
E(total) / kJ mol™ 39.2+0.1 -153.0+11.3 12.0£0.2 19.7+2.6

[a] only those heavy atoms being directly affected by the applied restraints were concerned for rmsd calculation.
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3.1 Abstract

Foldamers containing the unnatural amino acids (£)-cis-B-aminocyclopropane carboxylic
acids ((£)-cis-B-ACC) often provide high activities and selectivities in organocatalytic and
pharmaceutical applications. There, the configuration of the B-ACC was found to be decisive,
however, a direct structural impact has not yet been reported so far. Therefore, in this NMR and
MD study the influence of either (+) or (-) cis-B-ACC on the conformational preferences of three
tripeptidic foldamers composed of one B-ACC and proline and/or hydroxyproline-derived
residues was investigated. In all three peptides and independent of the B-ACC configuration an
unexpected high conformational stability of the backbone was detected, stabilized by a
bifurcated H-bond network and allylic strain. Therefore, B-ACC provides the ability to
manipulate the orientation of the cyclopropane ring and its methoxy substituent by the
configuration of B-ACC without changing the peptide conformation. This may explain the
different selectivities found in the applications of B-ACC in organocatalysis and medicinal
chemistry and allow for further improved selectivities. In addition, for the first time the detection

of a peptidic enamine in organocatalytic aldol reactions is reported.
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3.2 Manuscript

Introduction

In biological systems and organocatalysis, specific conformations of peptides often
provide high activities and selectivities."! Therefore, the development of foldamers,”*! e.g. of
oligopeptides with stable conformations in solution, is an active research field in medicinal
chemistry and organocatalysis.>*! Especially, unnatural amino acids such as B-amino acids,
were found to induce strong conformational preferences in peptides. Sometimes these foldamers
show promisingly high activities and selectivities in pharmaceutical or organocatalytic
applications, as for example reported for the unnatural amino acid (+)-cis--aminocyclopropane
carboxylic acid ((£)-cis-p-ACC)."! In the field of medicinal chemistry oligopeptides containing
B-ACC provide extremely high selectivities for the NPY Y, receptor,'® which belong to the
pharmaceutical very important class of GPCR receptor proteins, and are active as integrin
ligands.””" Additionally, in organocatalytic applications tripeptides with B-ACC and proline
residues showed organocatalytic activities in inter- and intramolecular aldol reactions yielding
high diastereo- and enantioselectivities.*) Interestingly, in these applicatiions the configuration
of the B-ACC was found to be decisive for the reactivity and/or selectivity of these foldamers.
Thus, exclusively (+)-B-ACC containing NPY analogues showed the desired selectivity towards
the NPY Y, receptor'® and tripeptides with inverse p-ACC configuration showed only very poor
selectivities in organocatalytic reactions.™ Therefore, foldamers containing the B-ACCs are
promising targets to investigate structure/reactivity or structure/selectivity correlations,
especially by addressing the influence of the configuration on the foldamer structure.

In previous structural investigations of peptides containing B-ACC residues so far,
B-ACCs have been shown to induce stable helical conformations in o/ peptides even with only
five to nine amino acids.”’ There only slight differences in the helical induction for both
enantiomers of B-ACC have been reported.”) IR, CD and MD investigations for di- to
pentapeptides with alternating B-ACC and Ala/Phe units revealed distinct hydrogen bond
patterns in six-, eight- and nine-membered ring conformations."” However, in this study the
influence of the configuration was not addressed. In addition, in our working group first RDC
supported structural investigations on two open chain tripeptides revealed unexpected high

conformational stabilities of these peptides,[“] but only (-)-f-ACC containing tripeptides were
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investigated. Therefore, in this study the influence of the configuration of cis-B-ACC was
investigated.

Here, we present NMR solution studies on tripeptides containing either (+)- or (-)-B-
ACC. The detected preferences regarding the peptide backbone and side chain conformations are
compared to each other, revealing the structure inducing effects of both enantiomers of 3-ACC.

In addition, first peptide enamines were detected.

Results and Discussion

For the investigation of the influence of the configuration of cis-B-ACC, the tripeptide
H-(L)-trans-4-Hyp(OBn)—(+)-cis-B-ACC—(L)-Pro-OBn 3 was selected, which possesses a high
sequence homology towards our previously investigated tripeptides 1 and 2.['"! but with
(+)-B-ACC instead of (-)-B-ACC (see Figure 3.1). The exchange of proline against O-benzyl
protected hydroxyproline Hyp(OBn) at the N-terminus was supposed to further stabilize the
proline side chain conformation, since Hyp exclusively adopts the up conformation."*"¥ In

addition, 3 was selected due to the higher organocatalytic activity and selectivity of its

C-terminal deprotected derivative S compared to its only proline containing analogue.

| / |

o o 0 o o\/o
' Nn.
o ’”ﬁr
NH //‘ OR
2 R=Bn 3 R=Bn
4 R=H SR=H

Figure 3.1: = H—(L)-Pro— ¥—(L)-Pro—-OBn 1, H—(L)-Pro—(L)-Pro—- ¥-OBn 2, H-(L)-trans-4-Hyp(OBn)— A—(L)-
Pro-OBn 3, H—(L)-Pro~(L)-Pro-¥-OH 4 and H-—(L)-trans-4-Hyp(OBn)- A—(L)-Pro-OH §5;
V =(-)-cis-B-ACC, A = (+)-cis-B-ACC.

Parametrization of the unnatural amino acids Hyp and Hyp(OBn)

In conformational studies of small molecules and non-standard amino acids, the
appropriate parametrization of these compounds is essential for reliable MD simulations. For
B-ACC the parametrization was based on a crystal structure of a model compound, which was
refined by DFT equilibrium geometry calculations and then checked with RDCs (residual dipolar
couplings) for correctness of the hydrogen positions in the rigid cyclopropane ring.'" In this

study, the DFT calculations based on either an energy minimized in silica structure or on the
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crystal structure led to very similar results, which shows that an accurate parametrization of such
unnatural amino acids can be achieved even in the absence of a crystal structure. Therefore, the
parametrization of Hyp and Hyp(OBn) was based solely on DFT and HF calculations.!"*! In order
to test the applicability of this approach also for proline-derived unnatural amino acids, several
coordinate files were generated for proline and were compared to the established proline
parametrization for MD calculations in CNS (Crystallography and NMR System).[ls] Four
equilibrium geometry calculation algorithms were applied for that purpose, all of them starting
from an MM-minimized in silica structure: Two ab initio calculations (Hartree-Fock with
6-31G* and 6-311++G** basis sets) and two density functional theory calculations (B3LYP,
6-31G* and 6-311++G** basis sets) were performed. For the differently optimized geometries,
the maximum differences of the calculated bond lengths were found to be below 0.02 A and of
the calculated angles below 0.5°, which shows the high congruence of the DFT- and HF derived
structures. These structures were then compared to the proline structure implemented in CNS,
revealing maximum differences of the bond lengths below 0.04 A and of the angles below 4°.
Since these small differences for proline demonstrate the applicability of the in silico method for
the amino acid parametrization, the HF and DFT approach was used for the Hyp und Hyp(OBn)
parametrization, too.

Next, the same calculations were performed for Hyp and Hyp(OBn). The differences of
the four calculated structures in each case were again very small (max. 0.03 A and 2.5°), so the
mean structure of the four geometries was used as the basis for the CNS parametrizations of Hyp
and Hyp(OBn), respectively (see Table 3.3 in the SI). The obtained geometrical parameters for
Pro and Hyp were in very good agreement with similar calculations in the literature!'® and the
results indicate that the optimized torsion angle values of the hydroxyproline residue closely
resemble those of the proline residue.!'” These angle parameters were then used in the following

MD simulations in the torsion angle space.

MD calculations of 3

For the MD calculations of 3 at 273 K in CDCl;, 50 positive NOE contacts (extreme
narrowing limit), detected in 2D 'H,'H-NOESY spectra (350 ms mixing time) at 273 K, were
used as distance restraints (see Table 3.4 in the SI). Using the standard simulated annealing
protocol, described in the SI, 100 structures with relatively loose distance restraints were
calculated. Of these, three structures with lowest total and NOE energies were selected as a
representative set for further analysis. Each member of this ensemble together with the NOESY

cross peak volumes was used as input for the full relaxation matrix calculation in AUREMOL!®
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in order to take spin diffusion effects into account. The refined sets of distance restraints were
then applied for the next set of structure calculations. In total four cycles of structure calculations
were performed, although convergence of both distance restraints and calculated structures was
obtained already after two cycles. Figure 3.2a shows the obtained structure ensemble of 3 at
273 K in vacuo. Solvent refined structures were generated by subsequent refinement employing
a chloroform box with periodic boundary conditions.

To elucidate the influence of temperature on the conformation and the conformational
stability, the NOESY experiments and MD calculations described above were repeated for 3 at
240 K. 43 negative NOE contacts (slow tumbling limit) at 240 K were used as restraints in MD
simulations employing an analogous procedure to the one for 3 at 273 K. For the calculation of
the distance restraints in the REFINE module of AUREMOL the correlation time 1. was
estimated in a first step to be 2.7 ns with the help of an approximated NOE build up curve and
the ratio of the cross peak volumes at 300 and 240 K. However, the calculation of some very
large distance restraints, which would require to break covalent bonds, indicated that this rough
estimation leads to too large correlation times. Therefore, an extension of the . algorithm!'” in
the REFINE module of AUREMOL was made for our solvent CDCl; leading to a correlation
time 1. of 1.1 ns, which generated reasonable distance restraints for the MD calculations. The
obtained structure shows a good congruence to the structure at 273 K regarding the backbone
angle B and the conformational stability and confirms the accuracy of the MD calculations (see

Figure 3.2b).

b)

a=159° B=177°
(+ 20°) (+ 24°)

Figure 3.2:  Ensembles of 100 structures of 3 at a) 273 K and b) 240 K in vacuo with NOE distance restraints
derived from full relaxation matrix calculations. Hydrogen atoms except H" (B-ACC) and the two

benzyl groups are omitted for the sake of clarity. For the complete structures see Figure 3.7 and

Figure 3.8 in the SI.
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Validation of the MD calculations

In conformational studies of such small molecules as 3, it is essential to check whether
the experimental NMR parameters originate from one prevalent conformation or are averaged
over several coexisting or interconverting conformations. As criteria for the dominant population
of a particular conformation of short linear peptides, it has been proposed, that all interproton
distances below 3.5 A occurring in more than half of the calculated structures give rise to
detectable NOEs and that no NOE restraints are violated.”’) In addition, the predominant
adoption of one well-folded form can be evidenced experimentally by unusual large or small
3JHH values.”” The MD simulations of 3 indicated — similar to 1 and 2! — again a limited
conformational flexibility at both temperatures as far as rotations around the backbone angles ‘V,,
o and B and the side chain conformation of Hyp(OBn) are concerned (see Figure 3.2). As
expected, the orientations of the benzyl protecting groups are less defined (see Figure 3.7 and
Figure 3.8 in the SI). The predominance of this conformation shown in Figure 3.2a is revealed by
the excellent agreement of the experimental 3 angles derived from 3JHN_HB values with the
calculated structures for 3 (and also for 1 and 2), see Table 3.1. In addition, the fulfillment of all
NOE restraints for 3 at 273 K and 240 K and the existence of observable NOE cross peaks for all
distances below 3.5 A for 3 at 273 K indicated one conformation for 3 at 273 K. However, for 3
at 240 K, the calculated distance of 3.46 A between H" (B-ACC) and H>! (Pro3) was not
represented by a NOE cross peak, indicating an incorrect a value for 3 at 240 K. In addition, this
calculated a angle of 3 at 240 K strongly differed from the a angle of 3 at 273 K. The resulting
small distance of Pro3 and the B-ACC moiety (see Figure 3.2b) for 3 at 240 K was not reflected
by the experimental NOE cross peak and could therefore successfully be identified as artifact
from the MD calculations. The most probably explanation for this rotation around o compared to
3 at 273 K could be the overestimation of the NOE restraints from H” (8-ACC) to the H® protons
of Pro3, since these structure decisive cross peaks were near the diagonal in the NOESY
spectrum.

However, the unexpected limited flexibility and the values of the 3 angle of 3 at 273 and
240 K are experimentally confirmed by the unusual large 3JHN_HB value of 9.54 Hz at 240 K (see
SI). The slight decrease in the 3JHN_H3 coupling constant from 9.54 Hz at 240 K to 8.88 Hz at
273 K and the only slight difference of the calculated structures at both temperatures also
indicate a high conformational stability. In addition, the linearity of the temperature coefficient

AS/AT of the amide proton HY of B-ACC and small changes in the 'H chemical shifts
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(AS(298 K - 240 K) = 0.32 ppm for the amide proton and Ad <0.12 ppm for the other protons)

show that this conformation is still preferred at higher temperatures.

Table 3.1: Comparison of calculated and experimental § angles derived from 3JHN,HB and calculated o angles of

1, 2 and 3 at varying temperatures.

1 2 3
T/K 240 273 273 240
*Jinonp / Hz 9.69 6.631 8.88 9.54
Bexp 180° £ 30°F 2150+ 15°0 1570+ 13° 180° £ 30°
Beate.vac 151° £ 11° 2210+ 17901 1560 + 240 177° + 24°
Beale.soly 189° + 15° 192° + 13° 1520 +23° 199° + 19°

Olcale.soly 174° + 15° (271° + 76°)°1  168° + 25° (118° + 13°)c]

[a] From Ref ", [b] Orientation of the benzyl group less defined. [c] MD artifact.

Beside the restricted conformational flexibility of the backbone angles, the MD
simulations reveal preferred proline and hydroxyproline side chain conformations. For proline it
has been found that two distinct envelope conformations are preferentially adopted, designated
as C’-exo “up” and C'-endo “down”.l'* 23] In contrast, hydroxyproline was reported to adopt
only the up conformation."*"*! Likewise, in this study the O-benzyl protected hydroxyproline
Hyp(OBn) was found to adopt almost exclusively the up conformation, which is supported by
the analysis of all *Juy couplings within the pyrolidine ring of Hyp(OBn) and by the existence of
a strong w-coupling of 2.2 Hz from H"' to H® (Hyp(OBn)) in the 'H spectra at 273 K. The
existence of this *J long range coupling and its only slightly reduction to 1.9 Hz at 298 K
emphasizes the stability of the up conformation of the Hyp(OBn) side chain, even at higher
temperatures.[24] In contrast, for the N-terminal Pro in 1 and 2 no preference for up or down was
observed, while proline in position two and three slightly prefers the down conformation (see
Figure 3.3). Altogether, these MD findings are corroborated by all experimental *Jyy couplings
and are analogous to the literature for Pro and Hyp containing peptides.[lz'B’ 2151 Thys, the
incorporation of B-ACC does not induce unusual conformational preferences in the adjacent

proline rings.
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Structural motifs induced by the unnatural amino acids f-ACC

For a detailed understanding of the role of B-ACC in the reported applications of B-ACC
containing foldamers in medicinal chemistry and organocatalysis, a comparison of the
conformational preferences inherent in the f—ACC containing foldamers was conducted next. In
previous studies using IR spectroscopy and molecular modeling, it was shown that B-ACC and

[10-25] Beside a hydrogen bond in a six-

its derivatives are able to induce several H-Bond patterns:
membered ring conformation from the H" (B-ACC) to the amide oxygen (B-ACC), which bears
the disadvantage of a constrained N-H---O geometry, also H-bond patterns with eight or nine-
membered ring conformations were reported, especially, when strong H-bond donors and
acceptors are in the vicinity of the B-ACC moiety. Furthermore, with poor H-bond acceptors e.g.

2627 4t the C-terminus, the formation of

esters instead of the stronger H-bond acceptor amide,!
the hydrogen bond in the six-membered ring conformation is disfavored for B-ACC
derivatives."” But due to the sequence of the investigated tripeptides, which provide a tertiary
amide as H-bond acceptor for the six-membered ring conformation and lack alternative strong H-

221 in the vicinity of the 8-ACC unit, the formation of the hydrogen

bond donors and acceptors!
bond in the 6- rather than 8- or 9-membered ring conformation was strongly favored for 1-3.
Interestingly, the MD calculations of 1 and 2 with (-)-f-ACC and 3 with (+)-B-ACC
showed, independent of the configuration of B-ACC, a curved turn structure with an unexpected
stability concerning the backbone angles a and B (see Figure 3.2 and Table 3.1 for the angle
values and Figure 3.3 for the structures), which is most probably induced by a combination of H-
bonds and sterical hindrance. First the hydrogen bond pattern is discussed: The stability of the
backbone angles o and 3 leads to a nearly constant distance of the HY (B-ACC) to the O(=C)
(B-ACC) of 2.03 +£ 0.05 A in 1, 2 (distance to -O- instead of O(=C)) and 3 at 273 K. In addition,
the angle formed by the atoms N-H"-+O(=C) in 1, 2 and 3 at 273 K is 116° + 10°, see Figure
3.3a-c. No H-bond is indicated for 3 at 240 K due to the slightly incorrect a angle value (see
Figure 3.3d and discussion above). These conformational preferences are most probably induced
by a weak to moderate hydrogen bond within the p-ACC moiety from its H" to its amide oxygen
(in 1 and 3) or to the sp’ ester oxygen (in 2), respectively. This hydrogen bond is expected to be
stronger at lower temperatures, as experimentally corroborated by the downfield shift of the
amide proton from 8.58 ppm at 298 K to 8.89 ppm at 240 K.’??! In addition, titration

133351 for 1 showed the existence of this H-bond:

experiments with competing H-bond acceptors
Upon the stepwise addition of DMSO the 'H chemical shift of the HY (B-ACC) (downfield shift

below 0.08 ppm) and the 3JHN_HB coupling constant remained nearly constant. The correlated
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stabilities of 8(H") and 3JHN_H5 could hence be taken as a further support for the suggestion that
an intraresidual H-bond within 3-ACC contributes considerably to the conformational backbone
stabilization. Furthermore, DFT and HF calculations for 3 (data not shown) and the MD
calculations for 1, 2 and 3 at 273 K showed the existence of this H-bond, independent of the
configuration of B-ACC (see Figure 3.3a-c). Only in the MD calculations of 3 at 240 K (see
Figure 3.3d), the H-bond within B-ACC was not reproduced. However, this can be attributed to
the overestimation of the NOE restraint discussed above.

Interestingly, in 2 the -O- instead of O(=C) oxygen acts as the hydrogen bond acceptor
(C6’ ring). Usually esters act at the sp” rather than sp® oxygen atom as H-bond acceptor,*” but
this kind of hydrogen bond with -O- as H-bond acceptor was also observed e.g. for Boc-Ala-
(+)cis-B-ACC-OBn in molecular modeling studies.!'” This preference of the H-bond geometry
with the weaker H-bond acceptor might be attributed to stabilizing CH-m interactions of the
benzyl group with the HP and H' protons of Prol, as indicated by NOESY contacts from the
HP, H' and H* protons to the aromatic protons of the benzyl group. An MD trajectory in the
CDCI; box for 2 showed a distance of the H? and H” protons to the midpoint M of the aromatic
ring of 3-4 A and an angle C-H--M larger than 120° (data not shown), typical for H-bonds with
n-acceptors in proteins.** >

Furthermore, a second, but weaker hydrogen bond between N (Pro;.;/Hyp(OBn);.;) and
HY (B—ACC)) is indicated for 1, 2 and 3 at 273 and 240 K by the nearly constant distance from
the N (Pro;.;/Hyp(OBn);.,) to HY (B-ACC;) of 2.27 + 0.06 A and a nearly constant angle value for
the corresponding N--H"-N angle of 104° + 2° (see Figure 3.3a-d). This H-bond stabilizes the
Wi.; angle and induces a kink in the peptide chain, which is independent of the configuration of
B-ACC. This geometry is further stabilized in 2 by an additional third weak H-bond from the
amide oxygen O(Proi.,) to H" (B-ACC;)), as indicated by the corresponding distance and angle
values (distance O--H": 2.28 A; angle O--H"-N: 114°, see Figure 3.3b). This arrangement
involving three amino acids stabilized by a O(=C)., > H"; hydrogen bond with the
corresponding W angle of -9° and a ¢ angle of +10° for the second residue (Proj;) can be

[10- 371 Interestingly, such bifurcated (in 1 and 3) and even

regarded as distorted inverse y-turn.
trifurcated (in 2) H-bonds have not yet been reported in earlier IR studies of di- to pentapeptide
containing alternating Ala/Phe and either (+) or (-)-B-ACC.I""! One possible explanation is that
bi- or trifurcated hydrogen bonded states are indistinguishable from single hydrogen bonded

states by means of their NH valence bond vibration.
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hydrogen bond
d(H--N) =224 A
L(N-H--*N) = 105°
L(H-N--H) =71°
(w)

N-H-O b)h deH,\:) d
hydrogen bond ydrogen bon
o rog A d(H-N) =227 A
L(N-H-0) = 1267 L(N-H=N) = 105°
(m-w) (w)

N-H--O
hydrogen bond
d(H--0)=2.02 A
L(N-H---O) = 106°

(m-w)

N-H---O
hydrogen bond
d(H--0)=2.28A
L(N-H---O) = 114°

(w)
> 65 % >75%
down ¢
Pro 1
Pro 1
up/dpwn up/down
1:1 .
1:1
C) N-HN N-H--O d) N-HN
hydrogen bond hydrogen bond
d(H-N) =221 A ST oE R dHN)=232A 40y = 326 A
L(N-H--N) = 104° LN-H-0)=120°  L(N-H-N)y=102° L(N-H--0) = 98°

L(H-N--H) = 138° ¢ (mow) L(H-N-H) = 127°
(w) a ) (w)

Figure 3.3:  Proline puckering and hydrogen bonds of a) 1 at 240 K, b) 2 at 273 K, ¢) 3 at 273 K and d) 3 at 240
K refined in CDCl;. The C-terminal benzyl group is plotted as line for the sake of clarity. Hydrogen
bond strength classification (m moderate, w weak) according to Jeffrey."® ¢) Scheme of the merged
backbone conformations of 1 and 3 highlighting the different orientations of the cyclopropane ring

and its methoxy substituent. Color code: red: oxygen, blue: nitrogen, black: carbon, grey: hydrogen.
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Together with the bifurcated hydrogen bond network, the stability of the o angle seems to
be also induced by steric interactions between the C? and C7 substituents of B-ACC with the
H® protons of Pro3, following the well known concept of allylic 1,3-strain of Z configured allyl

compounds,™”

exemplarily shown in Figure 3.4. There the conformational equilibrium strongly
favors 6a, while 6b represents an energy maximum determining the rotational barrier due to the
allylic 1,3 strain.”” Due to the partial double bond character of the peptide bond and similar
geometry of the B-ACC-Pro3 sub unit compared to allylic compounds, the f-ACC-Pro sub unit
also adopts an eclipsed conformation with a values of 174° for 1 (with (-)-B-ACC) and 168° for
3 (with (+)-B-ACC) at 273 K (see Table 3.1). The allylic strain in combination with the hydrogen

bond in the six-membered ring conformation both induced, independent of the configuration of

B-ACC, in a cooperative manner the conformational stability of the backbone angles o and f3.

H3)
Ho HA 5o, H  CH CH; CH CH
o | : 3 3 3\ CHj3 %Hs 3
WN\/ CH3“")\)\ CH3‘"‘)\)\ V\
1 CHj3 H H
6a 6b 6c
=0 > +4 kcal/mol +3.44 kcal/mol

Figure 3.4: Scheme of the allylic 1,3-strain in a model compound”” and in the f-ACC-Pro sub unit.

Altogether, the high conformational preferences of the tripeptides 1-3 were stabilized by
a bifurcated H-bond network induced by B-ACC together with allylic 1,3-strain in the B-ACC-
Pro3 sub unit in 1 and 3. Despite inversion of the configuration of B-ACC from 1 to 3, identical
hydrogen bond pattern and very similar backbone conformations were observed. This
demonstrates that the tripeptide backbone and also the proline side chain conformation of 1-3
were independent of the configuration of B-ACC and only the cyclopropane ring and its methoxy
substituent is oriented towards different sides dependent on the configuration. This is visualized
by a scheme shown in Figure 3.3e. There, the structures of 1 and 3 are merged, highlighting the
different orientations of the cyclopropane platform and its methoxy substituent. Therefore,
B-ACC provides the ability to manipulate the orientation of the cyclopropane ring and its
methoxy substituent by an inversion of the configuration without changing the backbone and
therefore the overall peptide structure. This structural feature of f-ACC may explain the reported
differences in selectivities in organocatalysis and medicinal chemistry upon a change of the

B-ACC configuration. Especially, for organocatalytic applications the steric shielding by the
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cyclopropane ring and its methoxy substituent might play a role in the selectivity of the
organocatalysts and might be further improved with larger substituents at the cyclopropane ring.
In this context, the detailed investigations on the conformational preferences induced by
(+)-B—ACC presented herein should allow for an improvement of the B-ACC involving

applications in organocatalysis and medicinal chemisty.

Deprotected organocatalysts and enamine formation

Inspired by the high conformational stability of 1-3, we wanted to investigate the
conformations of 4 and 5 (= unprotected 2 and 3), which act as organocatalysts in aldol and
mannich reactions.* “*!"! For both tripeptides, a deprotection at the C-terminus leads to the
formation of zwitterionic species, which aggregate in CDCl; to dimers for 4 and trimers for 5, as
observed by DOSY spectroscopy!*>**! (for details see SI). Due to the presence of very strong salt

28] tructure

bridges in CDCl;, which are supposed to alter the hydrogen bonding pattern,
alterations were expected and indeed, the absence of strong Pro1-Pro2 NOESY cross peaks for 4
indicated a reorientation of the Prol-Pro2 sub unit compared to 2 and a change of the
H™ (B-ACC) from a dublet at 7.65 ppm for 2 to a broad singlet at 9.68 ppm for 4 at 273 K
indicated an alteration of the B angle. Conformational changes compared to 2 were also observed
in quantum mechanical calculations for dimeric 4 (for details see SI). These conformational
changes further evidenced the hydrogen bond within B—ACC together with the allylic 1,3-strain
as main source of the conformational preferences of 1-3 and emphasized the importance of this
hydrogen bond beside the allylic 1,3-strain for the high conformational stability. Further NMR

[4445] ;g

investigations of 4 were hampered by its degradation into the Pro-Pro-diketopiperazine
severe signal overlap of Prol, Pro2 and the diketopiperazine (see 'H spectra in Figure 3.10b in
the SI). In addition, for 5 five to seven conformations with almost equal populations could be
identified. Therefore, no further structure investigations of 4 and 5 were performed.

Instead, a stabilization of enamines of the tripeptides seemed to be more promising. First,
enamines of short peptidic organocatalysts have never been detected so far; second, our previous

[46-47] showed that the formation

studies on enamines derived from proline and prolinol catalysts
of enamines leads to a deaggregation to monomeric enamines. In a first attempt experimental
conditions close to the structural investigations described above and close to the catalytic

I were used. 1:1 and 1:2 mixtures of 4 with

conditions used in the organocatalysis'®
p-nitrobenzaldehyde, acetone, benzophenone and cyclohexanone, respectively, were prepared in

CDCls. But in agreement with our recent studies on proline and prolinol enamines, which were
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only detectable in solvents with good H-bond acceptor and poor H-bond donor abilities like
DMSO,**"! enamines could not be detected (see SI). Therefore, we investigated next 1 with
propionaldehyde in DMSO-dg, using the same experimental conditions that had successfully
been applied for the detection of proline enamines: Freshly distilled propionaldehyde (1 pL,
0.014 mmol) was added to a mixture of 1 (approx. 0.004 mmol) and DMSO-d¢ (0.6 mL) and the
ongoing events were monitored by one-dimensional proton spectra at 300 K (see Figure 3.5).
The macroscopic solubility of the tripeptide in DMSO was rather poor, leading to extremely low
signal to noise ratios (see Figure 3.12 in the SI). In addition, the broad lines of the amide proton
resonances indicate spectroscopically that the dissolved tripeptide molecules are heavily
aggregated similar to the situation of 4 and 5 reported above. Upon the addition of an excess of
propionaldehyde, two significant changes are observed in the 1D 'H NMR spectra (see Figure
3.12 in the SI). First, two doublets of 13.7 Hz each at 6.04 ppm and 5.98 ppm, respectively, as
well as two doublets of quartets close to 4 ppm and two broad singlets at about 1.55 ppm are
observed. These signals, agreeing excellently with the previously reported data for the
propionaldehyde-derived proline enamine,*® clearly evidence that two different E-configured
enamine species (in a ratio of about 5:4) are formed from propionaldehyde and 1 in DMSO.
Following our earlier conformational studies on this tripeptide, these enamines might be cis-
trans-isomers with respect to the conformation of the f—ACC-Pro peptide bond (cis:trans ratio
of the catalyst in chloroform: 1:4 at 240 K and 1:3 at 300 K)."® Second, the formation of the
enamines also has an impact on the spectral appearance of the amide proton resonances of
B—ACC: The broad amide proton resonances of the tripeptide, at about 8.65 ppm in DMSO for
both isomers, experience a significant upfield shift to 8.25 ppm and 7.81 ppm in the enamine and
the reduced line widths indicate that the formation of the enamine is indeed accompanied by the
deaggregation of the tripeptide. However, a long-term stabilization of the enamine species could
not be achieved in this experimental system. After 3 hours, no enamine can be detected any
longer (see Figure 3.5); instead, low amounts of the self-condensation product of
propionaldehyde are observed. Still, the lifetime of the enamine species in combination with the
chemical shifts of the HI proton at the enamine double bond allowed for a rough conformational
characterization by 'H,'"H-NOESY analyses. The enamine resonances at 6.04 ppm and 5.98 ppm
show cross peaks to signals at 3.49 ppm and 3.47 ppm, most probably belonging to the H* (Prol)
protons in the two enamine species. Hence, this can be interpreted as a first evidence for the
population of the s-trans conformation around the exocyclic N-C double bond; obviously, this

conformation, which had been observed for proline enamines, is also preferred in the case of
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peptide enamines. Further detailed studies concerning the possible adaption of conformational
preferences upon the formation of enamines as reported for prolinol (ether) enamines could not
be performed on the tripeptides 1-5 due to their low solubility in DMSO. Nevertheless, this is to
our knowledge the first detection of peptidic enamines and constitutes a first insight into the

stereoinduction exerted by N-terminal prolyl peptides'*” in asymmetric enamine organocatalysis.
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Figure 3.5: Decrease of the amounts of enamines formed of 1 with propionaldehyde in DMSO-ds at 300 K,
followed by 'H spectra. Because of the poor signal-to-noise ratio, an absolute quantification of the
enamine amount was not possible; the amount of the major isomer detected in the first spectrum was

therefore set to 100 arbitrarily.

Conclusion

In summary, we have presented a NMR and MD derived approach for the investigation of
conformational preferences of different tripeptides containing the unnatural amino acid B-ACC
and proline-like residues, revealing the structure induction and, especially, the influence of the
configuration of B-ACC. A remarkable conformational stability regarding the backbone and the
Hyp(OBn) side chain conformation was observed for H-(L)-trans-4-Hyp(OBn)—(+)-cis--ACC—
(L)-Pro-OBn 3 at 273 and 240 K, which was similar to H—(L)-Pro—(-)-cis-B-ACC—(L)-Pro—OBn
1 and H—(L)-Pro—(L)-Pro—(-)-cis-B-ACC—-OBn 2. These high conformational preferences of the
tripeptides 1-3 were stabilized in a cooperative manner by a bifurcated H-bond network induced
by B-ACC and for 1 and 3 additionally by allylic 1,3-strain in the B-ACC-Pro3 sub unit. Despite
inversion of the configuration of B-ACC from 1 to 3, an identical hydrogen bond pattern and,

thus, very similar backbone conformation was observed, demonstrating that both cooperative
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stabilizing effects and thus the backbone conformation were independent of the configuration of
B-ACC. Therefore, B-ACC provides the ability to manipulate the orientation of the cyclopropane
ring and its methoxy substituent by an inversion of the configuration without changing the
backbone and therefore the overall peptide structure. This may explain the different selectivities
found in the applications of B-ACC in organocatalysis and medicinal chemistry. Thus, our study
suggests that by using larger substituents at the cyclopropane ring an improved sterical shielding
of one halfspace of the peptide may be achieved, which should lead to improved selectivities in
B-ACC applications. In addition, for the first time the detection of a peptide enamine in
organocatalytic aldol reactions is reported. In this context, the detailed investigations on the
conformational preferences induced by (£)-f—ACC presented herein should allow for an

improvement of the B-ACC involving applications in organocatalysis and medicinal chemisty.
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3.3 Supporting Information

3.3.1 Experimental Section

Compounds 1, 2 and 3 were synthesized following the published protocol. >"!

NMR spectra were recorded on a Bruker Avance III 600 spectrometer equipped with a low
temperature 5 mm TBI "H/*'P-BB probe and on a Bruker Avance III 600 equipped with a TCI
cryoprobe, both with z-gradients and BVT 3000 temperature control unit. NMR data were
processed and evaluated with Brukers TOPSPIN 2.1 and 3.0.

Sample concentrations of 60 mM to 90 mM were applied for NMR measurements of 3 at
298 K, 273 K and 240 K, while aggregation in this concentration and temperature range could be
excluded by diffusion measurements with convection artifact suppression.[*) Assignment of
proton and carbon resonances of all conformations of 3 was obtained by the use of one- and two-
dimensional NMR spectra. 'H-, "“C-, 'H,'H-COSY, 'H,°C-HSQC, 'H,C-HMBC,
'H,'H-NOESY and 'H,"C-HSQC-NOESY spectra allowed for complete resonance assignment
for almost all conformations of 3. Due to the relatively small size of the investigated molecules
and therefore slow NOE build-up a mixing time of 350 ms was used in the 2D "H,'H-NOESY
and 'H,">C-HSQC-NOESY spectra.

The peptide showed one main conformation with 62 % and some minor conformations
with 15 %, 9 %, 7 % and 5 %. All conformations, except the 15 % minor conformation, showed
a trans Xxx-Pro peptide bond proved by the '*C chemical shift difference between the Cp and Cy
of Pro3.°"™% The assignment of all conformations was performed to identify overlapping
NOESY peaks and to exclude these peaks from the MD calculations, but only the assignment of
the main conformation is depicted in Table 3.2

NOESY spectra were integrated and evaluated with AUREMOL 2.2.2 and 2.3.1,["" its
REFINE module was used for full relaxation matrix calculations. The calculation algorithm!'”’
for the internal correlation time 1. needed for the REFINE module was extended about the
solvents CDCl;, CHCI; and CH,Cl,. The viscosity, molecular mass and density data of these

3331 and were fitted with the Curve Fitting Tool of

solvents were taken from the literature!
MATLAB 7.5.0 R2007b. The resulting fit parameters from the polynomial fit routine were
incorporated into the internal AUREMOL solvent database (extension will be part of the next
Auremol release).

MD simulations were performed with CNS 1.1 and 2.0 (Crystallography & NMR

System).°®) The simulated annealing protocol included a high temperature stage (2,000 steps at
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50,000 K of 7.5 fs each) in torsion angle space, an annealing stage to 0 K (2,000 250 K-steps of
7.5 fs each) and a final energy minimization following the conjugate gradient method in ten
cycles of 200 steps each.

The unnatural amino acid cis-B-ACC was implemented into CNS on the basis of the DFT
minimized structures and the benzyl protecting group was parameterized on the basis of the

M The O-benzyl protected

available data for the natural amino acid phenylalanine.
hydroxyproline Hyp(OBn) was implemented into CNS on the basis of HF and DFT calculations
computed with SPARTAN 06,°7 as discussed in chapter 3.1, and force field parameter
definitions readable by CNS were created by the Dundee PRODRG?2 server®®! and XPLO2D.!
The solvent for structure refinement was simulated by a cubic box of 50 A length filled
with 1,000 molecules of chloroform (obtained from VEGA ZZ 2.0.8"), for which periodic
boundary conditions were assumed. The CHCl; geometry as well as atomic charges were taken

from literature data!®") and force field parameters were generated by XPLO2D.

Calculated structures were visualized and evaluated with MOLMOL 2K_.2.[6

Nomenclature of 3

HAI2

HFZ
| Hyp(OBn) HAM_ | _HAI3
i CAI
HFE2 CFZ HFE1
“CFE2 CFE1 Pro
OAJ__ OAH
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Figure 3.6:  Nomenclature of 3 as used for CNS. The same atom names were used for 1 and 2. Only the
primarily populated conformation of 3 (with a trans Xxx-Pro peptide bond) is depicted as only this

one was investigated in detail.
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Resonance assignment of 3

Table 3.2: Assignment of proton and carbon resonances of 3 in CDCl; (major conformation with trans peptide
bonds only, see Figure 3.6 for atom nomenclature). Chemical shifts were referenced to the

chloroform signal (8('H) = 7.26 ppm, 8(**C) = 77.16 ppm).

. §(C) / ppm 8('H) / ppm
Amino acid  Carbon (at 2)98p12 Proton at298K  at273K  at240K
CFB 70.79 HFB2 443/449  441/447  440/4.46
HFBI
CFG 138.26
CFD* 127.73 HFD* 7.30
CFE* 128.58 HFE* 7.33
CFZ 127.82 HFZ 7.30
Hyp(OBn) C 175.84 HTI 2.20
CA 59.96 HA 3.88 3.91 3.93
CB 36.49 HB2 1.93 1.92 1.93
HBI 2.41 2.43 2.47
cG 80.38 HG 4.07 407 4.09
CD 52,71 HD2 2.74 2.73 2.68
HDI 3.14 3.16 3.20
C 166.97 HAB 8.58 8.6 8.8
CAC 26.71 HACI 2.58 2.59 2.61
CAB 36.48 HABI 4.03 4.06 4.16
p-ACC CAE 27.69 HAE1 2.46 2.47 2.49
CAG 171.22
CAI 52.42 HAT* 3.71 3.70 3.70
C 171.75
CA 59.11 HA 457 457 4.60
CB 29.34 HB2 2.00 2.00 2.03
HBI 2.20 2.20 2.3
Pro
cG 24.67 HG2
201-2.06  2.06-2.01  2.01-2.05
HG1
cD 47.60 HD2 3.78 3.79 3.84
HDI 3.76 3.73 3.71
CB 67.04 HB2
5.09/523  5.08/522  5.06/521
HBI
OBn cG 135.72
CD* 128.23 HD* 732 7.36
CE* 128.68 HE* 7.36 7.36
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3.3.2 Parametrization of Hyp and Hyp(OBn)

Angle and bond length values for Hyp and Hyp(OBn) were based on DFT and HF

calculations generated with the program SPARTAN 06. (see Table 3.3). The charge distribution

was according to the natural amino acids threonine and proline.

Table 3.3:

Geometric parameters of the Pro, Hyp and Hyp(OBn) residues as used in the MD calculations.

CNS Pro Hyp Hyp(OBn)
N-CA 1486 14860 1.4860
CA-CB 1530 1.5300 1.5300
CB-CG 1.490 1.5300 15300
bonC} }gngth CG-CD 1.504 15255 15255
CD-N 1.474 14740 14740
CG-HG 1.080 1.0800 1.0800
CG-0/CG-HG1 1.080 1.4195 1.4195
CB-CG-O/CB-CG-HGT 109.955° 11103255 111.9325°
CB-CG-CD 106.100°  102.0275°  102.0275°
HG'CG'I({)(/}ITGZ'CG' 110456°  110.6150°  110.6150°
CD-CG-HG 110.382°  112.6675°  112.6675°
CD-CG-O 110.382°  106.4850°  106.4850°
angle CG-O-CFB 109.3175°  116.9775°
CG-CD-N 103.688°  105.0200°  105.0200°
CB-CG-HG 109.955°  109.2487°  109.2487°
CG-CD-HD2 1103820 1113275°  111.3275°
CG-CD-HDI 110.382°  1113275°  111.3275°
0-CFB-CFG 113.7200°
HAN-C-CB 663275 663265 66.3265°
improper  HBI-HB2-CA-CG 71.939°  -69.6639°  -69.6639°
angle OH1-HG-CB-CD 71.899°  -732775°  -732775°
HD1-HD2-CG-N 719020 71.9225°  -71.9225°
dihedral  CFG-OD1-HFB1-HFB2 71.0400°
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3.3.3 Structure investigation of 3 at 273 K

50 positive NOE contacts (extreme narrowing limit), were detected in 2D 'H,"H-NOESY
(350 ms mixing time) spectra at 273 K and used as restraints in MD simulations. At first,
relatively loose distance restraints were used to restrict the available conformational space,
employing uniform upper and lower bounds of 0.500 nm and 0.175 nm, respectively. Using the
standard simulated annealing protocol, described in chapter 3.3.1, 100 structures were calculated.
Of these, 3 structures with low total and NOE energies were selected as a representative set for
further analysis. Each member of this ensemble together with the NOESY cross peak volumes
was used as input for the full relaxation matrix calculation (with the REFINE module included in
AUREMOL) in order to take spin diffusion effects into account. The refined sets of distance
restraints were then applied for the next round of structure calculations.

In the first round of structure calculations three families were identified, but one of them
could be excluded due to its violation of distance restraints. In the second round the two
remaining families interconverted into one and reproduced itself in the following rounds of
structure calculations. The obtained structure ensemble is shown in Figure 3.7 (and without the
benzyl groups in Figure 3.2a).

In total four rounds of structure calculations were performed, at which after two rounds
convergence of both distance restraints and calculated structures was obtained. Solvent refined
structures were obtained by subsequent refinement employing a chloroform box with periodic

boundary conditions.

p=156" | , a=159°
(+ 24°) &#u (+ 20°)

Figure 3.7:  Ensemble of 100 structures of 3 at 273 K in vacuo with 50 NOE distance restraints derived from full

relaxation matrix calculations.
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Table 3.4:

50 distance restraints of 3 at 273 K derived from full relaxation matrix calculations.
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3.3.4 Structure investigation of 3 at 240 K

43 negative NOE contacts (slow tumbling limit) detected in '"H,"H-NOESY (350 ms
mixing time) spectra at 240 K were used as restraints in MD simulations employing a procedure
analogue to 3 at 273 K (chapter 3.2).

Due to the ambiguous assignment of the benzylic protons NOESY distance restraints to
both of these protons have been extended to include both protons and additionally about
0.05 nm. Or they have been included only qualitatively with uniform upper and lower bounds of
0.600 nm and 0.300 nm, when only one contact was observed.

After the extension of the 1. algorithm in the REFINE module of AUREMOL, a 1. of
1.1 ns was calculated generating reasonable distance restraints for the MD calculations (see
Figure 3.8).

Bp=177° o =125°

Figure 3.8:  Ensemble of 100 structures of 3 at 240 K in vacuo with 43 NOE distance restraints derived from full

relaxation matrix calculations.
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3.3.5 Validation of the calculated p angles

From the well-known Karplus curve for 3JHN_HQ of natural a-amino acids!®>-*4 (see Figure

(11, 651 the observed

3.9) in combination with the scaling effect of the cyclopropane ring,
J coupling of 9.54 Hz for 3 at 240 K was interpreted in terms of a population of 3 values of
180°+30°. The same had been earlier for 1 and 2.[""! For all tripeptides the experimental B angles,
derived from 3JHN_H5 values, were in excellent agreement with the calculated structures (see

Table 3.1).

COOMe
H R H A
R “ R
W Y
hio 4% oo

o (natural AA) B (B-ACC)

Figure 3.9:  f angle in B-ACC as analogue to the ¢ angle in natural amino acids.

3.3.6 NMR investigations on the organocatalysts 4 and 5

Degradation of 4 into the Pro-Pro-diketopiperazine and severe signal overlap
The organocatalytic precursor 2 decomposed under ring closure to the cyclic Pro-Pro-
diketopiperazine. This is known from peptide chemistry, where especially the Pro-Pro-dipeptide

[44.66) Since the unprotected catalyst 4 also possesses

sequence is prone to form diketopiperazines.
this detrimental sequence, but without the deleterious electron lone pair at the N-terminus, a slow
decomposition of 4 could be observed in dry CDCl; just as well and more pronounced in CDCls
containing traces of water.[*”) The acceleration of the decay by more polar, protic solvents could
be confirmed in MeOH, where a complete decay could be observed within 12 days. For the
catalytic reaction, this slow decomposition of the catalyst 4 was not considered as problematic
because of the subsequent separation of the decay product by the work-up.

In contrast, for a meaningful conformational analysis of 4, a purification of the compound
was necessary. Therefore several attempts were performed, but a complete separation of the
decomposition product was not possible with the lowest amount of the decay product around
10 %. Due to the proceeding decomposition and the striking signal overlap of Prol, Pro2 and the

diketopiperazine in the 'H spectra (see Figure 3.10b), this experimental system was considered to

be too complex for detailed and meaningful conformational investigations of 4. Thus, no
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conformational analysis, but only aggregation studies and attempts to stabilize intermediates

with some additives have been made for 4.

? O%O { H?
Y f ° (Pro2) s
C’)§ ot 5 (Pro1)

. ety
2
H" (3-ACC
. I

b) cH, T H (Pro1) Hi(Prm)
@-Aco)|| +H’ p-acc) +H" (Pro2)

+H' (B-ACC)
H* (B-ACC) »
H (Pro1)

/
0 o
O 5 3
C,Ao H % ]
NH,* O/‘O 0
13 (

4 DKP Pro2)

2
(15 mol%) H" (Pro1) +H

~ 12

H™ (Pro1)
+H]53

DCM a P00
(Pro2)

H" (B-ACC)
N |

5("H) / ppm
Figure 3.10: a) 'H spectrum of 2 in CDCl; at 270 K with sufficient chemical shift dispersion. b) 'H spectra of 4 in
CDCl; at 300 K with striking signal overlap of Prol, Pro2 and the diketopiperazine DKP
degradation product. Proton signals of 2 overlapped with signals of the DKP are marked with an

underline.

NMR investigations of 5 at 300 K

Sample concentrations of 160-190 mM in CDCl; were applied for the 2D NMR
measurements of 5 at 300 K resulting in only poor spectral quality, which could not be improved
by dilution or by lowering the temperature. Five to seven conformations with almost equal
populations could be identified in a 'H,"”>C-HSQC at 298 K. The severe signal overlap owing to
the high number of conformations with similar chemical shift pattern and the large line widths of
the signals, due to aggregation and presumably exchange between the conformations, hampered
a complete assignment of the proton and carbon resonances and impeded a conformational

analysis for 5.
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Aggregation studies of 4 and 5

67]

From diffusion-ordered spectroscopy (DOSY)™ the translational self-diffusion

coefficients of molecules in solution can be calculated according to the Stejskal-Tanner
equation.[®® On this basis and with the diffusion coefficient of TMS as reference, the relative
diffusivity Dyl = Drms/Danarye of an analyt can be gained, from which the molecular mass M of

the molecule can be estimated empirically following equation (3.1) (parametrized for organic

solvents):1®”!

M=845-5_.p'7 (3.1)
mol
The comparison of the estimated mass with the actual molecular mass of the analyte then allows

for an estimation of the aggregation behavior of the analyte in solution.

DOSY experiments'**! for 4 in CDCl; at 300 K in the concentration range from 1-5 mM
revealed mass estimations of 630-700 g mol’.') By comparison with the actual mass
(M=353.4 g mol™), these values could be interpreted as dimer over the whole concentration
range with only a slight deaggregation upon dilution. The dimerization of 4 bears analogy to

proline catalyzed aldol reactions in DMSO, where proline is initially a dimeric species and

subsequently forms a monomeric enamine intermediate in the course of the reaction.[’”
Table 3.5: DOSY-based molecular mass estimations for 4, the Pro-Pro-diketopiperazine DKP and the different
additives in CDCl; at 300 K.
/ / mass estimation / g mol™
c c o
dditive 4 DKP
mM[a] mM[b] a iti it
(M=353) (M=194) additive pure additive

29 5 --- 697 285 --- ---

22 4 --- 688 265 --- ---

10 2 --- 658 281 --- ---

5 1 --- 626 283 --- ---

10 4 1:1 p-nitro benzaldehyde 743 711 145 125

10 4 1:2 p-nitro benzaldehyde 713 645 140

10 3 1:1 benzophenone 731 696 180 177

10 3 1:2 benzophenone 749 672 169

10 4 1:1 acetone 693 664 78 67

10 4 1:2 acetone 667 600 72

10 3 1:1 cyclohexanone 744 683 130 107

10 3 1:2 cyclohexanone 697 653 116

[a] concentration according to the net weight. [b] concentration OMS corrected due to precipitation of 4.
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To allow for NMR investigations on 4 as a monomer and to investigate potential enamine
intermediates of the catalytic reaction, 4 should be stabilized and disaggregated by an increase of
the polarity of the solvent (dielectric constant & of CDCls: 4.8)" and/or by the formation of
enamine (or oxazolidinone-like) intermediates. Therefore, p-nitro benzaldehyde and
benzophenone (g: 12.62/27° C)*! were selected to increase the solubility of 4 by an increase of
the polarity of the solvent. Additionally, cyclohexanone (&: 16.1/20° C)® and acetone
(e: 21.1/20° C),” bearing the potential to form enamine intermediates with the catalyst, were
selected. Each compound was added to samples of 4 in CDCl; at 300 K to end up in a molar ratio
4:additive of 1:1 and 1:2, respectively. The corresponding DOSY-based mass estimations of 4,
the diketopiperazine and of the additives are summarized in Table 3.5. For comparison, the mass
estimations for pure additives (10 mM in CDCls) are also given in the last column. For 4, no
disaggregation upon addition of the carbonyl compounds was observed. In contrast, for the
diketopiperazine a more than twofold increase of the estimated mass was observed, from
260-290 g mol™ without additives to 640-710 g mol™ with additives. The masses of all additives
are unaffected (within the error range) by the presence of 4 and the diketopiperazine compared to
the pure additive samples. This suggested that there is no direct interaction of the additives with
4 or with the decomposition product. The aggregation of the diketopiperazine may be attributed
to the increase of the polarity of the solution rather than the formation of an aggregate with the
additives.

Altogether, no disaggregation of the catalyst with the additives neither as a soluble
intermediate nor by an increase of the solvent polarity could be achieved. Recent investigations
on the stabilization trends of enamines showed, that CDCl; was not the appropriate solvent, since
proline enamines are stabilized by solvents with good H-bond acceptor () and at the same time
poor H-bond donor (a) properties like DMSO (B 0.76, o 0.00).1* " In contrary, CDCl; is only a
very poor H-bond acceptor (3=0.1). Therefore, the non-detection of enamine intermediates in
these investigations can be attributed to the misfit solvent and also misfit carbonyl compounds.

However, an increase of the amount of (still aggregated) 4 in solution by a factor of 2 was

observed upon the addition of the additives (see Table 3.5).
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DOSY experiments'*?! for 5 in CDCl; at a concentration of 160 mM in the temperature
range from 300 to 220 K delivered always the same diffusion coefficient for the five to seven
conformations of 5. This means that the simultaneously existing species were not different
aggregates of 5, but different conformations with the same aggregation behavior. By a
comparison with the actual mass (M = 459.5 g/mol), the DOSY-based mass estimations of
1423-1550 g/mol could be interpreted as trimer for all conformers over the whole temperature
range.'”) The potential influence of the high concentration was ruled out by dilution
experiments, which revealed scarcely alteration of the chemical shift pattern in the 'H spectra.
Therefore similar aggregation behavior was expected for 5 also at lower concentrations. This
was supported by dilution of 4 down to 1 mM, in which only a slight disaggregation was
observed by DOSY experiments (see Table 3.5).

This higher aggregation of 5 compared to its monomeric precursor 3 was reflected by the
different rotational correlation time 1. indicated by the sign of NOESY cross peaks: While 3 (and
also 1 and 2) was in the extreme narrowing regime down to 273 K indicating fast motion typical
for a monomeric species, 5 was in the slow tumbling regime even at 300 K indicating a

aggregated species with a relatively high rotational correlation time ..

3.3.7 Quantum mechanical calculations for dimeric 4

Quantum mechanical calculations (HF, 6-31G*)" for a dimer of 4 in vacuo showed one
molecule with an intact intramolecular hydrogen bond in the six-membered ring conformation,
while the second one possessed an intramolecular salt-bridge from its N- to its C-terminus.
Furthermore, the Pro2-B-ACC peptide bond of the second molecule interacted as hydrogen bond
donor and acceptor with the N- and C-terminus of the other molecule (see Figure 3.11).
However, the QM calculations were performed in vacuo, therefore the energy gain due to the
formation of hydrogen bonds and salt bridges was presumably overestimated and no
experimental restraints were included in the calculation. Therefore, it is unclear, whether these
results are consistent with the experimental data, e.g. the existence of two inequivalent molecules
was not indicated by the NMR spectra. But the survival of the Cs hydrogen bond in one of the

molecules further hinted at the high conformational preference of this C¢ conformation.
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N-H--O

N-H--O hydrogen bond
hydrogen bond d(H-+0) =2.09 A N-H--O
dH-0)=191A | (N-H--O) = 141.4° hydrogen bond
L(N-H--0) = 131.1° d(H-0)=210A

L(N-H-0) = 131.2°

N-H--O

= hydrogen bond
2 d(H-0) = 1.68 A
= L(N-H-O) = 153.1°

Pro2

Figure 3.11:  Hartree-Fock-based””! structure model of dimeric 4 with intra- and intermolecular H-bonds.

Methoxy esters of B-ACC and hydrogen a toms (except H") are omitted for the sake of clarity.

3.3.8 Enamine detection for 1

NH-region enamine-
region

WMMWWWWW

addition of
propion-
aldehyde

"WNMW Wiwi W”WWW
Y 8.4 82 80 78 ' 6.1 59
5 ( H) / ppm

Figure 3.12: Proton spectra of 1 in DMSO-d¢ before (top) and after (bottom) the addition of an excess of
propionaldehyde.

3.3.9 Statistical information on the calculated structures of 3

Table 3.6: Statistical information on the calculated structure ensembles.

Figure 3.2a = Figure 3.7 Figure 3.2b = Figure 3.8

number of selected structures 100 100
number of restraints 50 43
rmsd (backbone without benzyl groups) / A 0.44+0.15 0.40+0.12
E(NOE),a / kJ mol™! 3.08 1.9
E(total)may / kJ mol” 18.8 16.6
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3.4 Additional experimental findings

3.4.1 Preparation of PDMS/CDCI; gels

In chapter 2, it was shown that in the presence of cis-B-ACC as a probe for molecular
alignment, RDCs allowed to obtain conformational information on the backbone and proline
side-chain conformations of 1. In order to use this valuable tool for the structure determination of
3 in addition to the NOE derived information, PDMS/CDCl; gels!’*™! for the RDC
determination of 3 were prepared. PDMS gels with a higher cross linking (PDMS with a
irradiation dose of 200 kGy instead of 100 kGy)!"*"* were used to increase the alignment and
therefore the magnitude of the RDCs of 3 in the PDMS-200/CDCIl; gel compared to 1 in a
PDMS-100 gel (see Table 3.8). The alignment and homogeneity of the gel was investigated with
the magnitude of the CDCl; quadrupole splitting Avg and the line widths in deuterium spectra.
As expected for PDMS gels,*®! the line widths in the 'H and “H spectra decreased below 2 Hz
and the CDCl; quadrupole splitting in the *H spectra increased in the course of the
homogenization process from 40 to 50 Hz (see Figure 3.13 and Figure 3.14). However, after
130 days a smaller quadrupole splitting of 22.6 Hz was observed indicating mechanical
reorientation and relaxation processes in the aged gel.[**! After homogenization of the gel,
12.5 mg of 3 were added into the solvent above the gel for diffusion into the gel, leading to a

concentration of 21 mM of 3 in the gel (distribution coefficient taken into account).[**!

a)10d ‘_J\ A

b) 17.d J\ A
c)34d “ ”
d)97d J ,/L

2 -2 30 40 5

AUQ / Hz
Figure 3.13: CDCl; quadrupole splitting in the *H spectra of a PDMS-200/CDCl; gel after a) 10, b) 17, ¢) 34 and
d) 97 days, each at 300 K and 600 MHz.
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Figure 3.14: Time-dependence of the CDCl; quadrupole splitting of three PDMS-200/CDCl; gels.

3.4.2 Determination of RDCs

For the determination of RDCs of 3 at 298 K 'H spectra and 'H,"*C-P.E.HSQC!" spectra
were measured in CDCls and in a strained PDMS-200/CDCls gelm] which provided a CDCl;
line splitting of 22.6 Hz. 29 RDCs could be determined experimentally from well-resolved
1D proton spectra and P.E.HSQC spectra at 298 K. They are summarized together with their
estimated errors in Table 3.7.

Experimental errors of 0.2 Hz for well-resolved, 0.4 Hz for distorted and therefore partially
simulated and 0.7 Hz for completely simulated multiplets were assumed for *Dyy determined
from multiplet analysis of 1D proton spectra. For 'Dcy from P.E.HSQC spectra, the error was
estimated to be 1 Hz in case the RDC could be extracted directly from peak splitting in @2, and
2 Hz in case the multiplets in ®2 had to be simulated with DAISY due to higher order influences
or overlap with minor conformations. Errors in “Dyy from the peak tilt in P.E.HSQC spectra
were estimated dependent on the peak quality as 0.4 Hz, 0.7 Hz (one P.E.HSQC row distorted)

or 2.0 Hz, if both P.E.HSQC rows could be not analyzed without remaining uncertainties.
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Table 3.7: Experimentally determined residual dipolar couplings of 3 at 298 K.
RDC D/Hz AD/Hz source
CA HA 100  +1.0 P.E.HSQC
B HB1 27 £2.0 P.E.HSQC
Der HB2 3.2 +2.0 P.E.HSQC
CG HG 9.6 +2.0 P.E.HSQC
D HDI 0.7 £2.0 P.E.HSQC
Hyp(OBn) 1 HD2 3.4 +2.0 P.E.HSQC
- HBI HB2 0.5 +0.7 P.E.HSQC and 1D-'H
U HDL HD2 0.6 +04 P.EHSQCandID'H
HBI 02  +04 ID 'H
*Dun HA HB2 1.9 +0.4 1D 'H
HB2 HG -8 +0.4 1D 'H
CAB  HABI 47 1.0 P.E.HSQC
"Dy CAC HACI 0.7 2.0 P.E.HSQC
CAE  HAEI 4.4 +1.0 P.E.HSQC
B-ACC HAB HABI  -08 04 1D 'H
Du HABI HAClI  -1.5 0.7 1D 'H
HABI  HAEI 0.4 +0.2 ID 'H
HAC!  HAEI 2.0 +0.2 1D 'H
CA HA 6.5 1.0 P.E.HSQC
CB HBI 7.8 +2.0 P.E.HSQC
HB2  -125 2.0 P.E.HSQC
'Dey
CG HGI/HG2 3.1 +8.0 P.E.HSQC
Pro 3 CD HDI/HD2 -13 80 P.E.HSQC
Do HB1 HB2 73 +0.7 P.E.HSQC
HDI HD2 6.9  +2.0 P.E.HSQC
; HB1 3.1 +0.2 1D 'H
Duyy HA :
HB2 04 02 1D 'H
Table 3.8: Quadrupole splitting and maximum absolute values of the experimental RDCs of 1 in a PDMS-100

and 3 in a PDMS-200 gel, both at 298 K. The higher cross-linking of the PDMS-200 gel leads to

larger RDC values.

PDMS gel

100 200

AUQ / Hz

22 22.6

peptide

'Den/ Hz

74 12.5

3DHH / Hz

3 3.1

ZDHH / Hz

38 73
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4.1 Abstract

NMR spectroscopy was used to distinguish hydrogen-bonding and ion pairing in the
activation of imines by a phosphate catalyst. Hydrogen-bond strength and the amount of the
hydrogen-bonded species present are decisive for the catalytic reaction and can be manipulated
by introducing substituents with different electronic properties. This insight should guide the

development of more efficient catalytic systems.
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4.2 Manuscript

Despite the crucial role of hydrogen-bonding interactions and proton transfer in
organocatalysis, especially in the reactions involving Brensted acid catalysts,"® fundamental
understanding of the nature of catalyst-substrate complexes in solution is rather limited. One
reason for the challenges associated with investigation of the catalytically active species in
Bronsted acid catalysis is their lack of experimental accessibility. This difficulty is valid in

7241 with which the activation

particular for 1,1'-binaphthalene-2,2'-diol (binol) phosphoric acids,!
of the substrate takes place either through proton transfer or hydrogen-bonding, with or without
charge assistance by the catalyst. To improve the catalytic performance of Brensted acid
catalysts, it is essential to identify the different catalytic species present in solution. Schrader et
al. were able to detect key intermediates in a cascade reaction involving a binol-derived
phosphoric acid catalyst by electrospray ionization mass spectroscopy (ESI-MS).*>! However,
with this method, it was not possible to differentiate between proton transfer and hydrogen-bond
formation. Owing to our tremendous interest in the further development of binol-derived
phosphoric acids and derivatives as efficient Bronsted acid catalysts for application in various

[7-10. 13241 e decided to conduct experiments which would help

transformations involving imines,
identify the activation mode in these reactions.

NMR spectroscopy has emerged as a powerful technique for the investigation of both
hydrogen-bonding and ion pair systems.”**” Limbach and co-workers showed in marvelous
studies on the hydrogen-bond networks in various pyridoxal 5'-phosphate derived Schiff bases
that the intermolecular hydrogen-bonds could be characterized by a combination of 'H and °N

28311 A correlation between the 'H and "N chemical shifts, the

NMR spectroscopy.[
corresponding coupling constants 1JH,N, and the hydrogen-bond strength was found. In principle,
the direct detection of 1D, 2D, and 3D correlations caused by intermolecular 2hJH,p and thH,N
couplings is possible; however, sharp line widths, which indicate slow relaxation, are required.
Only few studies dealing with the detection of magnetization transfer through hydrogen-bonds in
non-biomolecules in organic solvents have been reported. For example, we investigated artificial
arginine and acylguanidine complexes by NMR spectroscopy.**

Hence, we chose NMR spectroscopy as an adequate tool to identify the species present in
various Brensted acid/imine mixtures and to examine the influence of temperature and

concentration on imine protonation.”**!
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Figure 4.1: Investigated model systems with the phosphorus-based acid catalyst diphenyl phosphate 1 and

different imines 2-4.

The model compounds selected for our investigations are depicted in Figure 4.1.
Diphenyl phosphate (DPP, 1, pK,<2) was selected as an achiral phosphate used in Brensted acid
catalyzed transformations.”* Imines 2 and 3 were selected as substrates to identify the main
trends between aldimines and ketimines. The effect of electron density was investigated with the
aid of ketimines 3 and 4 bearing aromatic substituents with different electronic properties. For
the setup of the optimal experimental conditions, the NMR properties of the complex 1:2 were
investigated in dichloromethane, chloroform and toluene, the typical solvents used in synthetic
applications.”**! Toluene was found to provide by far the best chemical shift dispersion and
solubility. To enable the detection of the hydrogen-bonding properties of the analyzed complexes
1-2, 1-3, and 1-4, 1:1 mixtures of the phosphate and the imine were used, and the highest possible

concentration was chosen for each individual complex (100, 40, and 20 mM, respectively).I To

enable the determination of 'J coupling constants and to facilitate 'H,'"N magnetization

5N, H
transfer, we synthesized '*N-labeled imines 2-4. Since the NMR spectra of the three complexes
investigated were very similar, the NMR spectroscopic approach used to identify the position of
the crucial proton is explained exemplarily for complex 1-2. All NMR spectroscopic data of 1-2,
1-3, and 1-4 are summarized in Table 4.3 in the Supporting Information.

At 300K the 'H spectrum of 1-2 showed only one averaged signal for the acidic proton
(Figure 4.2a). Therefore, we carried out low-temperature studies to identify chemical exchange
processes, which are highly probable at room temperature between the proposed species formed

by intermolecular hydrogen-bonding and proton transfer species. Indeed, below 280 K, three

Deviations from the 1:1 ratio between 1 and imine lead to an extreme acceleration of the chemical exchange of
the acidic proton, which prevent the NMR detection of individual H-bonded species even at low temperatures.
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signals were observed for the acidic proton. These signals become sharper as the temperature
was decreased to 240 K (Figure 4.2a), at which temperature a singlet at 6=18.16 ppm and two
doublets at 0=15.50 and 11.87 ppm with 1JH,N coupling constants of 86.0+1 and 69.5+1 Hz were
observed." Upon further cooling, each of the two signals above 15 ppm split into a group of
signals, which indicated similar binding properties of the acidic proton but structurally slightly
deviating species. (the complete temperature series is depicted in Figure 4.6 in the Supporting
Information). In contrast, in the *'P spectra only one averaged singlet was observed at all

temperatures (Figure 4.2b).

w
8
A
i

19 18 17 16 15 14 13 12 11
5('H) / ppm

240K l

2 4 6 -8 -10 -12 -14 -16 -18 -20 -22 ppm
8('P) / ppm

C)
QQ}@H, m%ﬁﬂ- )

lvvgi)gx

OH(1204..-N) NH(125...1n) BNH@2H"
Figure 4.2: a) Temperature dependence of the 'H spectra of 1-2. b) *'P spectrum of 1-2 at 240 K in [D8]toluene at

600 MHz. c) Identified species.

(o}
N—"

/

In the temperature study, extremely broad proton signals (line widths up to 480 Hz) were
detected (see Figure 4.2a and also Figure 4.6 in the Supporting Information). This broadness
indicates very short transversal relaxation times and exchange, which severely hamper the
detection of magnetization transfer as required for the differentiation of hydrogen-bonded and
proton transfer complexes. Therefore, for the subsequent NMR spectroscopic investigations, we
chose a temperature of 240 K, which provides the smallest line widths (165, 105, and 50 Hz) and

shows one averaged signal for each of the three main species (Figure 4.2¢). In principle, it should

T The unusually small coupling constant of 69.5 Hz for NH(2H") is probably a result of partial decoupling caused

by the pronounced exchange with the two complex species observed in NOESY spectra at 240 K.
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be possible to identify the bonding properties of the acidic proton in these three species from
'H,*'P-HMBC and 'H,""N-HMQC spectra. For POH compounds, 'H,*'P-HMBC cross peaks are
expected, and for HN" compounds, 1H,ISN-HMQC cross peaks should be observed. Indeed, two
cross peaks were detected in the "H,"’N-HMQC spectrum (Figure 4.3c). These cross peaks
enabled the assignment of the signals at 6=15.50 and 11.87 ppm to HN" species. For the third
proton signal at 0=18.16 ppm, no cross peak was observed despite extensive magnetization-
transfer-delay optimizations in various 'H,"’N-HMBC experiments and experimental times up to
10 h. No cross peaks were observed in the corresponding 'H,>'P-HMBC spectra even when
various spectroscopic parameters were used. This lack of cross peaks can be explained by the
short transversal relaxation times of the three proton signals in combination with small
2JH,p coupling constants. Therefore, we carried out time-shared *'P,'H-INEPT experiments
(INEPT = insensitive nuclei enhanced by polarization transfer), which show significantly higher
signal-to-noise ratios for systems with long *'P 7 times and short 'H 7, times.”* However, even
in transfer-delay-optimized *'P,'"H-INEPT spectra with experimental times around 10 h, only one
cross peak to the signal at 6=18.16 ppm was detected (Figure 4.3b). These 'H,'”"’N-HMQC and
3'p '"H-INEPT spectra show that in a 1:1 mixture of 1 and 2, one POH and two HN" species exist
simultaneously, and that the detection of magnetization transfer through potential hydrogen-

bonds in these species is hampered by short 'H relaxation times and small ./ values.

200 19 18 17 16 15 14 13 12 ppm

8('H) / ppm
C)
4+ |
*NH (2H" 95
A :65 6(15N)
—— s/ ppm
*NH \/ o5

(1.20'"HN) T T T T T T T T T
20 19 18 17 16 15 14 13 12 ppm

3('H) / ppm
Figure 4.3: NMR spectroscopic characterization of the 1:1 complex of 1 and 2 at 240 K in [Dg]toluene at 600
MHz: a) OH region of the 'H spectrum indicating three different species. b) 1D *'P,'H-INEPT
spectrum. ¢) 2D 'H,"’N-HMQC spectrum.
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First, the POH species (6(‘"H)=18.16 ppm) was identified. In principle, this signal could
either belong to 1 or to the expected OH(1-2py..n) complex (Figure 4.2¢). To differentiate
between these two possibilities, we investigated the chemical shifts and aggregation levels of the
pure catalyst 1 and compared them to those of the 1-2 sample. At 240 K, pure 1 showed a
significantly highfield shifted OH signal at 6('"H)=13.80 ppm, which is close to the value for
dimethyl phosphate.[*! This signal did not split into several signals at temperatures below 240 K
as found for 1-2 (for spectra see Figure 4.9 in the SI). Furthermore, diffusion measurements
showed different values for 1 and OH(1-2¢oy..n), and when the temperature was lowered for 1, a
trend from the formation of dimers to the formation of trimers was observed, as similarly
reported for dimethyl phosphate (for details see S1).**! Therefore, the presence of pure 1 in the
1-2 sample can clearly be excluded.

For the POH species in the 1-2 sample, the diffusion values were in agreement with the
formation of a 1-2 complex (for details, see the Supporting Information), which we refer to
herein as the DPP-aldimine complex OH(1-2oy.-~) (Figure 4.2¢). The remarkable downfield shift
of the OH proton signal in the spectrum of OH(1-20y..N) compared to the OH proton signal of
the 1-1 dimer suggests the presence of a stronger hydrogen-bond in OH(1-2¢y..n) than in the 1-1
dimer. However, anisotropy effects of the aldimine substituents in OH(1-2pyh..n) may also
contribute to the observed chemical shift difference.

Next, the two HN' species were assigned. In principle, these signals could belong to 2H",
2:2H", or the expected NH(1-20..ux) complex (Figure 4.2¢). To differentiate between these
possibilities, we simulated the chemical shifts and/or aggregation levels of 2H" and 2-2H" with
samples of 2 combined with 1.0 and 0.5 equivalents of HBFy, respectively. The experiments with
2 and one equivalent of HBF, resulted in a proton signal for 2H" at 6=11.39 ppm, very close to
that at 0=11.87 ppm for the 1-2 sample. This result indicates the existence of the free protonated
aldimine NH(2H") in the 1-2 sample (see Figure 4.2c for the complexes and for spectra see
Figure 4.10 in the Supporting Information). The presence of NH(2H') was confirmed by
'H-DOSY experiments, which revealed a temperature- and viscosity-corrected diffusion
coefficient of Deor NH(2H")) = 4.40-10"° m? s™', indicative for a monomeric aldimine. The
experiments with 2 and 0.5 equivalents of HBF, resulted in a proton signal at 6=12.14 ppm for
the 2-2H" complex. This chemical shift is close to that observed for monomeric 2H"; however, a
downfield shift by 3.36 ppm was observed for the second HN" signal observed in the 1-2 sample
at 0=15.50 ppm. Therefore, the formation of 2-2H" in the 1-2 sample could be excluded. The
remarkably higher chemical shift of the main HN" species relative to those of 2H" and 2-:2H" can

be interpreted as a strong hint for the formation of a hydrogen-bond to the phosphoric acid.
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Therefore, this species was assigned as NH(1-2o..yn) (Figure 4.2c). Furthermore, the DOSY
value, Deorr = 1.39-1071" m? s'l, obtained for NH(1-2¢..;yn) clearly indicates the formation of a
complex. The calculated hydrodynamic volume of NH(1:2¢..un) is puzzling at a first glance,
because it is two times larger than that of OH(1-2¢oy.-N), see SI. However, if one considers that
toluene was used as the solvent and that, in contrast to OH(1-2oy.-N), NH(1-20..un) 1S a contact
ion pair, which offers additional possibilities for electrostatic and cation-n interactions, this
greater hydrodynamic volume is in accordance with the assignment of the two complex species.
Another possible explanation for the increased volume is stabilization by additional acid
molecules, as previously found by Limbach and co-workers.!**

Thus, the combined NMR spectroscopic results discussed above show that the complex
1-2 does not form solely a hydrogen-bonded species or a contact ion pair in solution, but that
both species OH(1-2pn.-~) and NH(1-20.xn) coexist simultaneously. Furthermore, minor
amounts of the free protonated aldimine NH(2H") are present.

In synthetic applications, variations in reactivity have been reported for aldimines and
differently substituted ketimines upon modification of the electron density of the imine

[7-23] Therefore, we investigated the effect of an aldimine versus a ketimine as well as the

moiety.
effect of different substituents in the ketimine on the ratio of the hydrogen-bonded species to the
contact ion pair in these Bronsted acid/imine complexes. To elucidate the influence of ketimines,
we chose the structurally closest complex 1-3; for the investigation of substituent effects, the
complex 1-4 was selected additionally (for structures see Figure 4.1).

Again, the 'H spectra of 1-3 and 1-4 showed one averaged signal each for the acidic
proton at 300 K (for spectra see Figure 4.7 and Figure 4.8 in the SI). Low-temperature
measurements in combination with the spectroscopic assignment procedures described above
again revealed the coexistence of three species, OH(1-3/40y-~), NH(1-3/40..11x), and NH(3/4H"),
in both samples (see Figure 4.4). However, the low-temperature 'H spectra of 1-3 and 1-4
showed that the absolute chemical shift differences and the ratio of the OH(1-Xog...N),
NH(1-Xo--1n), and NH(XH") species vary according to the properties of the imine (see Figure

4.4 and Table 4.1).
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Figure 4.4: 'H spectra of the different imine-catalyst complexes in [Dg]toluene at 600 MHz: a) 1-2 at 240 K; b) 1-3
at 220 K; c) 1-4 at 210 K. The best chemical shift dispersion and the best line widths of the proton

signals were detected at different temperatures for the three samples.

Table 4.1: Relative amounts of OH(1:Xpy..y) and NH(1-Xo..yn) in the different samples 1-2, 1-3, and 14 at
220 K.

Sample OH(1-Xoy...n) NH(1-Xo...4n)

12 0.33 0.67
13 0.42 0.58
1-4 0.61 0.39

In 1-2, the chemical shift difference between OH(1-2py..n) and NH(1:20..yn) Was the
largest (A0=2.66 ppm). In the ketimine sample 1-3, the chemical shift difference between
OH(1-3pp.--n) and NH(1-30..»yn) was decreased to Ao=1.76 ppm (weighted average of the two
NH(1-30..an) species), and in 1-4, the signals for the different subspecies OH(1-4op..n) and
NH(1-4o..n) even overlap. This stepwise decrease in the AS('H) values indicates a decrease in
the hydrogen-bond strengths within the three complexes, whereby 1-:2>1-3>1-4. According to the
outstanding and very detailed studies of Limbach and co-workers on the strength of hydrogen-

bonds to an enzymatic cofactor,>*>"]

such a decrease in hydrogen-bond strength should correlate
with an increase in the '"H and >N chemical shift values and a decrease in the 1JH,N values of the
NH(1-Xo--un) species. Indeed, these trends fit perfectly with those observed for NH(1-2¢..1N)
and the two NH(1-3p..un) species (Table 4.2). Thus, the different species found for the
investigated Brensted acid/imine complexes are hydrogen-bonded complexes with varying
hydrogen-bond strengths in different stages of the proton transfer reaction. In accordance with
this concept,[44] the ratios of the OH(1-Xop--~) and NH(1-Xo..»N) species also vary (Table 4.1). In

1-2, which has the strongest hydrogen-bonds, the proton transfer reaction is most pronounced,

and the highest amount of NH(1-2p..un) was also observed. Samples 1-3 and 1-4 showed
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decreasing amounts of NH(1-3/4..un) in agreement with the decreased hydrogen-bond strength

indicated by the NMR spectroscopic parameters discussed above.

Table 4.2: Hydrogen-bond characteristics of the three complexes 1-2, 1:3 and 1+4.

ASCH)® /ppm  S('H)™ /ppm  8(°N)™/ppm i /Hz H-bond strength

1-2 2.66 15.50 75.9 86.0+1.0
1-31 1.33 16.28 77.3 84.540.2
134 0.64 16.97 79.0 83.840.2
1-4' 0.56 16.13 n.d. n.d.
1-4' -0.56 17.25 n.d. n.d.

[a] AS("H) = 8(OH(1-Xoy..n) — S(NH(1-X o..;1n). [b] The value for NH(1-Xo..pv) is given. [c] At 240 K, [d] At 220
K, [e] At 210 K. n.d.=not determined.

Next, we investigated the influence of concentration and temperature on the appearance
of the different hydrogen-bonded species to estimate the relative amounts of OH(1-Xoy.-N) and
NH(1-Xo--nn) species under experimental conditions used in Brensted acid catalyzed reactions.
Dilution experiments with 1-2 showed no influence of the absolute concentration on the ratio of
OH(1-Xon--N) to NH(1-Xo..yn) within the experimentally accessible concentration range (see
Table 4.4 in the Supporting Information). In contrast, integration of the 'H signals of the
different species in 1-2, 1-3, and 1-4 at different temperatures showed pronounced temperature
effects on the relative amounts of OH(1-Xop.-v) and NH(1-Xo.-un) (Figure 4.5)." In all samples,
exclusively linear temperature dependencies were observed within the whole temperature range,

in which integration was possible because of sufficient chemical shift dispersion.

" The amount of the solvent separated protonated imines NH(XH") remained constant in all samples.
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Figure 4.5: Extrapolation of the temperature dependence of the amounts of OH(1-X¢y..n) and NH(1:Xq..yn) in
a)1-2,b) 1-3 and c¢) 14.

Figure 4.5 shows that in general at low temperatures, the ion pairs NH(1-Xo..yn) are
stabilized, whereas at increasing temperatures, the hydrogen-bonded complexes OH(1-Xop..N)
become favored. This effect might be explained by additional stabilizing cation-n interactions

l45-46]

with the aromatic rings as flexibility is decrease and/or improved electrostatic

compensation in higher aggregated complexes. Both hypotheses are experimentally corroborated
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by the considerably higher hydrodynamic volume of NH(1-2¢.pn) relative to that of
OH(1-20.-n) (see Table 4.6 in the Supporting Information). In detail, for 1-2 and 1-3, different
ratios of ion pairs to hydrogen-bonded complexes but similar temperature-dependent slopes were
detected (see Figure 4.5 and Table 4.1). Samples 1-2 and 1-3 have deviating hydrogen-bond
strengths but identical aromatic substituents. Thus, the relative amounts of OH(1-Xop--N) and
NH(1-Xo--un) at 220 K fit well with the hydrogen-bond strengths, and the similar slopes seem to

47481 \yith the solvent

be caused by the identical aromatic substituents and their n-m interactions!
toluene. In contrast, in 1-4 with the electron-withdrawing CF; substituent, the decrease in the
amount of NH(1-4p.;yn) and the increase in the amount of OH(1-4py.n) Wwith increasing
temperature are much stronger than for 1-2 and 1-3. These significantly steeper slopes might be
caused by stronger intermolecular n-n interactions of the electron-deficient aromatic ring of the
imine, for example, with the electron-rich solvent toluene. The strong increase in the amount of
the NH(1-40..un) species at very low temperatures seems to indicate that either these
n-m nteractions or cation-m interactions enable partial electron transfer to the imine. This
interaction may enhance the basicity of the imine, in analogy with the well-known concept of
charge-transfer complexes. This interpretation in terms of intermolecular interactions is in
accordance with the rapid loss of such interactions at slightly elevated temperatures, because it is
estimated that above 260 K exclusively OH(1-4oy..N) is present (Figure 4.5¢). We therefore
concluded that the OH species is the reactive intermediate for this particular substrate.

In summary, we have been able to demonstrate that NMR spectroscopy is the method of
choice to clearly distinguish between the activation modes of hydrogen-bonding and ion pairing
in Brensted acid catalysis. Before this study, it was assumed that full protonation of the imine
resulted in the formation of an ion pair, which would subsequently react with a nucleophile.
However, our experiments clearly show that besides ion pairing, hydrogen-bonding exists. The
relative hydrogen-bond strength in OH(1-Xop.n) (2>3>4) and the relative amount of
OH(1-Xpp--N) at room temperature (4>3=2) show that both hydrogen-bond strength and the
amount of the OH species are decisive for the reaction. Furthermore, the ratio between
hydrogen-bonding and ion pairing (OH, NH) can be manipulated readily by simply introducing
substituents with different electronic properties. These results provide insight into the different
activation modes in Brensted acid catalysis and are expected to guide the development of more

efficient catalytic systems.
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4.3 Supporting Information

4.3.1 Experimental Section

NMR spectra were recorded on a Bruker Avance III 600 spectrometer equipped with a
low temperature 5 mm TBI 'H/*'P-BB probe with z-gradient (temperature was controlled by a
BVT 3000 unit). NMR data were processed and evaluated with Bruker’s TOPSPIN 3.0 and the
included DAISY program was used for line shape analysis.

Sample concentrations of 100 mM, 40 mM and 20 mM in [D8]toluene were applied for
NMR measurements of the complexes 1-2, 1-3, and 1+4, respectively, depending on the solubility
of the different complexes. Aggregation in this concentration and temperature range was
controlled by diffusion measurements with convection artefact suppression.*”) Assignments of
proton and carbon resonances of the catalyst 1, the imines 2-4, and of the complexes 1-2, 1-:3, and
1-4 were obtained by one- and two-dimensional NMR spectra (‘H, gated decoupled and power-
gated °C, 'H,'H-COSY, 'H,'H-NOESY, 'H,"*C-HSQC, and 'H,">C-HMBC spectra). In addition,
N and *'P signals were assigned with 1D '°N-, *'P-, and *'P,'H-INEPT spectra in combination
with 2D 1H,31P-HMBC and 1H,ISN-HMQC spectra. The 'H and "“C chemical shifts are
referenced to the methyl group of the residual toluene signal (8('H) =2.36 ppm and
8('3C)=19.97 ppm). For the calibration of the "N and *'P chemical shifts the = values

corresponding to TMS were applied.

Table 4.3: NMR data of the species in the 1-2, 1-3, and 1-4 samples.

T
OH(1-Xom.-N) NH(1-Xo.-1N) NH(XH")
Sample 1 I 15 T i 15 T
8CH) rel. amount Vi / A3 8CH)  8("N) S/ rel. amount Vi / A3 SCH) /= 8("N)/ S/ rel. amount Vi / A2
/ ppm /ppm  /ppm Hz ppm ppm Hz
128 | 1816 038 900 | 1550 759 86.0+1.0 0.2 1746 | 1187 497 69.5:1.0  0.08 149
. 16.2811 773 84.5+0.2 613
1301 17,61 0.42 572 ; 0.58' 1L71 497 70.0£1.0  0.18 191
16971 79.0  83.8+0.2 613
16.13"  nd. nd. nd.
14 | 1669 051 nd. ’ 0.491 1138 62.7%  66.6£1.0  0.11 nd.
17.251  nd. nd. nd.

[a] 240 K; [b] 220 K; [c] 210 K; [d] sub species of NH(1-Xo..1un); [€] sum of the NH(1-Xo..uv) sub species.
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4.3.2 Temperature dependence of the complexes 1-2, 1-3 and 1-4

Temperature dependence of the complex 1-2

In the 'H spectrum of 1:2 at 300 K only one averaged signal for the acidic proton was
detected. Upon cooling below 280 K, three signals were observed for the acidic proton, which
became sharper until 240 K and showed a singlet at 18.16 ppm and two doublets at 15.50 and
11.87 ppm belonging to the three detected complex species OH(1-20n.-n), NH(1-20..1n), and
NH(2H"). Upon further cooling each of the two signals at higher ppm values split into a group of
signals indicating several structurally slightly deviating species with similar binding properties of

the acidic proton (see Figure 4.6).

M
W
20K S L__,/
B/ —
240K L N
250 K SN SIAN M
mx N N N

270 K N

280 K K
290 K

N
300K A_—/
T
17 1

230K

19 18

T T T T T T
6 15 14 13 12 "
8('H) / ppm

Figure 4.6: Temperature dependence of the OH/NH region of the 'H spectra of 1-2.

Temperature dependence of the complex 1-3

Similar to 1-2, in the 'H spectrum of 1-3 at 300 K one averaged signal for the acidic
proton was detected. By cooling below 240 K, at least three signals were observed for the acidic
proton, which became sharper until 220 K and showed a singlet at 17.61 ppm, two doublets at
16.97 ppm and 16.43 ppm and a doublet at 11.71 ppm, belonging to the three detected complex
species OH(1-30p.-n), NH(1-30..1x) and NH(3H"), see Figure 4.7.
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Figure 4.7: Temperature dependence of the OH/NH region of the 'H spectra of 1-3.

Temperature dependence of the complex 1-4

In the 'H spectrum of 1-4 at 300 K two averaged signals for the acidic proton were
detected. By cooling below 240 K, four signals were observed for the acidic proton, which
became sharper until 210 K and showed a singlet at 16.67 ppm, two doublets at 17.25 and
16.13 ppm, and a doublet at 11.38 ppm, belonging to the three detected complex species
OH(1+40p-x), NH(14..n) and NH(4H"), see Figure 4.8.
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Figure 4.8: Temperature dependence of the OH/NH region of the 'H spectra of 1+4.
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4.3.3 Evaluation of other potentially existing species

Exclusion of the existence of a 1-1 dimer in the complex samples

The presence of a 1-1 dimer in the 1-2 sample was excluded by the comparison of the
temperature dependence of the OH proton signal of the 1-2 complex species (see Figure 4.9b)
and a sample containing only pure 1 (see Figure 4.9a). At 240 K pure 1 showed a significant
highfield shifted OH signal at 13.80 ppm (Ad = -4.36 ppm). In addition, at temperatures below
240 K no splitting of the OH proton signal into more signal groups, as found in the 1-2 sample,
was observed. Because of these and other findings, the presence of a 1-1 dimer in the 1-:2 sample

could be clearly excluded.

mm.«/f\\mm Y

240 K ——— >—-—r g___JL_
19 18 17 16 15 14 13 12

19 18 17 16 15 14 13 12 11
5('H) / ppm 5(H) / ppm

Figure 4.9: Temperature dependence of the OH proton signal a) of the 1:1 dimer and b) of the 1-2 sample.

Exclusion of the 2:2H" and evidence of NH(2H") species

The exclusion of the 2:2H" and the evidence of the 2H" species in the complex samples
was obtained among other findings by comparison with samples containing the imine and the
strong acid HBF4, whose corresponding base BF,” was expected to coordinate the iminium cation
only weakly. Samples containing the imine 2 and 0.5 eq. HBF4 were prepared for the preparation
of a protonated 2-:2H" species (with the only weakly coordinating BF, counter anion). In
addition, a 1:1 mixture of 2 and HBF, was produced for a 2H" species.
In the 'H spectrum of the 1:1 mixture the chemical shift of the 2H" species at 11.39 ppm was
very similar to the protonated aldimine in the complex sample of 1-2 (see Figure 4.10a and c).
Therefore, the existence of a hardly coordinated 2H" species in the 1-2 sample was confirmed in

accordance to DOSY and other findings. In contrast, the 'H spectrum of the 1:0.5 mixture
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showed a different chemical shift around 12 ppm for the 2-2 dimer compared to the NH(1-2¢..1n)
species at 15.50 ppm (see Figure 4.10b and c). This was one argument for the exclusion of the
2-2 dimer in the 1-2 sample. Altogether, by HBFs and DOSY experiments the signal at 15.50
ppm in the 'H spectra of the 1-2 sample was identified to be not a 2-2 dimer, but a NH(1-20.-1n)
species and the signal at 11.87 ppm is identified as the protonated aldimine 2H.

a) 2H+ »M’/N
b) 2¢2H" J\

c) 12

M

19 18 17 16 15 14 13 12 1
3('"H) / ppm
Figure 4.10: Exclusion of the 2:2H" dimer and evidence of the NH(2H') species with the help of HBF,
experiments: 'H spectra at 240 K of a) a dry sample of aldimine 2 with 1 eq. HBF,*OEt, b) 2 with

0.5 eq. HBF,*OEt,. c) the 1:2 sample.

4.3.4 Concentration dependence of the different complex species

Table 4.4: Concentration dependence of the amounts of OH(1:2py..x) and NH(1-2¢..;n) in the 1-2 sample at
240 K. The relative amounts of the two complex species remained constant in the whole concentration

range.

c(12)/mM OH(120m.~) NH(I120.1n)

69 0.35 0.65
62 0.32 0.68
53 0.34 0.66
50 0.34 0.66
47 0.31 0.69
45 0.34 0.66
42 0.34 0.66
39 0.33 0.67
37 0.34 0.66
36 0.35 0.65
32 0.34 0.66
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4.3.5 DOSY experiments of pure 1-3 and the 1-2 and 1-3 complex species

From diffusion-ordered spectroscopy (DOSY)P*! the translational self-diffusion

coefficients of molecules in solution can be calculated according to the Stejskal-Tanner

(52 see equation (4.1), adapted for a convection compensating double stimulated echo

equation,
sequence (DSTE) including an eddy current delay z, and bipolar gradient pulses, shown in Figure

4.11.19-°1
2
I=1, -eXp{— D72g252(A—?5—fgﬂ (4.1)

with intensity attenuation ///, gyromagnetic ratio y, amplitude of the gradient pulses g with duration J, diffusion

time 4 and gradient refocusing delay z,.

o111 1 1 | !II'_C_'lUWW

GZ_A "_ A A VARV, ‘ U

5/2 A

Figure 4.11: DSTE with bipolar gradient pulses and eddy current delay ¢,

With the diffusion coefficients D of the analyte and of TMS (acting as viscosity
reference), the hydrodynamic radius ry of the analyte can be estimated following the Stokes-
Einstein equation (see equation (4.2)).°) The comparison of the estimated hydrodynamic
volume with theoretical volumes then allows for an estimation of the aggregation behavior of the
analyte in solution.

D= #TUVH 4.2)

with Boltzmann constant kg, absolute temperature 7, shape factor F, scaling factor ¢ and viscosity7.
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With our experimental setup the usual standard deviation for diffusion coefficients is
+3 %. We checked the validity of this error range for compound 1 and found it working. For the
complexes investigated the determination of diffusion values was quite challenging, because of
severe signal overlap of the aromatic signals leading to erroneous results. In addition, the
OH/NH proton signals could not be detected in the diffusion measurements because of their
short relaxation times and/or exchange. Therefore, in the complex samples the methyl groups of
the imines were used for the determination of the diffusion coefficients (see Figure 4.12). The
assignment of the different methyl groups to the corresponding species was accomplished by the
equal 'H integral ratios of the OH/NH signals and the Me groups. In addition, the Me and
OH/NH signals possess the same coalescence behavior in the low temperature NMR studies.

For reliable diffusion coefficients only baseline separated signals can be used. Therefore,
only several samples allowed for the determination of reliable diffusion coefficients depending
on the temperature, the general line widths of the signals in the sample, and the position of the

methyl group of toluene, see Table 4.6 and Table 4.7.

f
=
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)/
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i @ ............................ ;
) ~2.0
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| = 4.0
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Figure 4.12: Methyl region of the 'H-DOSY spectrum and the corresponding species in the 12 sample at 240 K.
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Table 4.5:  Diffusion coefficients and experimental hydrodynamic volumes of 1-3 at 300 and 240 K, respectively.

sample T/K 1/ mPas Deyp / 10" m¥/s Deor / 10710 m2/st?! V. monomer / As
2 300 0.510 14.82 3.31 216
3 300 0.537 14.24 3.35 208!
) 300 0.497 9.01 1.96 376!
240 1.261 2.27 1.57 648!c!
[a] temperature and viscosity referenced to the 12 sample at 240 K. [b] VHgaped. [€] VHgiobular Of the 121 dimer
divided by 2.

The hydrodynamic volumes Vi of 1¢2 and 13 were estimated as sum of the Vy of the single

species to be Vg(122) = 592 A3 and Vg(13) = 584 A3, respectively (see Table 4.5).

Table 4.6: Diffusion coefficients and experimental hydrodynamic volumes of the different species in the 1-2

sample at 300 and 240 K.
sample T/K species Dexp / 10" m?/s Deyy/ 1070 m2/st® Vu, globular / As
average of OH(12¢y..n)
. 2.4 4
300 and NH(12¢..4x) 9.70 3 69
12 NH(2-H") 23.16 5.80 95

OH(1204.-n) 1.82 1.82 900

240 NH(120..11n) 1.39 1.39 1746

NH(2-H") 4.40 4.40 149

[a] temperature and viscosity referenced to the 1¢2 sample at 240 K.

Table 4.7: Diffusion coefficients and experimental hydrodynamic volumes of the different species in the 1-3

sample at 300, 240 and 220 K.

sample T/K species Dexp / 10" m?/s  Dggyr / 1070 m?/s! Vu, globular / Az
average of OH(1°3y..n)
11.76 2.69 379
300 and NH(I'SOHN)
NH(3-H") 17.15 3.92 183
average of OH(13¢y.-n)
2.4 2. 24
103 240 and NH(1+3..110) ? 30 >
NH(3-H") 4.21 3.90 184
OH(1+3¢y..N) 1.18 2.22 572
220 NH(1°30..11n) 1.14 2.15 613
NH(3-H") 2.03 3.82 191

[a] temperature and viscosity referenced to the 12 sample at 240 K.
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4.4 Additional experimental findings

4.4.1 Influence of the water content.

For a long time the use of water as solvent in asymmetric catalysis has remained in the
shadow. Since the positive effect of water on the reactivity and selectivity in Diels—Alder and
other reactions has been shown, the situation has changed significantly. Several asymmetric
metal catalyzed reactions carried out in the presence of water have subsequently been
developed.”* In the field of organocatalysis, Schreiner and co-workers have recently shown that
activation via hydrogen-bond formation in the presence of water is possible,”> despite the
excellent hydrogen-bond donor/acceptor abilities of water. This observation can be explained by
hydrophobic effects. The formation of such hydrogen-bonds results in the nonpolar components
being oriented such that the contact surface between these molecules and water is minimized
(hydrophobic hydration). Rueping et al. recently introduced the asymmetric transfer
hydrogenation of quinolines in pure water with chiral binol-phosphate based Brensted acid
catalysts. They concluded that diametrical polarities of the ion pair and the reaction medium are
required in order to achieve hydrophobic hydration and to avoid weakening of the contact ion
pair.?? In view of the coexistence of hydrogen-bonded and ion paired species in our diphenyl
phosphate-imine samples, we investigated the influence of the water content on the sample.

The influence of the amount of water upon the formation of the complex species and the
equilibrium of the species was investigated using 1-2 and 1-3 samples with varying water
contents from 0.0 eq. to 0.6 eq. H,O relative to 1 and monitored the effect by low temperature
proton spectra. By addition of 0.13 eq H,O to a 1:2 sample the proton chemical shift pattern
remained unaffected, just the amount of NH(1-2¢..yn) increased from 63 to 67 % at the expense
of OH(1-201-~) and NH(2H") (see Table 4.8). But due to the large OH/NH line width and
therefore large error range of integration this alteration seems not significant enough for a

reliable interpretation.
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Figure 4.13: Temperature dependence of the OH/NH proton signals of a) pure 1 and b) 1-3 with 0.6 eq. H,O.

In contrast, a further increase of the water content up to 0.6 eq. led to a complete change
of the 1-3 sample (see Figure 4.13B vs. Figure 4.7). The most significant difference was
observed for the chemical shift of the OH proton, which appeared at 11.61 ppm at 300 K,
4.2 ppm upfield shifted compared to the dry sample (8('H)=15.80 ppm). At lower temperatures
the OH signal split up into a doublet at 10.6 ppm and a second broad singlet which was shifted
further downfield by lowering the temperature. The identification of the doublet at 11.61 ppm as
NH(3H") with a 'Jin coupling constant of 72.5+0.5 Hz was confirmed by 'H{"’N},
'H,">"N-HMQC and DOSY experiments (data not shown). The singlet could be identified as OH
proton of the 1-1 dimer by comparison with pure 1 (see Figure 4.13A). At 240 K, the singlet
showed the same chemical shift of 13.80 ppm as the OH proton of pure 1. At temperatures below
240 K no splitting into more signal groups, as found in the dry 1-2 sample (for spectra see Figure
4.7), was observed in accordance to pure 1. In addition, the temperature and viscosity corrected
diffusion coefficients of this species resembled that of a 1-1 dimer. Altogether, it can be
concluded that in the 1:3 sample with 0.6 eq. water, instead of the two complex species
OH(1-3op.-n) and NH(1-3¢..11x), the 1-1 dimer in addition to NH(3H") was present.

To summarize, the influence of the amount of water was investigated with different
samples with varying water content. While 0.13 eq. H,O relative to 1 were tolerated without
significant alterations compared to the dry sample, a content of 0.6 eq. H>O led to the formation

of a 1-1 dimer instead of the two complex species. In contrast, the amount of the NH(XH™)
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remained unaffected in the water content range under investigation (see Table 4.8 and for an

overview of the 'H spectra at 200-240 K see Figure 4.14).

Table 4.8: Amount of the different species by varying water content at 220 K.

amount of
sample eq. H,O T
11 OH(1-Xon.-n) NH(1-Xo.ny) NH(XH)
0.0 -—-- 31 63 6
12
0.13 --- 29 67 4
0.0 --- 36 49 15
1-3
0.6 85 -—-- --- 15
14 0.07 --- 54 35 11

A possible explanation for this behavior might be the high affinity of 1 to water. This
interaction can be seen in the 'H spectra of 1 with varying H,O content. Even at 200 K, the
exchange of water protons with the OH proton of 1 is still observed. Furthermore, the OH proton
exchange, within the 1-1 dimer or with water, could be responsible for the non-detection of the
2Jp.on coupling in pure 1; only the “Jpy couplings to the carbon bound protons (including the
very small *Jpy coupling)’** could be detected in *'P,"H-INEPT spectra. The high affinity of 1
to water can additionally be seen in the different solubility with and without water; dry 1 showed
no precipitation (tested up to 100 mM) in [D8]toluene, while in the presence of water 1 is soluble
only up to 20 mM (concentration calculated with external standard). The precipitate formed upon

the addition of water might be an insoluble complex formed of water and 1.

These findings could be of high importance for Brensted acid catalysis in general, since
one of the complex species was considered to be the catalytically active species in all Brensted
acid catalyzed reactions. In contrast to the extended binol-phosphates with large nonpolar
substituents, the relatively small diphenyl phosphate is not suited for hydrophobic

(2] 5o that no stabilization of ion paired or hydrogen-bonded complexes inside a

interactions,
hydrophobic pocket is possible.*”! Instead of stabilizing hydrophobic interactions, hydrophilic
1/water interactions are likely to impede the formation of the complex species with the imines. If
the water content exceeds the tolerated amount, no activated complex species could be detected.
Hence, in the absence of the complexes, the low amount of the non-coordinated activated
iminium cations, which could offer activity without the desired selectivity, could reduce the
selectivity of the whole catalytic system. It seems therefore highly recommendable for Bronsted

acid catalyzed reactions in organic solvents to dry all reagents before use.
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Figure 4.14: Overview of the 'H spectra of the different samples with varying water content at 200, 220 and
240 K.
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4.4.2 Investigations of a chiral CF;-substituted binol-phosphate catalyst

a) b)
PN //\/Ar ../R3 b B . .../R3
E I J\ N CdadlL v HIN
X . 0 _ ,)]\_ Nu iy .
g O/~ Ri™ Ry Ry 1 Nu
N Ry
O

H
m C)

P
o

Eto,c._A4Z__COEt H.__OR
| ] | ~or /
Ar = 3,5-(CF3)-Phenyl /\N/\ o) Wi
5

Figure 4.15: a) Binol-phosphate based catalyst 5, b) typical reaction scheme for imines with c¢) different

nucleophiles.

After the investigations of the substrate scope with different imines and achiral 1 and
investigation of the influence of the water content on the catalytic system, we were further
interested in exploring the overwhelming catalyst scope, which evolved for such chiral binol
phosphate based catalysts in the last years.”*! For that purpose, we selected the 3,5-(CF3)-

phenyl substituted binol phosphate 5, which was used as catalyst in transfer hydrogenations,””’

[60-62]

hydrophosphonylations and alkynylatlon I of imines (see Figure 4.15B and C) and in other

type of reactions.®*®® In addition, 5 was used as chiral ligand in gold catalysis for an

intramolecular hydroamination of allenes.!®”

Investigations on the detection of the OH proton of pure 5:

For pure 1 and the 1:2-1-4 samples, different species could be detected in low temperature
proton spectra and were subsequently identified in 'H,”’N-HMQC and *'P,'H-INEPT spectra.
Thus, for further investigations on chiral catalysts like 5, the detection of the OH/NH proton in
'H spectra is an absolute prerequisite. But, in a sample containing pure 5 in toluene no OH
proton signal could be detected at 298/300 K in several 'H spectra. This finding might in
principle be explained by e.g. deprotonation and chemical exchange of the acidic proton against
an other cation, fast exchange with water molecules or with another molecule of § by formation
of aggregates leading to broadening/vanishing of the signal. Furthermore, the low solubility in
general leading to insufficient sensitivity or formation of hydrogen-bonds with the CF; groups at
the phenyl substituents might be responsible for the non-detection of the OH proton.

To rule out the influence of water, samples have been dried carefully, but the OH proton

was still undetectable. The potentially insufficient sensitivity owing to the low solubility of 5 in
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toluene (<1 mM, calculated with external OMS standard) was investigated spectrosopically with
a cryo probe and/or intense signal sampling, but no OH proton could be detected. In another
approach, acetonitrile was used as solvent providing good solubility for 5 (up to 10 mM was
tested without precipitation), but again no OH proton signal was detectable. Next, the
aggregation behavior was investigated by DOSY experiments. In contrast to 1, which forms a
hydrogen-bonded dimer in toluene, 5 forms a monomeric species in toluene and CDsCN.*®! This
can be attributed to the sterically demanding 3,5-(CF;)-phenyl substituents of the catalyst
effectively impeding the catalyst dimerization.

Another possibility for the non-detection of the OH proton could be the formation of
hydrogen-bonds from the OH proton to the CF3 groups leading to fast exchange between the
different binding motifs.*"! This hypothesis was corroborated indirectly by the line broadening
of both the ortho and the para protons of the phenyl ring beside the CF; groups in both solvents.
In CDsCN the line widths of the ortho and para protons of the phenyl ring are 15 and 7 Hz,
respectively, compared to 4-6 Hz for the naphtyl protons. In toluene this effect is even more
pronounced with a line broadening for the phenyl protons up to 16 and 8 Hz, respectively,
compared to around 4 Hz for the protons at the napthyl moiety. This line broadening could be
interpreted as hydrogen-bonding interaction from the carbon bound phenyl protons to the CF3
groups'* and this effect should be even more pronounced for the OH proton.

To summarize, the OH proton could not be detected for pure 5, which presumably could be
attributed to the formation of hydrogen-bonds to the CF;5 groups leading to broadening/vanishing
of the signal. Therefore, no further attempts have been made to detect the 2JPH coupling to the

OH proton in INEPT or HMBC type spectra.

Investigations on 5-2 samples:

For the characterization of pure 5 and subsequently for the identification of species in
samples of 5 and the imines, the OH proton possesses a decisive role. Since the detection of the
OH proton for pure 5 was not possible, we turned our interests in investigations on potential
complex species formed of 5§ and an imine. Therefore, a 5:2 sample in the ratio of 1:1 should be
prepared in toluene, but due to the low solubility and precipitation of 5 a 1:1 ratio was not
achievable. In the 'H spectra at 298 K only the signal sets of the pure compounds 5 and 2, but no
complex species as found in 1-2-1-4, were detected.

To improve the solubility, a second 5-2 sample in toluene with 10 % DMSO was prepared, but
the addition of DMSO hardly increased the solubility, but instead altered the chemical shift

pattern tremendously. In addition, the diffusion coefficient of 5 increased drastically indicating
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the formation of at least a pentamer at 250 K.[°®! This experimental system was therefore
considered to be too complex for detailed and meaningful investigations. Thus, so far no further
efforts have been made towards the investigation for 5.

Thus, no further attempts have been made for the investigation of pure 5 or 5-2 samples.
Instead, to elucidate the catalyst scope of the Bronsted acid catalysis, other chiral catalyst,

preferably without the complicating H-bonding CF; substituent, should be investigated.
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5 NMR Investigations on the Photocatalytic Water Reduction

“NMR investigations on the photocatalytic water reduction —

utilization of the 3J1H,195pt coupling as a sensor for a potential cleavage of the Pt unit.”

-
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The synthesis of the compounds was performed by Michael Pfeffer.
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5.1 Introduction

Light driven organometallic catalysis by heteronuclear Ru(II) complexes

In the light of limited resources and of mankind’s ever increasing energy demand,
attention has been directed towards the development of new photocatalytic systems. The
underlying idea is to model nature’s photosynthesis,'} which converts 3-5-10"' t CO, into
biomass by using not more than 0.05 % of the complete sun light, that reaches the surface of the
earth (10%% kJ per year)." In recent studies, supramolecular devices were able to perform light-
driven catalytic reactions such as the reduction of CO,, olefin transformations and hydrogen
production.!"! Especially the conversion and storage of solar energy by means of light-driven
water splitting in analogy to the natural archetype has gained great attention. There the solar
energy is converted to the storable energy carrier oxygen and hydrogen, the latter is in nature
usually fixed by a substrate, e.g. NADP". To simulate this complex process of the water cleavage
in the photosystems in plants, the simultaneously proceeding water oxidation to oxygen and
water reduction to hydrogen should be investigated independently. In the last decades several
model systems for water oxidation'! as well as water reduction!” have been developed.

In principle, the systems for photocatalytic hydrogen production consist of a transition
metal as a photo sensitizer for light absorption, a ligand acting as an electron

[5-

transmitter/reservoir” ! and a catalytic metal center, which catalyzes the reduction of water to

4, 7-8]

molecular hydrogen. After the development of intermolecular systems,! single-molecule

approaches, which combine all of the desired functionalities intramolecularly, have been
4.1

introduce

a)

- —J2
Figure 5.1:  a) The photocatalyst [(tbbpy),Ru(tpphz)PtCl,](PFs), and b) the model system (tbbpy)PtCl,.
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In this context, monomolecular Ru(Il)-polypyridyl light-harvesting complexes have been
shown to be efficient photocatalysts.!" ') One representative of this kind composed of a
Ru-photosensitizer, a tpphz-bridging ligand and a PtCl, or PdCl, unit as the catalytic center was
developed by Rau et al."? The binuclear photocatalyst [(tbbpy),Ru(tpphz)PdCL]*" (tbbpy = 4,4¢-
di-'butyl-2,2¢-bipyridine, tpphz = tetrapyridophenazine) and its Pt-analogue, shown in Figure
5.1a, catalyze the water reduction to molecular hydrogen and the cis-selective hydrogenation of

tolane.!'?!

Mechanistic proposal of the photocatalytic water reduction

(PFg)2
A 7
H o [T,
b R | PP WL \\\ (470 nm)

aw7ler L N\ o
2H* A H2 / \

oxidation
products

Blue light "

(470 nm) \
= 4,4’—di—fBu—2,2'—bip;yridine
Figure 5.2:  Proposed  reaction  mechanism  of the  photocatalytic = water  cleavage  with

[(tbbpy),Ru(tpphz)PtCL](PF),.[" 1]

On the example of the above mentioned photocatalyst, the mechanistic proposal of the
water reduction with intramolecular binuclear catalysts is shown in Figure 5.2: The reaction
starts with the photoinduced excitation of the ruthenium (II) center into a *MLCT-state
(MLCT =metal to ligand charge transfer), followed by an electron transfer to the bridging
ligand. The generated Ru(Ill) is reduced back to Ru(Il) by the sacrificial electron donor
triethylamine (TEA). An electron transfer from the tpphz-ligand onto the Pt center regenerates
the photoactive Ru(Il)-tpphz subunit, which subsequently accepts a second electron from TEA.
It is unknown, whether or not this process involves the anew absorption of a photon. In this step

an electron carrying tpphz ligand in combination with a Pt(I) center is formed. This twofold
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reduced catalyst enables the formation of molecular hydrogen from protons (from the CD3;CN-
water mixture or in the absence of water from TEA) while regenerating the catalyst.
Beside this catalytic cycle involving the intramolecular complex as catalyst, an

1-3, 9-11, 13-15] since

alternative reaction pathway involving Pt(0)- and Pd(0)-colloids is discussed,!
mechanistic investigations with GC, XPS (X-ray photoelectron spectroscopy) and TEM
(transmission electron microscopy) showed, that Pd(0) colloids are formed upon irradiation with
visible light from covalently linked Ru(bpy); and (bpy)PdCl, moieties connected via a

' In addition, the formation of

dimethoxy benzene spacer (Ru(dmb)Pd complexes)."
Pd(0)-colloids is also known for the [(tbbpy),Ru(tpphz)PdCL]*" from dynamic light scattering
(DLS) and X-ray absorption spectroscopy (XAS) performed in the research group of Prof. Rau.
Based on the observed correlation of the dissociation of Pd(0) and an induction period of
hydrogen formation, Lei et al. supposed that the colloidal metal particles might play a decisive
role in the hydrogen formation.!*!

This hypothesis is in conflict with the observations made by Rau et al. for the
hydrogenation of tolane to stilben with [(tbbpy),Ru(tpphz)PdCl,](PFs),. The exclusively
formation of the cis-product as well as the inactivity of the palladium-free mononuclear complex
have been interpreted that Pd(IT) must be involved in this reaction.[" Furthermore, in contrast to
its Pd-analogue, for [(tbbpy),Ru(tpphz)PtCl,](PFs),, which provides similar reactivity, only low
amounts of Pt(0)-colloids (<10 %) are detected by XAS and TEM. Furthermore, Sakai and
co-workers showed, that for several other Pt(Il)-catalyst-based systems no colloids are present in
solution after the catalytic hydrogen formation.!'"! The different behaviors of Pd- and Pt-based
catalysts were recently supported by Rau and co-workers through deactivation-experiments of
Pd- and Pt-colloids with Hg. By the addition of Hg, the catalytic activity of the Pd-based
catalysts was drastically reduced, while the activity of the Pt-based catalysts even slightly
increased. These findings indicated that the Pt-based catalysts are more stable compared to the
Pd-based ones and that Pt-colloids — in contrast to Pd-colloids - do not play a decisive role in the
H, production.

In addition, DFT calculations showed that the photo reduction of the phenazine induces a
dissociation of the chloride ligand from the palladium center, which is connected with the
subsequent electron transfer from the tpphz ligand to the palladium center."? The relevance of

this theoretical finding could be proven experimentally, since the addition of chloride ions results

in the inhibition of hydrogen production, ' but no spectroscopic proof could be obtained so far.
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Since it has not been proven undoubtly yet, whether the monomolecular binuclear
catalysts themselves or photodecomposition products derived thereof, such as colloidal metal
particles, play the decisive role in the catalysis of H, formation, the behavior of
[(tbbpy),Ru(tpphz)PtCl,](PFe), under irradiation with visible light was investigated by NMR
spectroscopy. To this end, the 3J1H,195pt coupling was used as a sensor for a potential cleavage of
the PtCl, unit from the ruthenium phenazin scaffold."® In addition, the proposed dissociation of

the chloride or C1/OH™ exchange was investigated.

5.2 Results and Discussion

5.2.1 NMR investigations on the model compound (tbbpy)PtCl,

In this project the behavior of the Pt unit, especially a potential Pt cleavage upon
irradiation, was investigated by means of '"°Pt NMR spectroscopy, enabled by the favorable
NMR spectroscopic properties of '"°Pt (spin quantum number I = 1/2, gyromagnetic ratio
y(**°Pt) = 5.768-10" rad s T, natural abundance 33.8 %).I"”! The '*°Pt chemical shift is highly
sensitive to the metal oxidation state, to the ligand substitution and to the coordination spere of

the Pt nucleus."”"*! In addition to the chemical shift, the Jiy 10sp coupling in pyridine-like

16, 19-20

Pt(Il) complexes, which is typically in the range of 20 Hz or beyond,! ! is also a direct

probe for alterations in the Pt binding situation. Alternatively, the 2J13c,195pt coupling, which is

[21]

typically in the range of 10-20 Hz,” or the 1J15N,195pt coupling in the known range from 88 to

755 Hz could be analyzed,!'”?" typically from the satellite pattern in 2D coherence transfer

experiments.? 2

Generally, '’Pt NMR has a couple of spectroscopic advantages, but, caused by the

19pt relaxation behavior, it also comes along with some challenges for the direct observation of

195 195

Pt and for the detection of any kind of couplings to ~Pt. For large compounds like

[(tbbpy),Ru(tpphz)PtCl,](PF¢),, the chemical shift anisotropy (CSA) is the dominant relaxation
mechanism for Pt (beside CSA, the spin rotation relaxation is important for small, highly

.71 CSA relaxation increases with the square of

symmetrical complexes like PtCl42' and PtClg
the applied magnetic field strength By?, the square of the nuclear screening anisotropy (Ac)?,
with the molecular weight, the solvent viscosity and with decreasing temperature (as the

195p¢ studies should be

reorientational correlation time t. will be increased).!'”! This suggests that
carried out at low to intermediate magnetic field strengths with a demand for high temperature

stability, as CSA effects will be smaller under these conditions, see equation (5.1).1*
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! 6| 1 2 5 o v
{J](Pz)}(CSA):7'{1;(13;)}(“‘4):37& ‘B; -(Ao)’ -z, (5.1)

with gyromagnetic moment y, magnetic field strength By, nuclear screening anisotropy Ac and reorientational

correlation time ..

Due to the challenges in '

Pt NMR for such extended and therefore very fast relaxing
molecules like the investigated photocatalyst, an intensive optimization of spectroscopic
parameters is an absolute prerequisite for the successful application of the different experiments.
Therefore, (tbbpy)PtCl, (see Figure 5.1b) was used as a model compound to optimize the
detection methods for the 8(195Pt) and 3J1H,195pt coupling, before the real photocatalyst was

investigated.

By field strength dependency of the 95pt relaxation

The influence of the field strength on the CSA relaxation of (tbbpy)PtCl, in CD,Cl, and
therefore the detectability of the 3J1H,195pt coupling in 'H spectra was investigated at 400 and
600 MHz (see Figure 5.3). As already mentioned, the CSA relaxation becomes more effective at
higher magnetic field strength, which leads to a partial decoupling due to relaxation. This is
shown in Figure 5.3, where the '*°Ptsatellites are clearly visible at 400 MHz, but hardly
observable at 600 MHz. This shows that it is of advantage to carry out '*°Pt studies at 400 MHz
rather than 600 MHz.

~ o~ 7.56 ppm

H3 Hs
a) 400 MHz N
H3 X
3J — 7.92 ppm \p:/CI
1H,195Pt AN
7 e Cl
34 Hz i

S

b) 600 MHz

k

T T T T T T T T T T
9.70 9.65 9.60 9.55 9.50 945 9.40 9.35 9.30 9.25
8('H) / ppm

Figure 5.3:  'H signal of proton H6 of (tbbpy)PtCl, in CD,Cl, at 300 K a) at 400 MHz and b) at 600 MHz.
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195

Solvent dependency of the Pt relaxation

193pt relaxation and consequently the detectability of the

According to equation (5.1), the
3J1H,195pt coupling strongly depend on the reorientational correlation time t.. This effect was
investigated with "H spectra in DMSO-ds, CDCls, CD,Cl, and CD;CN. (see Figure 5.4). Along
with the decreasing viscosity from a)-d) (n at 25° C in mPa-s: DMSO: 1.987, CHCls: 0.537,
CD,Cl,: 0.413, CDsCN 0.369)[24] the correlation time 1. decreases. This leads to decelerated
relaxation and therefore to a better observability of the coupling in low viscous solvents. Because

of the good solubility of (tbbpy)PtCl, in CD,Cl, and the low viscosity of CD,Cl,, it was used as

the solvent for the following experiments.

a) DMSO-d U

o~

N

¢) CD,Cl,

decreasing viscosity

d) CD,CN

9.75 9.70 9.65 9.60 9.55 9.50 9.45 9.40 935 930 9.25 9.20 9.15
8("H) / ppm

Figure 5.4:  'H signal of H6 proton of (tbbpy)PtCl, at 300 K and 400 MHz in different solvents: a) DMSO-ds,
b) CDCI3, ¢) CD,Cl,, b), d) CD;CN. a)-c) 64 scans, d) 256 scans.
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195pt spectra of the model compound

Because of the large chemical shift range of Pt(II) complexes of 5000 ppm, a series of
199pt spectra of (tbbpy)PtCl, in CD,Cl, was necessary in order to cover the complete chemical
shift range of Pt(II) complexes. For (tbbpy)PtCl, in CD,Cl,, one singlet at 5('*°Pt) = -2341 ppm
with a line width of 780 Hz was found at 600 MHz (see Figure 5.5). The '*’Pt chemical shift is in
excellent agreement with a similar square-planar Pt complex with two chloride and one
phenantrolinic ligand (8('*’Pt) = -2336 ppm)*”! and other pyridine-derived Pt complexes
containing chloride ligands.""®'”?%! The enormous line width of 780 Hz can be attributed to the
fast CSA relaxation at the high field strength of 600 MHz and can be diminished to 740 Hz at
400 MHz (data not shown). This only slight reduction hints at additional relaxation mechanisms
like spin-rotation relaxation.'’! In addition, relaxation contributions of the adjacent nitrogen
atoms due to the presence of larger 1JN,pt values (often hundreds of Hz in Pt(II) complexes)!' in

combination with considerable '*N relaxation rates may cause an additional shortening of the

T, time of *°Pt.[*"
3("°Pt) line width
2341 ppm 780 Hz
-2320 -2340 -2360
-2550 -2%00 -2‘350 -ZILOO -2;'50 -2%00
6(195Pt)
Figure 5.5:  '”’Pt spectrum of (tbbpy)PtCl, in CD,Cl, at 300 K and 600 MHz. Referenced to Na,PtCl, in D,0
(see SI).

To estimate the influence of the solvent on the '*°Pt chemical shift of (tbbpy)PtCl,, a
195p¢ spectrum in CD;CN at 300 K and 400 MHz was measured. Due to the low solubility in
CD;CN, 170k scans were necessary leading to a measurement time of more than two days. The
chemical shift in CD;CN (8(***Pt) = -2340 ppm, data not shown) was very similar to the value in
CD,Cl,, indicating that the solvent has only a diminished influence on the chemical shift for this

particular compound.
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Detection of the 3J1H,195pt coupling in 1D and 2D 1H,195Pt-HMBC spectra

In principle, a direct detection of "Jiyjospr couplings is possible using 1D and 2D
'H,"°Pt-HMBC spectra. Therefore, an optimal balance between relaxation induced exponential
signal decay and sinusoidal coupling evolution is essential, which can be adjusted with an
optimized magnetization transfer delay D6. In addition, in all spectra with gradient pulses
utilized for coherence selection, the gradient strength pattern has to be adjusted, so that the
effects of all gradients cancel at the end of the pulse sequence, see equation (5.2) for the

'H,"°Pt-HMBC pulse sequence used in this approach.

ZGZ:_(7H+7/X)G1+(7H_7X)G2+7HG3=0 (5.2)

with gyromagnetic moment y and gradients G1, G, and G;.
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Figure 5.6: 1D and 2D 'H,'”*Pt-HMBC spectra of (tbbpy)PtCl, in CD,Cl, at 300 K with optimized D6 delay of
10 ms. a) 'H spectrum and b-d) 1D 'H,"°Pt-HMBC spectra at 400 MHz with ns 600 and different
gradient strength pattern GPZ,,5: b) 30/30/12.94, c) 40/30/25.09 d) 60/30/49.40; ¢) 2D 'H,'*’Pt-
HMBC spectrum at 600 MHz with ns 256 and GPZ, 53 60/30/49.40.

The optimum transfer delay D6 was determined in a series of 1D 'H,""Pt-HMBC spectra
with varying D6 delays to be 10 ms (at 400 and 600 MHz, data not shown). For the coherence
selection three different gradient strength patterns have been calculated (expressed in percentage
of the maximum gradient power): GPZ,,;;3 30/30/12.94, 40/30/25.09, and 60/30/49.40, all in
accordance with equation (5.2). The corresponding 1D "H,'*"Pt-HMBC spectra exhibited only
marginal deviations in the signal intensities for the different gradient strength pattern (see Figure

5.6b-d) Therefore, all following 1D and 2D 'H,'”°Pt-HMBC spectra were performed with
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GPZ,/,3 60/30/49.40 (see Figure 5.6¢). To conclude, the3J1H,195pt coupling could be detected in
1D and 2D 'H,"”’Pt-HMBC spectra.

Detection of the 3J1H,195Pt coupling by the comparison of 'H and 1H{195Pt} spectra

1D and 2D 1H,I%Pt-HMBC spectra gave direct evidence for the 3J1H,195pt coupling
between the proton H6 and the Pt center. However, this method is very time consuming and
seems not suited for online-monitoring of fast photocatalytic reactions. Therefore,
'H{"°Pt} spectra with inverse or power gated decoupling scheme with a typical time demand of

seconds to minutes are a time-saving alternative. By comparison of the "H{'*’

Pt} and the normal
'H spectrum protons carrying a Pt coupling can be identified. A variation of the decoupling
power in inverse gated 'H{'*°Pt} spectra revealed the optimum decoupling power with complete
decoupling of the >/, m.19spt coupling and only marginal line shape distortions for the other signals
(see Figure 5.7b). These residual distortions could be eliminated with the power gated
decoupling scheme (Figure 5.7c¢). This is exemplarily shown for the Pt coupled H6 proton on the

left side of Figure 5.7 and for the uncoupled H3 and H5 protons on the right side of Figure 5.7.

~~

T T T T T T
960 955 950 945 940 ppm

[
|

r JLM

81 79 77 75 7.3
960 955 950 945 940 ppm | 6(1H)/ppm

Figure5.7: a) 'H spectrum and b) inverse gated and c) power gated "H{'Pt} spectra of (tbbpy)PtCl, in CD,Cl,
at 300 K and 400 MHz. Left and right sections are scaled independently.
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5.2.2 NMR investigations on the photocatalyst [(tbbpy),Ru(tpphz)PtCl,](PF),

After implementation of different detection methods, [(tbbpy),Ru(tpphz)PtCl,](PFe), was
investigated in analogy to the model compound. Acetonitrile was used as the solvent because of
its low viscosity and its application in the photocatalytic water reduction. To allow for fast and
reliable NMR measurements, the catalyst concentration was increased from 102 mM (catalytic

reaction conditions)!'* to 9 mM, the highest concentration without precipitation.

195pt spectra
In the '°Pt spectra one singlet at -2297 ppm with a line width of 670 Hz at 600 MHz and
360 Hz at 400 MHz (see Figure 5.8) was detected. This strong reduction of the line width as

lower magnetic field indicates that the 193

Pt relaxation of the photocatalyst is dominated by the
CSA mechanism (in contrast to the model compound). The downfield shift of 43 ppm compared
to (tbbpy)PtCl, (8(**’Pt) = -2340 ppm in CDs;CN) is in the same range as observed for an
attachment of a second metal fragment to similar Pt(bpym)(CHs3);Cl complexes (bpym =

2,2 -bipyrimidine).*"!

e
i
wokldh B i

ALl WU\'V i ‘uuwuwwvvw ' WV i vaw” 'W

T T T T T T T T
-2220 -2240 -2260 -2280 -2300 -2320 -2340 -2360 —2380 —2400
195
8(

Figure 5.8:  '”°Pt spectrum of [(tbbpy),Ru(tpphz)PtCl,](PFs), in CD;CN at 300 K and 400 MHz .

Pt) / ppm
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Comparison of the magnitude of the coupling for the model compound and the
photocatalyst

The coupling constant of the model compound was about 34 Hz, as is visible as satellite
splitting in the 'H spectrum, see Figure 5.3. This quite big constant leads to a relatively easy
detection and makes this compound ideal for testing. However, for the real photocatalyst the
3J1H,195pt coupling is not visible as satellite splitting but just as line broadening, even at 300 MHz,
the lowest applied field strength. Therefore, its magnitude was estimated by line shape analysis
of the Ha" proton (see Figure 5.9). In this simulation the coupling constant was varied from 0 to
20 Hz and the line width of the signal was iterated accordingly (see Table 5.1), at which the best

fit with the experimental spectrum was obtained with a simulated coupling constant of 8+2 Hz

(see Figure 5.9).

8('H) / ppm
Figure 5.9:  Simulations of the coupling pattern of the Ha" proton of [(tbbpy),Ru(tpphz)PtCl,](PF¢), in CD;CN
at 300 K and 300 MHz.
Table 5.1:  Simulated coupling constants from 0 to 10 Hz and corresponding line widths for the Ha" proton signal

at 300 MHz and theoretical HMBC peak intensities with optimized D6 delay.

Ha’ proton 'H,"*Pt-HMBC
3J1H,195pt/ Hz line width/ Hz opt. D6 delay / ms rel. peak intensity
0 15.7 - -
2 15.4 21 0.05
4 14.6 21 0.10
6 12.9 23 0.16
8 9.2 28 0.28
10 6.9 --- ---
12 6.4 - -
15 6.3 --- ---
20 6.2 - -
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Detection of the 3J1H,195pt coupling in 1D 1H,195Pt-HMBC and 1H{”SPt} spectra

For this small coupling constant of 8+2 Hz, the corresponding optimized D6 delay in the
HMBC is 28 ms at 300 MHz (see Table 5.1). At higher field strengths, the relaxation induced
signal decay is accelerated and therefore shorter D6 delays have been utilized. This can be seen
in the 1D "H,""Pt-HMBC spectra at 400 MHz with varying D6 delay from 0.5 to 6 ms in Figure
5.10b-f, where the highest signal intensity was obtained with a D6 delay of 4 ms at 400 MHz. At
600 MHz this tendency was even more pronounced: In a series of 1D HMBC spectra with
varying D6 delay, each of them with 10k scans (data not shown), only for the smallest D6 delay
of 1 ms a small coupling peak could be detected. Therefore, the optimum D6 delay was 28 ms at
300 MHz, 4 ms at 400 MHz and below 1 ms at 600 MHz.

As mentioned for the model compound, this method is very time consuming and instead a
comparison of '"H and 1H{195Pt} spectra is preferred for the detection of the 3J1H,195pt coupling
(see Figure 5.10g). For the Ha" proton the coupling could be observed by the comparison of the
'H{"°Pt} spectrum (red) and the 'H spectrum (black). Exemplarily, the Hc’ proton at 9.50 ppm

is also depicted to demonstrate the unchanged line shapes of all other protons.

g9) |
' |line width
9.1 Hz
U 'H spectra
Hc’ Ha)
10 95 9 85 8 75 7 ' 955 950 945 940 935 930
8('H) / ppm 8('H) / ppm

Figure 5.10: Detection of the 3J1H’195p1 coupling of [(tbbpy),Ru(tpphz)PtCl,](PFs), in CD;CN at 300 K and 400
MHz: a) 'H spectrum. b)-f) 1D 'H,'"”Pt-HMBC spectra with ns 10k and D6 delay of b) 6 ms, c) 4
ms, d) 2 ms, e) 1 ms, f) 0.5 ms. g) Comparison of '**Pt-coupled 'H spectrum (black) and power gated
decoupled 'H{'**Pt} spectrum (red), each with 8 scans.
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Determination of the hydrodynamic volume with DOSY experiments

'H-DOSY experiments®® are interesting with regard to aggregation/deaggregation of the
catalyst before or in the course of the catalytic reaction. From the diffusion coefficient
(6.00+0.18:10"° m? s at 298 K) a hydrodynamic volume of Vi = 4.1+0.4:10° A® could be

calculated (with globular shape approximation).!*”!

With the help of the theoretical
hydrodynamic volume of 1193 A (calculated on the molecular mechanics level),” the
aggregation tendency of the compound can be estimated very roughly to be a trimer or tetramer.
But due to the very rough estimations, this aggregation value has to be handled with care and
further investigations would be necessary.

This formation of aggregates has been shown to be induced by n—n-stacking interactions
of the aromatic ligands,” and mainly dimers are found for mononuclear
[(bpy)Ru(tpphz)](PFs), and similar complexes in CD3;CN in the concentration range of
1-10 mM.P%3! In addition, the theoretical increase of the 'H diffusion value upon a cleavage of
the PtCl, unit is within the error range of the measurement. Therefore, '"H-DOSY values cannot

195

be reliably interpreted with regard to a potential cleavage of the PtCl, unit. Alternative "~ Pt- or

3Cl-DOSY experiments are not feasible due to the fast CSA and quadrupolar relaxation,

respectively.???%!

5.2.3 NMR investigations under catalytic conditions

For the photocatalytic water reduction, acetonitrile-water mixtures are used as the
solvent, triethylamine (TEA) is used as the sacrificial electron donor and the solution is
irradiated with light of 470 nm wavelength. To get stepwise closer to the catalytic conditions,
several test systems were investigated. In first control experiments the change of the solvent
from pure CD3;CN to CD3;CN/D,O mixtures was investigated with or without irradiation with
blue light (470 nm). In the next step, TEA was added similarly to the catalytic conditions and the
behavior of the sample with and without irradiation was again investigated by means of
'H, "H{"°Pt}, "’Pt and **Cl spectra (for experimental details see SI).

In these investigations, a similar irradiation setup as in the catalysis, but with NMR tubes
instead of GC vials, was used to be as close to the catalytic conditions as possible. The setup was
composed of a stick with 30 LEDs emitting blue light (470 + 15 nm) and four air coolers near the
LED stick for heat dissipation (see Figure 5.11).
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Figure 5.11:

Figure 5.12:

Irradiation setup used for the NMR investigations composed of a stick with 30 LEDs and four air

cooler for heat removal and samples containing the catalyst and TEA in aqueous solution before and
after irradiation.

D UL eoevee
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CD,CN/D,O+TEA
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CD,CN/D,0+TEA
f) (10 min+23 h 470 nm)
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Aromatic section of the 'H spectra of [tbbpy),Ru(tpphz)PtCL](PF), in a) CD;CN, b) CD;CN/D-0,
¢) CD;CN/D,0 after 10 min irradiation, d) CD;CN/D,O+TEA ¢) CD;CN/D,O+TEA after 10 min
irradiation and f) CD;CN/D,O+TEA after 10 min+23 h irradiation with 470 nm LED light.
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In CD3CN/D;0, the proton signals were downfield shifted by 0.02-0.03 ppm (Ha" proton
0.09 ppm) compared to pure CD;CN, see Figure 5.12a and b. Upon irradiation for 20.5 h no
alterations of the 'H chemical shifts or coupling fine structure could be observed (see Figure
5.12¢). In particular, the 3J1H,195pt coupling of the Ha" proton was still detected. In addition, the
193pt chemical shift of the signal did not change upon irradiation (data not shown). Since for a
CI/OH™ exchange a downfield shift of more than 300 ppm is expected,*” it can be clearly
excluded that a CI'/JOH™ exchange occurs for [tbbpy),Ru(tpphz)PtCl,](PFs), by irradiation at
470 nm for 20.5 h in aqueous solution (at least without TEA as sacrificial electron donor). This
finding was confirmed by *>Cl spectra, since in a *>Cl spectrum with 64k scans no *>Cl signal
from a released chloride anion could be detected (for details see SI).

In the next step a large excess of TEA was added leading to a reduced spectral resolution
of the aromatic protons (see Figure 5.12d). This could be attributed to the high dynamic range
(e.g. ratio of signal intensities Ha" / CH3(NEt3): 0.0004 / 1) leading to reduced resolution for
small signals in presence of the very intense signals of TEA. 'H spectra with selective excitation
of the aromatic protons of the catalyst reduced the intensities of the TEA signals and improved
the ratio to 0.1 / 1, but no increase in spectral resolution could be obtained (data not shown).

After irradiation for 10 min five broad singlets between 7 and 8.5 ppm (7.18, 7.40, 7.70,
8.25, 8.44 ppm) emerged in the aromatic region in the 'H spectra (see Figure 5.12¢), whereas the
line shapea and intensities of the solvent and TEA signals remained unchanged. In addition, no
199pt signal could be detected any longer (data not shown). After a further irradiation period of
23 h three broad signals at 8.51, 7.67 and 7.48 ppm were detected in the aromatic region and no
195py signal could be detected in the typical Pt(I) chemical shift range of -500 ppm to -5500 ppm

(data not shown). These findings strongly hint at a decomposition of the photocatalyst in the

presence of TEA upon irradiation, already after 10 min.

One reason for the decomposition of the photocatalyst could be the high luminance
intensity of the LED stick in combination with the different sample geometry in the NMR tube
compared to the assembly used in the photocatalytic reactions (GC vials). Another explanation
might be the high concentration of the catalyst of 1.52 mM compared to 10 mM under catalytic
conditions'? leading to a drastically increased concentration of photo excited species upon
irradiation. This assumption is confirmed by the drastically increased speed of the color change
of the reaction mixture from red to black (see Figure 5.11). It occurs within few minutes in this
setup whereas it takes minutes to hours for the GC vial-setup typically employed under catalytic

conditions.
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5.3 Conclusion and Outlook

To summarize, this project dealed with the formation and catalytic relevance of Pt-colloids
and the spectroscopic evidence for the proposed cleavage of a chloride from the catalyst.
Therefore, the 3J1H,195pt coupling should be used as sensor for a potential cleavage of the
complete PtCl, unit from the catalyst. In addition, the Pt chemical shift and **Cl spectra should
reveal a spectroscopic evidence for the proposed cleavage of a chloride.

With (tbbpy)PtCl, in CD,Cl,, acting as a model compound, the spectroscopic parameters
that are essential for the successful investigations of Pt compounds have been optimized: The

solvent and By field dependence of the 195

Pt relaxation was investigated with various solvents at
400 and 600 MHz spectrometer revealing low viscous solvents and low magnetic field strength
to be favorable for the detectability of the coupling. In the '*°Pt spectrum one singlet at
8("Pt)=-2341 ppm in CD,Cl, and &('*’Pt)=-2340 ppm in CD;CN was found. The direct
detection of the 3J1H,195pt coupling was achieved with 1D and 2D 1H,195 Pt-HMBC spectra and by

the comparison of 'H and 'H{'*’

Pt} spectra.

After optimization of the detection methods with the help of the model compound, the
photocatalyst [tbbpy),Ru(tpphz)PtCL;](PFs), in CD3;CN was investigated and the 3J1H,195pt
coupling could be detected in 'H{'*’Pt} and 1D "H,"”’Pt-HMBC spectra. The addition of water
and the following irradiation with blue light (470 nm) had no significant effect on the 15pt and
'H chemical shift or the 3J1H,195pt coupling. For [tbbpy),Ru(tpphz)PtCl,](PFe), in CD;CN/D,O
without the sacrificial electron donor TEA, a CI/OH™ exchange or CI" cleavage can be clearly
excluded after irradiation for 20.5 h. Upon the addition of a large excess of TEA, the spectral

resolution decreased. Upon irradiation in the presence of TEA, the photocatalyst decomposed,

probably due to the high luminance intensity and/or the high catalyst concentration.

For further investigations a reduction of the amount of TEA (down to a 1:1 ratio to the
catalyst) seems advisable to avoid the deterioration of the spectral resolution and to decelerate
the decomposition. Additionally, the light intensity and/or the catalyst concentration should be
reduced to decrease the decomposition rate.

Another approach for the observation of the Pt-cleavage would be the '°N labeling of the
nitrogen atoms directly attached to the platinum, since this might decelerate the '*°Pt relaxation
and thereby facilitate the detection of the small 3J1H,195pt coupling and additionally might allow

for 1D triple resonance ('H, PN, '°Pt) experiments.
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Furthermore, the currently applied setup impeded a simultaneous irradiation and NMR
observation, which would facilitate the investigation of photocatalytic reactions in general.
Therefore, a glass fiber-based NMR-illumination unit was developed. In addition, this new setup
allows an adaption of the light intensity to the particular requirements (see chapter 7). First tests
in the field of flavin photocatalysis have been performed successfully with this new setup, but
due to the very recent construction no attempts have been made in the field of the photocatalytic

water reduction so far.

Dalton Transactions 2011, to be submitted. 112



5. NMR Investigations on the Photocatalytic Water Reduction

5.4 Supporting Information

Experimental Section

NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer equipped with a
BBO probe with z-gradient (temperature was controlled by a BVT 2000 unit) and a Bruker
Avance 600 III spectrometer equipped with a TBI 'H/*'P-BB probe with z-gradient and BVT
3000 unit at 300 K. The NMR data were processed and evaluated with Bruker’s TOPSPIN 3.0
and the included DAISY program was used for line shape analysis.

Assignments of proton and carbon resonances were obtained by one- and two-
dimensional NMR spectra (‘H, 'H,'H-COSY, "H,'"H-NOESY, 'H,"*C-HSQC, and 'H,"*C-HMBC
spectra). In addition, '*°Pt signals were assigned with 1D '*°Pt-, and 'H,"*’Pt-HMBC spectra. The
'H and "C chemical shifts are internally referenced to TMS, the '*°Pt chemical shifts were
referenced to 0.25 M Na,PtClg in D,O and the 33CI chemical shifts were referenced to 1M LiCl
in D,O.

For the '

Pt spectra of both compounds, the 90° pulse length was adapted from a sample
of 0.25 M Na,PtClg in D,O (which was used before for the setup of the '*’Pt parameter set),
since variations of the 90° pulse length for the '*°Pt signal of (tbbpy)PtCl, in CD,Cl, showed the
optimal pulse length similar to those of 0.25 M Na,PtClg in D,0.

In general, '*°Pt spectra demand high temperature stability due to the CSA relaxation in
combination with the high temperature dependency of the '*°Pt chemical shift.'™ This
prerequisite was not fulfilled at a 400 MHz spectrometer without BCU temperature control unit,
where insufficient temperature control impeded the detection of any signal for (tbbpy)PtCl, in
CD,Cl, in '°Pt as well as 1D and 2D 'H,"”’Pt-HMBC spectra (data not shown).

In a *°Cl spectrum of 0.25 M Na,PtCls in D,O a sharp singlet at 3(**C1)=-0.45 ppm with a

line width of 16 Hz was detected. Due to the chemical shift and line Width,[35 ]

this signal could
be assigned to a released chloride anion from PtC162'9 2 CI' + PtCly. This shows the release of
CI" from PtCl, fragments in aqueous solution. In contrast, for the irradiated photocatalyst in
aqueous solution without TEA, no signal attributable to a released chloride anion was found in

33Cl spectra.
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Sample preparation and irradiation setup

For (tbbpy)PtCl, in CD,Cl,, a sample concentration of 55 mM was applied for the
optimization of NMR spectroscopic parameters. For [tbbpy),Ru(tpphz)PtCl,](PFs), in CD3;CN a
concentrations of 9 mM (8.5 mg; 5.4 umol in 0.6 mL CD3;CN) without and 1-2 mM with
irradiation were applied. Higher concentrations led to the precipitation of the catalyst. Similar

attempts in CD,Cl, were not feasible due to the very low solubility of the catalyst in CD,Cl,.

[tbbpy).Ru(tpphz)PtCl,](PFs), in CD3;CN/D,O without TEA:

All NMR investigations were conducted under an inert atmosphere of argon at all times
to prevent oxidation/quenching of the reaction by oxygen. All solvents were carefully degassed
before use. [tbbpy),Ru(tpphz)PtClL,](PFe), (1.7 mg; 1.08 umol; 1 eq.) was dissolved in 0.43 mL
CDs;CN and 0.07 mL D0 yielding a catalyst concentration of 2.16 mM. The resulting water
content of 16 vol% was chosen since the maximum turn over number (TON, mol product/mol
catalyst) of the photocatalytic water reduction was observed at this particular content.”®! The
bright red solution was illuminated for 20.5 h with blue light (470 = 15 nm) with 30 LEDs,
which were fixed at a stick in close proximity to the NMR tube. Air coolers near the LED stick
were used for temperature regulation. No color changes of the sample were observed visually

upon irradiation.

[tbbpy).Ru(tpphz)PtCl,](PFs), in CD3;CN/D,O with TEA:

To the above mentioned solution 0.21 mL degassed TEA (0.15 g; 1,51 mmol) were
added, resulting in a catalyst concentration of 1.52 mM (1 eq.) and a TEA concentration of
2.13 M (1400 eq.), to be as close to the catalytic conditions as possible.'” The solution was
irradiated for 10 min with the LED stick, which was accompanied by a color change from bright
red to black (see Figure 5.11). Further irradiation periods of 10 min and additionally 23 h were
applied.
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"H- and "C resonance assignment
'H- and "*C resonance assignment for [tbbpy),Ru(tpphz)PtCl,](PFs), in CDsCN at 300 K, for
nomenclature see Figure 5.13. All homonuclear coupling constants have been simulated with the

DAISY program.

'H-NMR (CD;CN, T =300 K, ref: TMS 0.00 ppm): 8('H)[ppm]=

9.85 (Hc, 2H, dd, *Jupue = 8.31 Hz, *Jhane = 1.21 Hz); 9.50 (He', 2H, dd, *Jup ne = 8.35 Hz,
Jiane = 1.12 Hz); 9.39 (Ha’, 2H, dd, *Jia s = 5.72 Hz, *Jia e = 1.12 Hz); 8.57 (H3, 2H, d,
“Jisms = 1.81 Hz); 8.52 (H3', 2H, d, *Juz-us- = 1.86 Hz); 8.32 (Ha, 2H, dd, *Jiam = 5.38 Hz,
*Jiane = 1.21 Hz); 8.17 (Hb', 2H, dd, *Jia v = 5.72 Hz, *Jiy e = 8.35 Hz); 8.08 (Hb, 2H, dd,
Jtany = 5.38 Hz, *Jupne = 8.31 Hz); 7.90 (H6', 2H, d, *Jus-ue = 6.17 Hz); 7.75 (H6, 2H, d,
Jusme = 6.04 Hz); 7.52 (H5, 2H, dd, *Jusue = 6.04 Hz, “Jusns = 1.81 Hz); 7.30 (H5’, 2H, dd,
3 Jus ne = 6.17 Hz, *Jis s = 1.86 Hz); 1.49 (CH3-tBu, 18H, s); 1.36 (CH3-tBu’, 18H, s)

BC-NMR (CDsCN, T = 300 K, ref: TMS 00.00 ppm): 8("*C)[ppm]=

163.81 (C7); 163.28 (C7°); 158.26 (C2); 157.48 (C27); 155.29 (Ca); 154.02 (C6’); 152.16 (C6);
152.62 (Ce); 151.58 (Ca’); 149.89 (Ce’); 142.86 (Cf); 138.71 (Cf’); 137.05 (Cc); 135.24 (Cc);
131.32 (Cd); 129.23 (Cd’); 129.00 (Cb’); 128.51 (Cb); 126.20 C5°); 125.67 (C5); 122.61 (C3);
122.27 (C3"); 36.47 (C7); 36.31 (C7"); 30.62 (C8); 30.52 (C8")

(PF¢)a

Figure 5.13:  Signal assignment of 'H, °C and '*°Pt resonances of [(tbbpy),Ru(tpphz)PtCl,](PF), in CD;CN at
300 K.
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6 NMR Investigations on Flavin Photocatalysis

“NMR investigations on the self aggregation of riboflavin tetraacetate

and its potential association with para-methoxybenzyl alcohol”
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Self aggregation and association

Matthias Fleischmann, Christian Feldmeier,

Burkhard Konig, Ruth M. Gschwind

The synthesis of RFT was performed in the research group of Prof. Kénig. The RFT self aggregation was studied in

close collaboration with Christian Feldmeier. C. F. also investigated the RFT-MBA association.
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6.1 Introduction

The use of sunlight for chemical reactions is one of the main challenges in recent
research.”” Beside the photocatalytic hydrogen production with the aim of energy storage (see
chapter 5), photocatalytic reactions can be used for chemical transformations in organic

synthesis.!"! Inspired by the redox activity of flavins as prosthetic group in natural enzymes,*”!

several flavin-mediated photocatalytic oxidations'” have been investigated by Fukuzumi,””

Shinkai™*! and others.!">'*! To increase the stability and efficiency of the photocatalysts, flavin

8-9, 15

transition metal complexes'> ! or heterocyclic substrate binding sites! I have been used. The

redox potential of flavin was modulated by transition metal complexation'® and hydrogen-

[17-19]

bonding. Koénig and co-workers investigated thiourea-enhanced,'”  Zn*"-cyclen

guie. 20] 13-14

substitute or immobilized*'* flavins for the photooxidation of benzyl alcohols and
recently extended the synthetic scope to the photooxidation of activated hydrocarbons®" and
catalytic cleavage of benzyl protection groups'*? by flavin tetraacetate.

In cooperation with the research groups of Prof. Dick and Prof. Konig, Riedle et al.
presented detailed mechanistic studies for the photooxidation of para-methoxybenzyl alcohol
(MBA) with riboflavin tetraacetate (RFT):**) The formation of the flavin triplet state represents
the key step for the photooxidation, which is followed by an electron transfer and subsequent
proton transfer from the alcohol to the photocatalyst. In contrast, the electron transfer to the
flavin singlet state is non-productive due to an immediate charge recombination without
significant product formation (see Figure 6.1). The model of a productive triplet channel beside a
singlet loss channel is in accordance with the observed concentration dependence of the quantum
yields of the reaction with a maximum at 25 mM concentration of MBA and significantly smaller
yields for both higher and lower alcohol concentrations.**!

Furthermore, based on the observation of an additional component in the femtosecond
transient absorption spectra of the flavin kinetics, Riedle and co-workers interpreted this

component in accordance with their model as a RFT-MBA associate with an association constant

of Kase=0.2 M in MeCN/DMSO (98/2, v/v) and Ks=0.6 M™' in MeCN/H,0 (50/50, v/v).1**!

V' This necessity was realized even one hundred years ago by Giacomo Ciamician: “When all of the coal will have

been burnt, it may become necessary to resort to exploiting light energy for the progress of society.*
G. Ciamician, Science 1912, 36, 385.
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Figure 6.1:  Postulated oxidation mechanism of MBA with RFT."*®! The non-productive singlet pathway (left)
returns the excited 'RFT" back to the ground state after diffusion controlled electron transfer from

MBA and fast charge recombination. In contrast, the reaction of MBA with a triplet RFT” (right)

can lead to product formation via a sequence of electron and proton transfer steps.**!

Since these insights into the reaction mechanism are supposed to have a tremendous
influence on the design of flavins with higher efficiencies for photocatalytic chemical
transformations in general,””! these experimental findings and the supposed model were
re-investigated by NMR spectroscopy. Therefore, we studied the self aggregation of RFT and the

association with MBA at different concentrations and in different solvents.

6.2 Results and Discussion

For the investigation of the RFT self aggregation the diffusion coefficients of RFT were
measured in pure CD;CN, in a CD3;CN/D,0O 1/1 mixture and in D,0O, i.e. in the solvents typically
used for the photooxidation of MBA with flavins.'*"* 2 As can be seen in Figure 6.2, the
diffusion value of RFT was 1.18+0.02:10° m2s’ in pure CD;CN and increased to
1.4540.02-10° m2s™! in CDs;CN/D,0 1/1, each in the concentration range from 0.2 to 20 mM. A
further increase in the RFT diffusion value to 1.69-10” m? s has been observed in pure D,0O.
Due to the low solubility and precipitation of RFT in pure water, only one sample with an RFT
concentration of 0.2 mM could be measured. The diffusion values in the low polarity solvent

CD,Cl, are similar to the diffusion values in CD;CN.

119



6. NMR Investigations on Flavin Photocatalysis

These diffusion studies revealed RFT as a dimer in acetonitrile, whereas in water it is a
monomer (for details of the calculation of aggregations levels from self diffusion coefficients see
chapter 4.3.5). The formation of monomers in water is similar to flavin and flavin
mononucleotide, which form only a low amount of dimers in aqueous solution in the
concentration range of 10°-10° M.***) These findings might be interpreted in that besides
n—m stacking, also hydrogen-bonding plays a role for the aggregation behavior of RFT and other

(24251 The dimerization in CD;CN can be reduced either by the addition of water or by an

flavins.
increase of the temperature (see Figure 6.3). At 330 K a similar diffusion value was obtained as

in the acetonitrile-water mixture at 300 K.
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Figure 6.2:  Diffusion coefficients of RFT in CD;CN (4), CD;CN/D20 (1/1, v/v) (A), D,O (W) and CD,Cl,
(%) at different RFT concentrations at 300 K. All diffusion coefficients are temperature and

viscosity corrected. Measuring inaccuracy of 3 % is assumed for every data point.
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Figure 6.3:  Temperature dependence of the diffusion coefficient of 0.2 mM RFT in CD;CN at 300 K. All
diffusion coefficients are temperature and viscosity corrected. Measuring inaccuracy of 3 % is

assumed for every data point.
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For the photooxidation of MBA with RFT, the quantum yield is higher in the CD3;CN-

water mixture compared to pure CD3;CN and pure water (maximum quantum yield of 3 % at a

26-27 ]

water content of 40 %).*°*”) The dependency of the reaction rate on the applied solvent!'*"* 2
could be correlated with the aggregation behavior of RFT: In CD3;CN-water mixtures the highest
quantum yields are observed. Possible explanations for the reduced quantum yield in pure water
could be the low solubility of the catalyst in pure water reducing the amount of catalyst in
solution or the alteration of the favorable hydrogen-bond interactions, which were suggested by
Riedle et al. for RFT and MBA in CD;CN-water mixtures with higher water content.”” On the
other hand, the reduced quantum yield in pure CD3CN could be rationalized by the dimerization
of RFT in CD3;CN, which is supposed to play a key role in the quenching of the excited state of
flavins,'*’! leading to efficient deactivation and therefore reduced quantum yields.

Based on these results, Konig and co-workers synthesized flavin derivatives with (chiral)

bulky substituents in order to diminish the flavin aggregation. Their aggregation behavior in

addition to their activity/selectivity is currently under investigation.

Next, the association of RFT and MBA was investigated. Riedle and co-workers obtained
from femtosecond spectroscopy the diffusion coefficients of RFT and MBA in D,O/CD;CN 1:1
from samples containing RFT and different amounts of MBA (0.5 mM RFT with 2.0-1600 mM
MBA).!**! They found a strong decrease of the experimental diffusion coefficient with increasing
MBA concentration and therefore assumed a model including an RFT-MBA associate. To verify
these results, these samples were re-investigated by DOSY. Similar diffusion values and a
similar increase of the experimental diffusion values were found and thus confirm the
experimental findings obtained by femtosecond spectroscopy. But the viscosity-corrected
diffusion values do not show this increase and revealed that the increase of the experimental
diffusion values is due to the high viscosity of the highly concentrated solutions. No hint for an

association of RFT and MBA was observed by NMR spectroscopy.
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6.3 Conclusion

The self aggregation of RFT and a potential association with MBA at different
concentrations and in different solvents have been investigated by DOSY experiments. In pure
acetonitrile RFT is a dimer, whereas in water it is a monomer. These aggregation tendencies
could be correlated with the solvent dependency of the quantum yield of the photooxidation of
MBA with RFT and are used for the design of sterically hindered, chiral flavin derivatives with
potentially higher quantum yields. In addition, no hints for an association of RFT and MBA have
been observed by NMR spectroscopy.

Furthermore, the course of the photooxidation of RFT and MBA was online monitored by

'H spectra with our NMR-illumination unit (see chapter 7).
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7 Development of an NMR-Illumination Unit

“Development of an NMR-illumination unit

for NMR online-monitoring of photocatalytic reactions”

Matthias Fleischmann, Christian Feldmeier, Ruth M. Gschwind

The design and the test measurements were done in close collaboration with Christian Feldmeier.
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7.1 Introduction

For photochemical NMR investigations, several approaches can be performed like CIDNP

(chemically induced dynamic nuclear polarization),!'™ studies of photoactive compounds!®” o

r
photochemical kinetics.*'% All of these investigations require illumination of the sample inside
the NMR spectrometer and therefore several techniques have been developed including

(") [Ilumination from the side or from

illumination from below, from the side or from above.
below has been used for in situ UV/VIS/CF-MAS-NMR spectroscopy (continuous flow-magic
angle spinning NMR) by Hunger et al.,'” and for low temperature UV/VIS/solution state NMR

by Limbach et al!"! and others,'*"

but has several disadvantages like the required
re-arrangement of the probe and non-uniform illumination of optically dense samples.'"! In
contrast, illumination from above with a stepwise tapered optical fiber circumvents these
problems, leading to uniform illumination, low deterioration of spectral resolution and a
minimum reduction of the volume in the active region of the NMR tube, as demonstrated by
Kuprov et al.['!

In this thesis, two projects in the field of photocatalysis have been investigated: The water
reduction with a ruthenium-platinum catalyst (chapter 5) and the photooxidation and aggregation
behavior of methoxybenzyl alcohol with riboflavin tetraacetate (chapter 6). As demonstrated for
the photocatalytic water reduction, these photocatalytic reactions are usually very fast and the
catalysts can be very sensitive to the light intensity. Thus, irradiation outside the NMR
spectrometer and subsequent transfer of the NMR tube into the spectrometer is hardly suited for
tracking fast reactions. Instead, to allow for online-monitoring of photocatalytic reactions, the
illumination should be performed inside the NMR spectrometer. For this purpose, a glass fiber-

based illumination unit was constructed similar to Kuprov et al.,!'"! which allows simultaneous

illumination inside the NMR spectrometer.

7.2 Materials and Methods

The optical bench was a Thorlabs KT310 Spacial Filter System equipped with Thorlabs
SM1Z-Z-axis Translation Mount, a coated, aspheric lense (Thorlabs C220TME-A, 0=9.24 mm,
=11.00 mm, 350-700 nm, NA=0.55, Mounted ECO-550), Thorlabs SM1SMA Series Fiber
Adaptor and different LEDs with 440, 470 or 530 nm, which were mounted with a thermal
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conductivity-glue on a cooling element (10 mm block of aluminum) as light source (Cree
XPEROY D5 15, 460+10 nm, 850 mW @ 700 mA; Cree XPEBLU L1 B4 K2, 470+10 nm,
70.4 lumen @ 700 mA; Cree XPEGRN L1 G4 Q4, 535+10 nm, 200 lumen @ 700 mA). The
light was focused into an optical fiber (Thorlabs BFH48-1000 silica fiber (SMA adaptor end,
1000 pm core diameter, Tefzel coating, NA 0.48+0.02, UV/VIS range 300 to 1200 nm (High-
OH)). The other (mechanically stripped from the Tefzel and hard core cladding) end of the fiber
was fixed inside a 5 mm NMR tube by a Wilmad WGS-5BL Stem Coaxial Insert to avoid direct
contact of the glass fiber with the analyte solution and to center the glass fiber inside the NMR
tube (see Figure 7.1).

Due to the small angle of radiation of the LED in combination with the high Numerical
Aperture of the fiber (NA=sin(a) describes the maximum accepted angle o between the light
beam and the optical axis), the highest light intensity in the fiber was obtained without lens by
adjusting the fiber directly in front of the LED. With this setup, a reduction of the light intensity
in the fiber by a simple de-adjustment of the LED is possible.

glas fiber
with Tefzel

coating i
lens

glas fiber

NMR insert /J‘

optical bench NMR tube |
with sample

Figure 7.1:  Glass fiber-based NMR illumination unit composed of optical bench with LED, lens and glass fiber

in combination with NMR insert and tube.
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7.3 Results and Discussion

First attempts with the NMR-illumination unit in the field of photocatalysis were made for
the photooxidation of MBA with RFT. For that purpose, a sample with 20 mM MBA and
10 mol% photocatalyst in CD3;CN was illuminated with blue light (440 nm) and the reaction was
online-monitored with "H spectra. In Figure 7.2, the course of the reaction is depicted. The first
and the last spectrum were recorded without illumination for comparison of the obtained spectral
resolution. Only a slight increase of the line width of the signals upon illumination is observed,
e.g. for the ortho (relative to CH,OH) protons of MBA at 7.27 ppm from 4.2 Hz to 5.6 Hz and
for the CH, protons from 3.2 Hz to 4.6 Hz, indicating only a slight reduction of the spectral
resolution upon illumination. Furthermore, a simultaneous decrease of the MBA signals and
increase of the aldehyde signals was detected (see Figure 7.3). Beside the photooxidation, a
decomposition of RFT was also observed with a decrease of the RFT signals and the emergence
of signals of decomposition products. With decreasing RFT concentration, the MBA oxidation
was decelerated. After complete decomposition of RFT, the MBA oxidation stopped and the line

width of the signals reduced back to the starting values without illumination.

v
OH (o]
Z A
OMe OMe
v A
T
Iy
A
A
—A
—A
-
N
A
r T T T
9.5 9.0 8.5
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Figure 7.2:  Sections of the 'H spectra during the photooxidation of 20 mM MBA with 2 mM RFT in CD,;CN,
illuminated for 20.5 h with 440 nm with the help of the NMR-illumination unit. MBA (V), MB

aldehyde (A), RFT (®), decomposition product (H).
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integral intensity / a. u.

Figure 7.3:  Photooxidation of 20 mM MBA with 2 mM RFT in CD;CN. MBA (V¥), MB aldehyde (A), RFT

(®), intermediate (H).

7.4 Conclusion

To allow for online-monitoring of photocatalytic reactions, a glass fiber-based NMR-
illumination unit was constructed, which allows simultaneous illumination inside the NMR
spectrometer. The highest light intensity in the fiber was obtained by adjusting the fiber directly
in front of the LED, which allows a reduction of the light intensity by a de-adjustment of the
LED. This setup was used in the field of photocatalysis for the NMR monitoring of the
photooxidation of MBA with RFT. Upon illumination the spectral resolution was only slightly
reduced and the decrease of the MBA signals and simultaneous increase of the aldehyde signals
could be observed. Furthermore, RFT was decomposed leading to a deceleration and finally to a
stop of the MBA oxidation. The RFT decomposition was probably due to the high light intensity,
which therefore should be reduced for further investigations. Additionally, the end of the fiber
should be stepwise tapered to obtain a more uniform illumination of the complete sample
volume.

This NMR-illumination unit opens the door to further investigations of flavin photocatalysis,
photocatalytic water reduction with Ru/Pt catalysts and other photocatalytic reactions.

In addition, the applied equipment allows for illumination with a laser light instead of LED light,
which provides in principle access to CIDNP measurements for a further insight into

mechanisms and intermediates of photocatalytic reactions.
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8.1 Abstract

We report here on comparative measurements of cationic transference numbers of some
lithium battery related electrolytes including lithium tetrafluoroborate in propylene carbonate,
lithium hexafluorophosphate in blends of ethylene carbonate/diethyl carbonate and ethylene
carbonate/propylene carbonate/dimethyl carbonate, as well as lithium difluoromono (oxalate)
borate in an ethylene carbonate/diethyl carbonate blend via four different methods. Whereas
three electrochemical methods yield transference numbers decreasing with concentration in
accordance with electrostatic theories, valid for low to intermediate concentrations of the
electrolyte, nuclear magnetic resonance spectroscopy measurements show increasing
transference numbers with increasing concentration. The discrepancy is attributed to effects of

ion-ion and ion-solvent interaction.
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8.2 Manuscript

Introduction
Intrinsic processes such as ion association and solvation, as well as bulk properties such

as viscosity, conductivity and mobility of electrolyte solutions are important factors to describe

(41 A full characterization of a battery electrolyte, and

[5-6]

and understand ion transport in solutions.
in particular, the understanding of charge transport and the modeling of the cell properties
require knowledge on the transference numbers of the ions. Concentration gradients of the salt
develop across a lithium ion cell during current flow and they strongly depend on the lithium
transference number. Precipitations of the dissolved salt at the anode and depletion at the cathode
are possible consequences at high currents and may cause serious cell failure. Such
consequences become probable for lithium salt electrolytes with a low transference number of
lithium ions which implies a poor high-rate performance and limits the power output of the cell.
Accordingly, a high lithium ion transference number significantly reduces the effects of
concentration polarization.”! The importance of understanding and controlling lithium ion
transference numbers and the corresponding effort to develop a rapid and reliable measurement
that gives accurate values becomes more and more apparent in recent years.'*'!!

The number of precise methods to determine transference numbers in liquid aqueous
electrolytes is acceptable.!'*"*! Various methods have already been used for more than a hundred
years.!'” In contrast, accurate data for non-aqueous liquid electrolytes, especially with respect to
lithium salts, are very rare. Among the few currently used methods, such as potentiostatic

R,[”'ZI] several inherent restrictions are often not taken into account. As a

polarization and NM
consequence, the reported results have to be applied with caution. The situation becomes even
worse, as different methods for transference number determinations yield contradictory results in
the literature, either for the transference numbers themselves as well as for their concentration
dependence.[**!

In the present study, four different techniques are used and compared to study the lithium
transference of non-aqueous electrolytes containing a lithium salt, namely the potentiostatic
polarization (PP) method, the galvanostatic polarization (GP) method, the emf (electromotive
force) method and the determination by pfg-NMR. Organic carbonates were taken as solvents.
The lithium ion transference numbers are reported for solutions of lithium tetrafluoroborate

(LiBFy), lithium hexafluorophosphate (LiPFg), and the recently synthesized lithium difluoro-
mono(oxalato)borate (LiDFOB).**%
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Experimental

The lithium salts LiPFg and LiBF4 were purchased from Stella (high purity), LIDFOB
was prepared by the synthesis route introduced by Schreiner et al.”*! resulting in a fine white
powder (yield: 99.7%), and tetraethyl ammonium tetrafluoroborate (TEABF4) was purchased
from Merck KGaA (selectipure). The solvents ethylene carbonate (EC), diethyl carbonate (DEC),
propylene carbonate (PC) and dimethyl carbonate (DMC) were purchased from Merck KGaA
(p.a.). The carbonate mixtures used as solvents were EC/DEC = 3/7 by wt. and EC/PC/DMC =
2/1/4 by wt., respectively. The water content of the electrolytes was < 5-107, checked by Karl-
Fischer titration (Mettler, type Karl Fischer Titrator DL18). All solutions were prepared in a
glove box (Mecaplex GB80) with low mass fraction of water (< 1-10°) and oxygen (< 5:10°).
The electrochemical measurements were done using a Reference 600 potentiostat / galvanostat
(Gamry Instruments) in a thermostatted T-shaped cell, placed in a Faraday-cage to avoid

perturbation of very small currents, see Figure 8.1.

lithium metal

T-shaped glass cell  Stainless steel tips  Teflon shell

Figure 8.1:  Schematic picture of used T-shaped cell.

The electrodes for all electrochemical measurements consist of fresh cut lithium foil
pressed on stainless steel tips. Galvanostatic polarization experiments were carried out with
current densities ranging from 0.04 to 0.18 mA cm™ and a polarization time of 400 s.
Potentiostatic polarization experiments were done with an applied voltage of 10 mV for 1 h;
impedances were measured in the frequency range of 0.1 to 10000 Hz. For electromotive force
measurements two glass wool pieces are soaked with electrolyte of different concentrations and
brought in contact by a non-aqueous salt bridge. One concentration was held constant (1 mol kg™
for LiPF¢ and LiDFOB in EC/DEC (3/7), respectively), whereas the second glass wool was
soaked in several succeeding steps at the same electrolyte but at varying concentrations (for
LiDFOB from 0.9 mol kg down to 0.01 mol kg, and for LiPFs from 0.9 mol kg down to
0.02 mol kg'l). As salt bridge a saturated tetracthyl ammonium tetrafluoroborate (TEABF,)
solution in EC/DEC (3/7) is used.

Electrachimica Acta 2011, 56, 3926-3933. 134



8. Measurements of Transference Numbers for Li+ Ion Electrolytes

The NMR measurements were performed inside a standard 5 mm NMR tube in 0.5 mL
non-deuterated solvent without field/frequency locking at 296.7 + 0.2 K. Tiny amounts
(0.35-0.45 percent by weight) of tetramethylsilane (TMS) were added to each sample as internal
reference for the 'H chemical shift and the diffusion coefficient of TMS was used to measure the
viscosity of each sample. The spectra were recorded on a Bruker Avance 111 400 MHz
spectrometer equipped with a BBFO" LS room temperature probe with z-gradient (maximum
gradient strength of 53.5 G cm™) and BVT 3200 temperature control unit.

The diffusion measurements were performed with a standard Bruker BPLED
(longitudinal eddy current delay with bipolar gradient pulses) sequence in a pseudo 2D mode.
For each experiment, 2 dummy scans and 16 scans were used with a relaxation delay of 2 s. The
length of the gradient pulse 6 was optimized for every nucleus in each sample and was
4.0-6.0 ms for IH-, 15.6-20.0 ms for 'Li- and 5.6-9.4 ms for ’F-DOSYs and a diffusion time A
of 50 ms was used for all experiments. Sinusoidal shapes were used for the gradients and a linear
gradient ramp with 12 increments for 'H and 10 increments for 'Li and "°F between 5 and 95 %
of the maximum gradient strength was applied for the diffusion relevant gradients. For the
homospoil gradients, 9.165 and 7.046 G cm™ were applied for HS1 and HS2. The spectra were
processed with the Bruker program Topspin® and the diffusion coefficients were calculated with
the Bruker software T1/T2 package. The measurements were repeated at least three times and all

diffusion coefficients were within a standard deviation of = 2 %.

Results

Potentiostatic polarization

Bruce and Vincent established a potentiostatic polarization method for ideal solid
polymer electrolytes,'*! which is also suitable for diluted solutions.* Applying a small constant
potential on an electrolyte between non-blocking lithium electrodes leads to a decrease of the
initial current value until a steady-state value is reached. If no redox reaction occurs with the
anions, the anion current will vanish in the steady-state and the total current will be caused by
the cations.'” In this case, the cation transference number can be easily determined by dividing
the steady-state cationic current by the initial current just after switching-on the polarizing
voltage. Passivating layers at the electrodes usually impose an additional contact resistance. The
corresponding additional voltage drop has to be subtracted from the applied potential difference.
Because the resistances of the lithium electrode surfaces vary with time, the correction has to

take this change into account. The contact resistance is determined by impedance measurements
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shortly before and after the potentiostatic polarization.””! For small polarization potentials

(< 0 mV), the transference number for the cation ¢ is given by*":

1, (av-1,R,)
t+_10(AV_IssRss) (81)

where [, is the steady-state current, /, the initial current, AV the applied potential, R, the electrolyte resistance, and

Ry and R the electrode resistances after and before the polarization, respectively.

The method was verified by a measurement of LiPFs in an EC/PC/DMC (2/1/4) (m =
0.68 mol kg') mixture and of LiBF, in PC, where the lithium ion transference numbers have
been already published.”® Our experiments showed a transference number of 0.39 + 0.024 for
LiPF and 0.35 + 0.0062 for LiBF,4 in good accordance with the literature values, see Table 8.2.

Figure 8.2 and Figure 8.3 show the chronoamperometric and impedance measurement,
respectively, for LiPFs in EC/DEC (3/7) with a concentration of 0.68 mol kg". The determined
lithium ion transference number is 0.34 + 0.0053. Other results received by this method are
shown in Table 8.2. In this investigation and all following studies the uncertainty denoted by
+ 0.x with respect to the given number value was calculated by the error propagation law.

The equivalent circuit to fit impedance data represents the electrolyte resistance R, in
series with the electrode resistances Ry or Ry. Because of electrode roughness and other surface
phenomena the electrode resistances are combined with a constant phase element that leads to an
equivalent circuit of the form R.(R;CPE;)(R,CPE,), with R;+R; equal to R or Ry, respectively,
seen in Figure 8.4. The finally determined lithium electrode resistances (R) and Ry) and the

initial and steady-state current are given in Table 8.1.

Table 8.1: Determined electrode resistances R, and Ry before and after polarization, respectively, and initial
current /, and steady current I for 0.68 mol kg' LiPF4 in EC/DEC (3/7).
Ry/ Q R/ Q I/ A I,/ A
581.6 561.6 1.0-107 6.99-10°

This method is very popular for measuring transference numbers of lithium electrolytes,
because of its very simple and fast procedure and low costs. But it must be taken into account

that the working equation (8.1) was developed for binary and ideal solid electrolytes.
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Table 8.2: Transference numbers measured for different lithium electrolytes by different methods at 298 K.
System Method Concentration Transference number  Literature value
LiPF, in GP 0.68 mol kg™ 0.38+0.025 0.3817
EC/PC/DMC PP 0.68 mol kg'' 0.39 + 0.024 0.2
PP 0.68 mol kg™ 0.34 £ 0.0053 this work
LiPF¢ in .
GP 1.0 mol kg’ 0.24 +0.087 this work
EC/DEC
emf 1.0 mol kg’ 0.28 +£0.003 this work
1.5mol L 0.370 o
PP 1 Ref, !
LiPFy 0.25 mol L 0.557
in PC 0.25mol L 0.505 o
NMR | Ref. 119
1.5 mol L 0.330
LiBF, . .-
PP 0.68 mol kg’ 0.35 £ 0.0062 03917
in PC
0.10 mol kg™ 0.38 + 0.048
GP | this work
1.0 mol kg’ 0.33+0.05
PP 0.10 mol kg™ 0.38 £0.006 this work
emf 1.0 mol kg’ 0.35+0.041 this work
LiDFOB in
0.05 mol kg™ 0.441 + 0.0074
EC/DEC
0.50 mol kg™ 0.448 + 0.0074
NMR 0.70 mol kg™' 0.451 +0.0074 this work
0.83 mol kg™ 0.456 + 0.0074
0.93 mol kg™ 0.458 + 0.0074

GP galvanostatic polarization; PP potentiostatic polarization.
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Figure 8.2:  Chronoamperogram of 0.68 mol kg LiPF, in EC/DEC (3/7) with an applied voltage of 10 mV.

I, indicates the initial current, /i the steady state current.
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Figure 8.3:  Nyquist plot of 0.68 mol kg'1 LiPF4 in EC/DEC (3/7). The filled squares show the impedance

spectrum before the polarization experiment, the open squares after polarization.
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Figure 8.4:  Equivalent circuit of electrode resistances.
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Galvanostatic polarization

Ma et al. introduced a procedure for polymer electrolytes where a steady-state
concentration gradient of the salt is established by a galvanostatic polarization.””) The
concentration gradient is not measured directly, but the related cell potential difference during
and after polarization is observed to determine the exact potential difference at the moment of
current interruption. By combining the measurement of three different parameters, i.e., the
measurement of the cell potential after galvanostatic polarization, the additional evaluation of the

salt diffusion coefficient, and the determination of the concentration dependence of the potential

difference, the cationic transference number can be calculated according to:*”
; _]_chw\/ﬂD
’ 4( do j (8.2)
dinc

where z. is the charge number of the cation, v, the stoichiometric number of cations per mole salt added to a
solution, ¢,, the bulk concentration of the salt, ' the Faraday constant, D the salt diffusion coefficient, d@/dInc the
concentration dependence of the potential @ and m is the slope of a plot of the cell potential at the time of current

interruption obtained from A® vs. jt,"* fits, where j is the current density and ¢ the polarization time.

The method is restricted to binary electrolytes with the cation as the active species (anion
current vanishes in the steady-state), no convection, semi-infinite diffusion and linear cell

B making it a

geometry.l*”) Nevertheless, it can be used for non-ideal, concentrated solutions
better choice for measuring transference numbers of electrolytes for lithium ion batteries.

The salt diffusion coefficient is determined by the restricted diffusion technique.’'** The
diffusion coefficient is evaluated from the slope of a plot of In (4®) vs. time,**) which becomes
linear for long times ¢ >> L*/D. The corresponding slope 1y, of the linear relation is given by:

n’D
o

where L is the distance between the two electrodes.

(8.3)

mp =

The method was applied to an electrolyte consisting of 0.68 mol kg' LiPFg in
EC/PC/DMC (2/1/4) to verify this approach. The calculated value for the lithium ion
transference number was 0.38 + 0.025, which is in good agreement with literature data,”®® see
Table 8.2. Figure 8.5 shows the plot of the cell potential AP vs. j5;'* near the time of current
interruption for an electrolyte of 1.0 mol kg LiPFs in EC/DEC (3/7)). One can see that the
scattering of the data points is significant. The problem of large deviations is also known in the

[28, 30, 34

corresponding literature. I Proposed explanations concern the very small potential range
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(cf. Figure 8.5), so that normal disturbances become dominant, as well as convection flows or

surface phenomena such as dendrite formation.
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Figure 8.5:  The determined potential 4@ plotted vs. Jjiti'"* for 1.0 mol kg'1 LiPF4 in EC/DEC (3/7).

The salt diffusion coefficient of the 1.0 mol kg™ electrolyte was calculated according to
equation (8.3) from the slope of the plot —In(4®) vs. ¢, seen in Figure 8.6, resulting in a value of
3.47-10"° m’s™". The concentration dependence of the cell potential A®/dInc is determined by
concentration cell measurements without transference. As the final result, the lithium ion

transference number of the 1.0 mol kg™ electrolyte is obtained as 0.24 + 0.087.
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Figure 8.6:  Plot of the negative logarithm of the open circuit potential 4@ vs. time ¢ after polarization of a 1.0

mol kg™ LiPF, solution in EC/DEC (3/7) in order to determine the diffusion coefficient.
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To conclude, the chronopotentiometric method combines the results of three different
measurements. Disadvantages are the time-consuming procedure and the fact that the errors of
three measurements add up. An advantage, however, is that the calculation of transference
numbers does not assume ideality or diluted solutions, making it interesting for lithium ion

battery electrolytes under realistic working conditions.

Electromotive force method

Concentration cells with transference including different concentrations and liquid
junction of the type Li | LiX (m;) || LiX (m;) | Li, where m, > m; refer to molalities of the
monovalent electrolyte LiX have a potential difference Ei,s described by:[35]

g=_2RT, ln(m”fj (8.4)
F my,

where y is the mean activity coefficient of the cations, R the ideal-gas constant, 7" the thermodynamic temperature,

other symbols were defined earlier.

If the activity coefficient is available, the transference number is determined by
electromotive force (emf) measurements. The variation of the potential with concentration is
given by the differential of equation (8.4), yielding:

di = 2R, g1 M2 (8.5)
F
m;y,

If activity coefficients are not available, a measurement of a cell without liquid junction, i.e.,
with a salt bridge between half cells with different concentrations, is necessary. Its potential is

given by:*®

E= —%ln(%j (8.6)
m;y,

Equations (8.4) and (8.6) are used to calculate the transference number of the anion by the

differential form:P7!

dE
t — trans 8 . 7
ST E (8.7)

Of course, the method based on equation (8.7) includes the following restriction: The
transference number is assumed to be constant in the measured concentration range.”” This
assumption is generally not fulfilled. Figure 8.7 shows a plot of Eyaps vs. £ for LIDFOB in
EC/DEC (3/7) at the fixed molality m; = 1.0 mol kg'1 and a varied molality m;.
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Figure 8.7:  Plot of the emf with liquid junction vs. emf without liquid junction for. Values were measured at the

same concentration of LIDFOB in EC/DEC (3/7) at 298 K.

The slope of the plot yields the anionic transference number; the cationic transference
number for a binary electrolyte results from ¢, = 1 - z. The potentials Ey,,s and E are increasing
with increasing concentration difference between the constant high concentration and the varied
concentration of the salt. It can be seen, that the deviation from the ideal behavior increases with
increasing concentration differences as the assumption of a constant transference number gets
increasingly invalid. Surprisingly, a linear behavior between the potential of the concentration
cell with transference E.ns and the concentration cell without transference E is observed up to
rather high concentration differences up to 0.4 mol kg™'. The lithium ion transference number for
LiDFOB in EC/DEC (3/7) was determined by fitting the linear part of the plot (including
concentrations up to 0.6 mol kg™) yielding 0.35 + 0.0041.

To check the reliability of this method we also measured the known transference number
for LiPFs in EC/DEC (3/7), see Table 8.2, which is in good agreement with the results obtained

by the galvanostatic polarization method.
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Determination by NMR
The cation transference number may also be obtained from:
. 8.8
+ D+ +D_ ( : )

where D, is the self diffusion coefficient of the cation and D. the self diffusion coefficient of the anion.

This equation is only valid in very dilute state, far from the salt concentrations in battery
electrolytes, where association takes place. Deviating from equation (8.8), the diffusion
coefficients obtained from NMR contain contributions from free ions as well as from ion pairs

(and further clusters, if present), when the salt is not completely dissociated.
DM =aD, +(1-a)D,,,

. (8.9)
D™ =aD +(1-a)D,,

where D, denotes the diffusion coefficient of neutral ion pairs and a. is the degree of salt dissociation.

This is well known from weakly dissociated polymer electrolytes, where the diffusion

coefficients D™ and D™ are derived for e.g., lithium and fluorine containing anions by

measuring the nuclei "Li and "F."**) Hence, D™* and D™* can be only used in equation
(8.8) if the salt is completely dissociated. Otherwise, calculating the transference number with
equation (8.8) with D*and D" instead of the diffusion coefficients D, and D. will yield
erroneous results.

The easiest way to determine D™* and D™* is the pulsed field gradient nuclear

magnetic resonance (pfg-NMR) method.[****! This technique was used for measuring diffusion

)4 and stimulated echo

in several electrolytes previously. In particular, the spin echo (SE
(STE)!"* %% methodologies have been used so far. Annat et al. have shown that in highly
viscous liquids the STE approach is superior to SE due to better suppression of internal gradients

471 A further improvement of the STE

and reduced loss of magnetization due to T, relaxation.
approach is the use of bipolar gradient pulses and the incorporation of a longitudinal eddy
current delay z. before acquisition, which minimizes the effect of eddy currents caused by the
gradients."®*! The pulse sequence of this BPLED (longitudinal eddy current delay with bipolar

gradient pulses) is shown in Figure 8.8.
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Figure 8.8:  BPLED pulse sequence incorporating bipolar gradient pulses of duration 9, the diffusion time A,
gradient refocusing delay t, and eddy current delay t..*) RF radio frequency pulses and G, gradient

pulses in z-direction.

Similar to the simple Stejskal and Tanner sequence,” the diffusion coefficient D"* can

be calculated for the BPLED experiment from a signal attenuation /7, by equation (8.10):14%*
T
I=1, -expl:—Dyzgzé'z(A—g—?gH (8.10)

where y is the gyromagnetic ratio, g the amplitude of the gradient pulses with duration ¢, 4 the diffusion time and z,

the gradient refocusing delay.

Table 8.3: Solution viscosity, experimental diffusion coefficients of the solvents EC (Dgc) and DEC (Dpgc), the
reference substance TMS (Dys), the cation lithium (Dy;:), the anion (Dprog.), and the transference

numbers (#,) at 296.7 K.

Molality /  Viscosity / D/107 m? s

mol kg! mPa s Drgc Dpgc Drms DiVMR DR "
0.93 2123 377 420 533 171 2.00 0.460
0.83 1.978 4.18 4.63 5.72 1.87 2.3 0.456
0.70 1.702 5.03 5.45 6.64 2.19 2.66 0.451
0.50 1.563 5.78 6.18 7.24 2.48 3.05 0.448
0.30 1.347 7.08 7.36 8.40 2.93 3.68 0.443
0.10 1.199 8.56 8.58 9.43 3.65 4.61 0.442
0.05 1.156 9.29 9.05 9.78 3.84 4.86 0.441
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Figure 8.9:  Concentration dependence of self diffusion coefficients of cation (m) and anion (A ) of LIDFOB in

EC/DEC (3/7). Diffusion coefficients were corrected by viscosity.

In general, the diffusion coefficients of the ions are influenced mainly by the solvation of
the ions, association, long range electrostatic interactions and the viscosity of the solution. As
can be seen in Table 8.3, increasing salt concentration entails an increase of viscosity. To rule
out the effect of viscosity, viscosity corrected diffusion coefficients D, were calculated with

the help of the diffusion coefficient of TMS acting as viscosity reference.”! Figure 8.9 shows the

concentration dependence of these diffusion coefficients of the cation and anion, D" and

D™ respectively. As expected, viscosity corrected and experimental diffusion coefficients of

all species decrease with increasing concentration. The diffusion coefficient of the anion shows a
slightly stronger concentration dependence compared to those of the lithium cation. A similar
concentration behavior was reported for LiPF¢/PC solutions by Zhao et al.**! Despite the smaller
size of the lithium cation, the lithium cation always diffuses slower than the anion over the whole
concentration range. This observation is in accordance with previous investigations of

monovalent lithium salts in high dielectric solvents."*”!

An explanation for this different concentration dependence can be attributed to different
solvation behavior of cations and anions. This effect can be seen by checking the R parameter
introduced by Hayamizu et al.’*** From the Stokes-Einstein equation the individual diffusion

coefficients can be related to individual diffusing radii (see equation (8.11)).
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where Dy, is a diffusion coefficient of a given solvent (EC or DEC) and D,,, refers to the diffusion coefficient of a

solvated ion.

A parameter R is defined by the ratios
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where R*?" reflects the ratio of the sizes of a diffusing ion relative to the solvent molecule, e.g.,

RFC reflects the size ratio of the lithium ion relative to diethyl carbonate.
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Figure 8.10: Concentration dependent R values of Li" and DFOB™ in EC/DEC (3/7), for details see text.
RPEC(AN), REC (D), RRES (A)and REC, (m).

The concentration dependent R values, shown in Figure 8.10 are in the range of 2.2-2.5
and 1.8-2.1 for the cation and the anion, respectively, similar to values obtained by Hayamizu et
al.”*! This observation reflects the larger volume of the solvated lithium cation when compared
to the less solvated but larger anion.

Cazzanelli et al. have estimated for the lithium ion (LiClO4 in EC/PC mixtures) a
solvation number of 4 when the molar ratio N = [Li']/[EC+PC] < 0.2.5° In our very similar
system the molar ratio N is maximum 0.1. In accordance with our results, a Li(EC),(DEC),"

cation and a less solvated DFOB™ anion can be assumed, at least at low concentrations.
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Increasing the concentration leads to the formation of solvated ion pairs possessing a
larger volume and therefore a decreased diffusion coefficient when compared to the separated
ions. By forming an ion pair, the cation diffusion coefficient does not change much because the
cation only exchanges a solvent molecule against the anion or adds the anion in the solvation
sphere. In contrast, incorporating of the anion into an ion pair leads to a large increase of the
volume and therefore a large decrease of the diffusion coefficient of the anion. Thus, the stronger
concentration dependence of the diffusion coefficient of the anion compared to the lithium cation

can be tentatively explained by different solvation strengths.
Cationic transference numbers ¢, were calculated according to equation (8.8) from D"

data. Figure 8.11 shows the observed concentration dependence of cationic transference numbers
in LiDFOB in EC/DEC (3/7). Even at the lowest concentration with the lowest expected amount
of ion pairing, transference numbers determined by NMR exceed the transference numbers
obtained by electrochemical methods. E.g., a 0.1 molal LiDFOB in EC/DEC (3/7) has a
transference number of 0.38 £ 0.05, measured by galvanostatic polarization method, whereas the
transference number measured by the NMR method has a value of 0.442 + 0.0074.

By increasing the concentration the transference number increases, which can be seen as

a direct result of the stronger concentration dependence of the anion (see Figure 8.9). The
calculation of the transference number with D" instead of D, yields overestimated results due

to the presence of ion pairs. This finding is in contradiction with results from electrochemical
measurements, which are only detecting “free” ions yielding decreasing cationic transference
numbers with increasing concentration, whereas the NMR method detects all nuclei in the
solution and results in increasing cationic transference number with increasing concentration.
These contradicting concentration dependencies from NMR and EC methods have also been
detected from other groups, e.g., Zhao et al. investigated a LiPF¢/PC solution with NMR and

polarization methods.*
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Figure 8.11:  Concentration dependence of the lithium ion transference number for LIDFOB in EC/DEC (3/7),
determined by the NMR method.

The NMR method offers the advantage that a binary electrolyte is not required and even
multicomponent systems can be studied. A further interesting issue is that information from
NMR can give a deep insight into the association equilibrium, if one does not treat the NMR
technique as an independent method, but combines it with one of the electrochemical techniques.

However, NMR requires expensive instrumentation, and is restricted to NMR-active nuclei.

Discussion
Comparison of methods

It is hard to say which method is the “best” one for an accurate and easy measurement of
transference numbers. Every method has several assumptions or restrictions that have to be kept
in mind. For a fast electrochemical estimation the potentiostatic polarization method would be
the obvious choice, but it is restricted to binary, ideal electrolytes. The galvanostatic polarization
method is more accurate for concentrated solutions but combines three different measurements,
which are very time-consuming. The emf method requires an adequate non-aqueous salt bridge
and reversible electrodes and - a serious restriction - it assumes ion transference numbers that are
not varying with concentration. Obviously, for multicomponent systems the determination by

NMR is the only useful method. However both ion pairs and free ions are detected.
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Concentration dependence of transference numbers

Barthel et al. already showed for non-aqueous electrolytes that concentration dependence
of transference numbers changes in a general way. Electrolytes with a transference number
higher than 0.5 at infinite dilution increase with increasing concentration in contrast to those with
transference numbers lower than 0.5 which decrease with concentration. For aqueous solution
this dependence was already shown for higher concentrations.°® The basic theory for this
prediction was developed by Fuoss-Onsager"” ) based on the work of Debye-Hiickel.™

To sum up, electrochemical methods and NMR measurements show contradicting results
for cationic transference numbers in accordance with the work of Valoen and Reimers.*
Whereas electrochemical methods yield transference numbers decreasing with concentration in
accordance with electrostatic theories, valid for low to intermediate concentrations of the
electrolyte, NMR measurements show increasing transference numbers with increasing
concentration. A probable reason for this observation is ion-ion interaction leading to ion pair
formation (ion association). Whereas electrochemical methods detect only the transport of free
lithium ions, NMR measurements also include ion pair transport. It is plausible to assume that
association increases with increasing concentration of the electrolyte. As a direct consequence,
transference numbers of cations with #,<0.5 should decrease. Saito et al. measured the effective
ion radii of LiTf in PC and recovered nearly equal ionic radii of solvated, single lithium ions and
associated lithium ions.[*”’ The ionic radii showed no strong concentration dependence, leading
to the conclusion that the mobility of the lithium species, that is affected by the size of the
moving species did not change much with concentration contrary to the anionic species. Our
results confirm this suggestion. The diffusion coefficient of the fluoride components decreases
stronger with increasing concentration when compared with diffusion coefficient of lithium
components. As a result, the lithium ion transference number increases with increasing

concentration.

Conclusion

Various methods for measurement of transference numbers in non-aqueous lithium ion
electrolytes for batteries were investigated and exemplified at various electrolytes related to
lithium batteries. The advantages and disadvantages of every method were discussed and their
reliability for lithium electrolytes was proven. Different concentration dependences obtained by
electrochemical methods and NMR measurements are tentatively explained by ion association

and solvation effects.
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8.3 Additional experimental findings

8.3.1 Background and aim of the project

For the determination of translational diffusion coefficients NMR-based DOSY
experiments have become the method of choice, because they are fast, insensitive to impurities
and allow for the investigation of several compounds simultaneously.*” **! Therefore, DOSY
spectra have been widely used in different areas of organic chemistry and biology®” for
molecular size, aggregation and binding studies.”” Recently, electrochemists used spin echo
(SE)"**¥ and stimulated echo (STE)!'” % type experiments for the determination of
transference numbers of electrolytes in the rapid growing field of lithium ion battery research.
From the historical point of view, electrochemists started their NMR diffusion measurements in

61631 and later on in ionic liquid materials.['” % Both of these media

]

solid polymer electrolytes!
show very high viscosities'® compared to usual organic solvents. Therefore, potential
convection effects in these solvents play only a secondary role. In order to improve the
electrochemical transport properties, several less viscous solvents like carbonates? 3253 9701
have been investigated. But potential convection effects have still not been taken into account
apart from first attempts of using sample spinning, reduced sample volume or special NMR tubes

[71-72

to reduce convection.”'’! But, to our knowledge, a convection compensating NMR pulse

sequence has not been used in the field of electrochemistry. Furthermore, the influence of

166 731 byt the use

viscosity is often discussed and some effects are attributed to viscosity changes,
of an internal viscosity standard like TMS was to our knowledge not considered before.
Therefore, we considered this field as promising target for sophisticated investigations in
diffusion measurements of currently discussed electrolytes for use in lithium ion batteries..’*””
In general, these lithium ion electrolytes should simultaneously fulfill several properties
like intrinsic thermal and electrochemical stability, good solubility in appropriate solvents,
chemical stability of the anion against all cell components, high conductivity, low molecular
weight, low cost and non-toxicity.!” However, optimization of one parameter often leads to the
decline of another desirable property. LiPFs combines most of the required properties in a
moderate manner and thus it is the most popular salt for electrolyte solutions employed today in

[6. 7871 But LiPF, has a couple of drawbacks like hydrolysis of

secondary lithium ion batteries.
the anion by traces of water, moderate conductivity, low temperature stability and moderate
performance at low temperature.' "7 Therefore, the search for alternative salts with further
improvements for the next generation of secondary lithium ion batteries is one of the main

challenges for the future.[
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In cooperation with the research group of Prof. Gores, we investigated the two promising
systems of LiDFOB in EC/DEC and LiAlICly in liquid SO,. The LiDFOB system has several
advantages over the current standard LiPFs-containing electrolyte: Higher electrochemical
stability, better performance at low temperatures and lower tendency for decomposition at

elevated temperatures, ™"’

which are some of the key features for the application in hybrid or full
electric vehicles. Furthermore, the electrolyte LiAICly in liquid SO, shows beside the non-
flammability an extraordinary high conductivity of 70 mS cm™,"* by far outperforming the
LiPF¢/carbonate electrolyte (LiPFg in EC/DMC 1/2: 10 mS cm™).l"® 8!

Thus, NMR-based diffusion measurements for the calculation of the transference
numbers of these electrolytes seemed very promising. Moreover, the comparison of the NMR-
based method with electrochemical methods for the determination of the transference number

should give us a deep insight into the hitherto not satisfactorily described concentration

dependence of the transference numbers (see chapter 8.2).

8.3.2 Optimization of DOSY parameters

For the optimization of NMR spectroscopic parameters, 3,5-difluorophenylboronic acid
was selected as a test system, since this compound offered the possibility to investigate the
diffusion coefficients of several nuclei ("°F, ''B and non-exchangeable protons) in one single
molecule. In addition, this non-charged test system excluded the potential influence of long
range ion interactions.

For the reproducibility and subsequently an estimation of the achievable accuracy of the
actual diffusion measurements, two different DOSY pulse sequences, both with bipolar gradient
pulses, have been selected; the longitudinal eddy current delay (LED) and the double stimulated
echo pulse sequence developed by Miiller and Jerschow (“MJ”),"! whose inherent convection
compensation results in a longer duration compared to the LED. The diffusion measurements
were performed at a 400 MHz NMR spectrometer without its internal BVT temperature control
unit, since first attempts for DOSY measurements failed due to the insufficient temperature
stability of £5 K produced by the BVT 3200 unit. Instead, the temperature was adjusted by the
external air conditioning system, with T =295+1 K. To take the residual temperature variability
into account, a temperature correction was applied for the diffusion coefficients leading to the
temperature corrected diffusion values Do Additionally, a viscosity correction based on Dyys

was applied leading to temperature and viscosity corrected diffusion coefficients Doy
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For 3,5-difluorophenylboronic acid in DMSO-d6 constant Dt Within an error range of
3 % could be obtained for 'H- and ""F-LED and MJ experiments (see Table 8.4). Next, the
minimum length of the gradient recovery delay d16 for complete reduction of eddy currents was
investigated by variation of the d16 delay from 0.4 to 0.1 ms in "F-MJ experiments.’*’! Since
constant diffusion coefficients within the error range were observed (entry 11-15), a gradient

recovery delay of 0.1 ms is sufficient for regaining homogenous field after gradient pulse.

Table 8.4: Diffusion coefficients of 3,5-difluorophenylboronic acid in DMSO-d6 from 'H- and ""F-LED and
MI-DOSYs at 295+1.1 K. A=50 ms, t=5 ms, gas flow=535 L h' (if not otherwise stated),

1 calculated from Drys.

. ulse / D/10""m?s!
nuclei pr%gram entry dl16/ms m?’a s D D,
1 0.1 2.27 1.89 1.81

2l 0.1 2.38 1.78 1.80

MJ 3l 0.1 2.38 1.77 1.78

4l 0.1 2.36 1.78 1.77

'y 5 0.1 2.12 1.99 1.78
6l 0.1 2.38 1.67 1.69

7l 0.1 2.35 1.68 1.67

LED gl 01 2.36 1.68 1.68

9 0.1 2.28 1.74 1.68

10 0.1 2.38 1.68 1.69

11 0.4 1.89

12 0.4 1.86

g MJ 13 0.3 1.89
14 0.2 1.77

15 0.1 1.77

LED 16 0.4 1.74

[a] gas flow 270 L h™, [b] with 20 Hz sample rotation.

After the test measurements with 3,5-difluorophenylboronic acid in DMSO, the
electrolyte LIDFOB in EC/DEC was investigated with '°F-, ''B- and 'Li-LED and MJ-DOSYs
(see Table 8.5). The slow ''B relaxation in LiDFOB (7; = 7, = 23 ms) enabled a
"B-LED-DOSY, which offered the same diffusion value within the error range as the '’F-LED
experiments (see entry 5-6). Potential convection contributions were investigated with "Li-MJ

experiments with varying A (from 50 to 80 ms, see Table 8.5, entry 6-10), but constant §2A.°* 7!~

72 %] Since a constant diffusion value within the experimental error was observed, convection
contributions could be ruled out in this sample, as expected on account of the high viscosity of

2.11 mPa s (calculated from Drys).
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Table 8.5: Diffusion coefficients of the cation and anion of 0.93 mol kg”' LiDFOB in EC/DEC from "“F-, ''B-
and "Li-LED and MJ pulse sequences at 295+0.9 K.

nuclei pulse entry &/ms A/ms Dreor/ 10" m2 s

program

1 9.0 50 1.95

o MJ 2 9.0 50 2.04
3 9.0 50 2.04

LED 4 100 50 1.96

"B LED 5 5.0 50 1.99
6 204 50 1.71

7 194 60 1.69

" MJ 8 184 70 1.70
9 186 70 1.68

10 180 80 1.73

LED 11 200 70 1.65

The influence of TMS on the cation and anion diffusion values was investigated with a
sample of 0.82 mol kg LiDFOB with increasing TMS content from 0.0 to 4.5 weight percent
(see Table 8.6). The increase of the TMS content led to a decrease of the solution viscosity and
thus to an increase of all experimental diffusion values. But even at the extraordinary high TMS
content of 4.5 wt%, the reduction of the diffusion value was below 12 %. Thus, the TMS content
had only a minor influence on the diffusion coefficients of the analytes. However, for all
diffusion coefficients stated in the manuscript (chapter 8.2), a very small TMS weight percent of
0.035-0.045 wt% was used as a precaution, so the influence of TMS on these measurements

could be neglected at this tiny amount.

Table 8.6: Diffusion coefficients of EC, DEC and TMS as function of the TMS weight percent, determined
with a "H-MJ for 0.82 mol kg’ LiDFOB in EC/DEC at 297+0.1 K.

wt % Deyy / 10" m2 ¢! Deore / 10" m2 ¢!
T™s "/ ™P3S Ly RCTT DEC EC DEC
0.00 - 430 473

025 188 601 445 483 445  4.83
450 174 649 446 529 413 490

To summarize, several lH-, 19F-, "B and "Li-LED and MJ experiments for LIDFOB in
EC/DEC and 3,5-difluorophenylboronic acid in DMSO-d6 were performed. The typical error
range of the different pulse sequences, the minimal gradient recovery delay, potential convection

contributions and the influence of TMS was studied.
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With this knowledge in hand, DOSY measurements of LiDFOB in EC/DEC with high
accuracy have been enabled, which were used for a detailed comparative study about the
differences of electrochemical and NMR based methods for the determination of transference
numbers for lithium electrolytes (see chapter 8.2). This study was the starting point for our
ongoing investigations on the concentration dependence of the transference number and of the
amount of ion pairing (in combination with dielectric relaxation spectroscopy by Prof. R.
Buchner), which will give us further insight into hitherto unknown transport processes for

lithium electrolytes.

8.3.3 Investigations on the electrolyte system LiAICl, in liquid SO,

The second electrolyte system LiAlCly in liquid SO, was investigated with NMR-based
diffusion measurements due to several reasons, especially due to its extraordinary high

7% and remarkably low association constant,™® which are favorable

conductivity of 70 mS cm
for the use of LiAICl4/SO, in battery systems. Additionally, this low association constant offered
a framework to validate the Haven ratio AEC/ANMR.[%] This concept allows for an estimation of
the association from the divergence from electrochemical and NMR-based ionic conductivities.
Furthermore, the transference number of LiAICl, in SO, at infinite diluted solution of t,=0.321%7
extremely differs from the value obtained by Hittorf measurements (t,=0.73) in a 6.2 M
solution.’®™ To fill the gap between diluted and concentrated solution and to correlate it with the
electrochemical measurements, concentration-dependent DOSY measurements were performed
to allow for an estimation of the association at high concentrations.

Starting from nearly saturated solution (6.2 M LiAICly) a concentration series should be
performed. But lowering of the salt-capacity led to an increase of the SO, vapor pressure
(150 hPa in the 6.2 M solution), which was addressed with pressure stable NMR tubes (Wilmad
528-QPV-8). However, the application of these special tubes was connected with difficulties in
the sample preparation. Therefore, so far only 6.2 and 4.7 M solutions could be investigated with
NMR diffusion measurements.

For this electrolyte, '"H-LED and MJ experiments were performed for TMS as viscosity
reference, 'Li-LED and MJ pulse sequences were investigated for the diffusion coefficient of the
Li" cation and *’Al-LED and MJ pulse sequences were investigated for the diffusion coefficient
of the AICl; anion (see Table 8.7). For the anion no *’Al diffusion experiments could be
performed at 300 K due to the fast quadrupolar relaxation of the *’Al nucleus with 7; and T5

relaxation times of 6 ms (see Table 8.7 for the diffusion values and Table 8.8 for the relaxation
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times). However, by increasing the temperature and therefore deceleration of the quadrupolar
relaxation, STE experiments (less time-demanding DOSY experiments without eddy current
delay) could be accomplished, starting at 320 K. At 360 K, strong convection contributions were
observed, which should at least partially be reduced by sample spinning. Thus, the obtained
diffusion value at 360 K has to be handled with care. The alternative very long MJ sequence with
convection compensation could not be applied at any temperature for the 6.2 M solution due to
fast relaxation. By dilution of the sample the 7; and 7, relaxation times were also prolonged, so

that the MJ sequence could be applied already at 320 K.

Table 8.7: Diffusion coefficients of the cation and anion of 6.2 and 4.7 M LiAICl, in liquid SO, at 300-360 K,

measured with varying pulse sequences. n calculated from Drys.

c/ ulse Deyp / 107 m? s Deor / 107" m? 5™
mol I'! prlz)gram entry T/K n/mPas Dy; Dy Dy; Dy
1 300 8.23 2.45 2.45
MJ 2 320 5.21 423 251
3 340 2.53 6.40 1.74
6.2 4 300 2.39
LED 5 320 4.54 420 0219 2.17 0.11
6 340 2.50 6.82 4201 1.83 1.12
7 360 9.55M
M 8 300 3.07 5.03 1.87
47 9 320 1.82 7.12 5.10 1.48 1.06
LED 10 300 3.10 486  3.119 1.83 1.17
11 320 0.59 1822 13.26% 1.23 0.89

[a] STE, [b] with sample spinning for convection compensation.

Table 8.8: T, and T, relaxation times for LiAlCly in liquid SO,.

, T/K "Li YAl
¢/ moll

T,/s T;/s T,/s T;/s
300 0.177 5.4 0.006 0.006
6.2 320 0.168 8.8 0.009 0.010
’ 340 0.100 11.2 0.010 0.015
360 n.d. n.d. 0.010 0.018
47 300 0.187 9.2 0.014 0.017
' 320 0.114 12.0 0.014 0.020
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Figure 8.12: Temperature dependence of the experimental diffusion coefficients of cation and anion in 6.2 and

4.7 M LiAICly in SO,. Black: 6.2 M, Red: 4.7 M; square: Li, circle: *’Al; filled: MJ, open: LED.

The temperature and concentration dependencies of the diffusion coefficients of the
cation and anion are shown in Figure 8.12. As the temperature was increased, the experimental
diffusion values increased, which could be interpreted in view of a decrease of the viscosity. In
contrast, the temperature and viscosity corrected diffusion values Do both for the cation and the
anion (referenced to the 6.2 M solution at 300 K) showed a slight decrease with increasing
temperature (see Table 8.7). As expected, dilution resulted also in a decrease of viscosity and

thus an increase of the diffusion coefficients.

To summarize, multinuclear NMR measurements for 6.2 and 4.7 M LiAICly in liquid SO,
were performed to study the individual behavior of Li” by 'Li NMR, AICly by *’Al NMR. To
allow for diffusion measurements of the *’Al quadrupolar nucleus, various pulse sequences,
dilution of the sample and increased temperatures up to 360 K were applied. Convection
contributions, which get valid at T >320 K, have been taken into account by using a MJ
sequence whenever possible or should - at least partially - be reduced by sample spinning. The
general trend of Dy >Dryms>Danion Was quite different from the well-known behavior of
monovalent lithium salts in high dielectric solvents showing Dsoivent™>Danion>D1; (as it was also
the case for LIDFOB in EC/DEC). Difficulties in sample preparation, due to the inevitable use of
special pressure stable NMR tubes, impeded to pursue the concentration series and to correlate

the NMR-based and electrochemical derived conductivities at low concentration.
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8.3.4 Investigations of electrolyte systems with different pulse sequences

In the diffusion studies for the two electrolytes, the influence of potential convection
effects should be investigated. Therefore, various pulse sequences, especially the MJ sequence
due to its inherent convection compensation and normal STE/LED type experiments without
convection compensation have been applied. In general, if convection is present, the LED
sequence delivers diffusion values, which are extended about the convection contribution.
Therefore, the obtained diffusion coefficient should always be as large as or larger than the
values obtained from MJ experiments (Dpgp > DMJ).[49] To our astonishment, this basic behavior
was not observed for most MJ and LED diffusion values investigated for the electrolytes. In
most cases, the MJ sequence delivered diffusion coefficients, which were 2-6 % larger than the
STE/LED obtained ones (see Table 8.4 for 3,5-difluorophenylboronic acid in DMSO-d6, Table
8.5 for LiDFOB in EC/DEC and Table 8.7 for LiAICl4 in SO,). For instance, all STE/LED type
experiments with and without bipolar gradients pulses delivered the same diffusion coefficient
for 0.93 mol kg LiDFOB, while the MJ sequence delivered diffusion values significantly
outside the standard deviation (< 1 %) of the STE/LED type experiments (see Table 8.9).

Table 8.9: Anion diffusion coefficients of 0.93 mol kg'1 LiDFOB in EC/DEC determined with varying pulse

sequences using the '°F nucleus. T=296.3+6 K.

pulse program entry t,/ms DI1/ms D/10""m?s’

1 5 2 2.086
MJ

2 5 1 2.109

3 5 1 2.040
LED

4 5 2 2.029
STE 5 2 2.028
STE™ 6 --- 2 2.020
LED! 7 5 2 2.003

[a] without bipolar gradient pulses

Several potential reasons could be considered to be responsible for this observation:
Miss-calibration of pulses,®™ phase distortions caused e.g. by an unsuited gradient recovery

391 not adequate gas flow combined with an unsuited

delay or convection contributions,
temperature control,”” differential increase of the temperature during the experiment or the
occurrence of internal gradients:'*”! The MJ sequence possesses a high number of rf pulses, so a
miss-calibration of the /2 and © pulse-flip-angle could have an influence on the actual diffusion
value. Therefore, the m/2 pulse length was extended about +0.1 ps (estimated error of the

automated 7/2 pulse length determination), but the corresponding "H-LED experiment resulted
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in the same diffusion value as experiments with the correct pulses (data not shown). Phase
distortions or an influence of an unsuited gradient recovery delay d16 have not been observed
(see Table 8.4, entry 11-15). The influence of convection was investigated with sample spinning
(see Table 8.4, entry 8) and with varying A (see Table 8.5, entry 7-11), but both experiments
resulted in a constant diffusion value each, therefore potential convection contributions could be
ruled out, as expected on account of the high viscosity. The influence of the gas flow used for
temperature control was investigated with a variation of the gas flow from 270 up to 535 L h”
(and up to 1070 L h™" at a 600 MHz spectrometer, data not shown) for 3,5-difluorophenylboronic
acid in DMSO, but did not affect the temperature and viscosity corrected diffusion coefficients,
neither for "H-LED nor for 'H-MJ experiments (see Table 8.4, entry 1-10).

During the investigations with out-of-action temperature control, the temperature increase
in the course of the experiments was different for the LED and the MJ experiments. For the LED
sequence a AT of +0.2 K and for the MJ sequence a AT of +0.4 K was observed, which can be
attributed to the higher number of pulses for the MJ sequence compared to the LED sequence
leading to elevated RF heating of the sample. But since this temperature increase was not
observed at other spectrometers with internal temperature control unit, this effect could not be
responsible for the unexpected behavior of MJ and LED sequences.

To further clarify, if this observation was real or just within the normal error range, the
complete concentration series of LIDFOB was measured for all compounds with LED and MJ
experiments (see Table 8.10). For all experiments, except for the cation diffusion coefficients at
a concentration of 0.1 and 0.05 mol kg™, the MJ experiments delivered larger values compared

to the LED experiments.

Table 8.10:  Solution viscosity, experimental diffusion coefficients of the solvents EC and DEC, the reference
substance TMS, the lithium cation, the anion and the transference number (t.) of LiDFOB at

296.7 K, determined with the LED and MJ sequence.

LED" MJ

molality D/10""ms” molality D/10""ms”
/ mol n/ xR D t, / mol n/ nvr D t
k! mPas Dgc Dpgc Drus D+ NMR k! mPas Dgc Dpgc Dpus Ds NMR
0.93 2.12 377 420 533 1.71 2.00 0.460 0.93 2.04 401 443 553 1.74 2.11 0.452
0.83 1.98 4.18 463 572 1.87 223 0.456 0.83 1.98 430 4.81 572 188 2.33 0.447
0.70 1.70 5.03 545 6.64 2.19 2.66 0451 0.70 1.64 530 5.62 6.88 222 2.67 0.454
0.50 1.56 5.78 6.18 7.24 2.48 3.05 0.448 0.50 1.55 6.02 634 7.29 250 3.22 0.438
0.30 1.35 7.08 7.36 840 2.93 3.68 0.443 0.30 1.31 738 747 8.64 289 3.88 0.427
0.10 1.20 8.56 858 943 3.65 4.61 0.442 0.10 1.14 892 8.63 9.89 346 4.69 0.424
0.05 1.16 9.29 9.05 9.78 3.84 4.86 0.441 0.05 1.13 9.54 9.12 10.05 3.59 5.08 0.414

[a] reported in Electrochimica Acta, 2011, 56, 11,3926-3933.
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Furthermore, for Al(OiPr)g in the low viscous solvent CDCIl; a D¢, (LED) = 6.72:1071°
m2s” and a Deonr(MJ) = 6.67-10"'° m?>s! was observed. Based on the observation, that for the
low viscous organic solvent CDCIl; and partially in diluted and therefore less viscous EC/DEC
solutions the normal expected behavior of Digp > Dy was observed, the high viscosity could
potentially be involved in the inversion of the diffusion values. The influence of the high
viscosity on the 72 relaxation time and thus on the experimental diffusion coefficient was
investigated by Annat el al.,l*’! who observed for highly viscous ionic liquids up to 20 % lower
diffusion values with SE compared to STE in combination with line broadening and reduction of
individual signal intensities in the SE compared to the "H spectrum. They explained these
deviations with the existence of local internal gradients within the sample volume leading to
differences in the 7, relaxation for each signal. These differences were more significant for SE
compared to STE."” But, since for LED and MJ-DOSY experiments no line shape distortions or
intensity variations compared to the normal spectra were observed for all nuclei, significant

differences in the T, times could be excluded.

To summarize, an unexpected behavior of the MJ and LED-derived diffusion values
(Drep < Dyy) in highly viscous solvents like DMSO, EC/DEC or SO, (lig.) was observed.
Therefore, the influence of pulse lengths, phase distortions, gradient recovery delay and
convection on the diffusion values for MJ and LED-DOSYs was studied. In addition, the
influence of an unsuited temperature control combined with differential irradiation heat for LED
and MJ was investigated with varying gas flow rates at different spectrometers.

All these observations direct to the assumption, that there is a systematic offset of 2-6 % of
the MJ-derived diffusion values compared to STE or LED-derived values; but only noticeable in

highly viscous solvents without convection contribution.
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9.1 Introduction

The design and synthesis of nanoscale molecular containers with defined sizes and inner cavities
is attracting considerable interest in current chemistry. A wide array of molecular container
compounds has been synthesized by covalent and noncovalent syntheses.'® Such hollow
molecules provide confined nanospaces, which can regulate the reactivity and stability of
molecules accommodated in their cavities.*>) Otherwise labile species can be protected,
substrates can be isolated from bulk media and if the size and shape of the cavity are rationally
and precisely designed, chemical transformations can be directed by the cavity. For the bottom-
up construction of discrete, well-defined nanoscale structures the self-assembly approach based
on the reversible aggregation of smaller building blocks has received broad attention. Recently,
Scheer et al. have shown that the combination of copper(I) halides with the cyclo-Ps complex
[Cp*Fe(°-Ps)] (Cp* = n>-CsMes) or the cyclo-P; complex [Cp’ Ta(CO)(17*-Ps)]
(Cp>’ = 5°-CsH;Buy) provide a powerful tool for the synthesis of inorganic shell structures with

[7-13

fullerene-type topology."*! These supramolecules can be used to encapsulate guest molecules

[1

like o-carboranes'"! or Cg fullerenes, ' whereby the shape of the inorganic host is controlled by

the size of the respective template. Even without additional guest molecule the cyclo-Ps complex

[8, 12-13]

[Cp*Fe(°-Ps)] itself acts as template for the formation of spherical supramolecules or

(91

nanosized capsules.”! However, all of the resulting host-guest compounds based on

[Cp*Fe(i-Ps)] have very low solubility and only by applying special reaction conditions the

9. 14-15] o0

thermodynamically favored formation of 1D or 2D coordination polymeric products!
be avoided.

Herein, we report about the structure and formation process of soluble, nanometer-sized
switchable container molecules, which are readily accessible by quantitative self-assembly of
[Cp®"Fe(i7°-Ps)] 1 (Cp™" = pentabenzylcyclopentadienyl) with CuX (X = Cl, Br). Their formation
is not depending on template control and they even provide switchable hollow structures. Scheer
et al. previously reported about the synthesis and properties of the pentaphosphaferrocene
complex 1.1 1ts Cp®" ligand has a steric influence similar to that of Cp*, but contains flexible
organic benzyl groups, which show the tendency to form intra- and intermolecular z-stacking
interactions between the phenyl rings.!'” It will be shown in the following that the Cp®" ligand is
conducive to the stability of the supramolecules as well as responsible for their solubility, which
for the first time allowed detailed NMR investigations on the self-assembly process of spherical

molecules based on polyphosphorus ligand complexes and Cu(l) halides in solution. These

solution state NMR investigations led to the discovery of - so far only for Cp* instead of Cp™"
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reported - [{Cp”"Fe(n’-Ps)}12{CuX}2] 3a/3b container molecules and to hitherto unknown
[{Cp""Fe(’-Ps)} 12{CuX} 16:x] 2a/2b clusters. In addition, a supramolecule with a completely
new scaffold for such pentaphosphaferrocene-based complexes, [{Cp™"Fe(n’-Ps)}12{CuX} ssix]
4a/4b (a: X = Cl, b: X = Br) was discovered and subsequently characterized by X-ray analysis.
The solution characteristics of these supramolecules, their formation pathways, the incorporation

of guests and their behavior as supramolecular switch will be described herein.

9.2 Results and Discussion

General formation of the supramolecules

For the formation of the supramolecules two different approaches have been developed
based on the results of the NMR investigations. The approach, which provides the potential of a
selective formation of supramolecules of 2a/2b or 3a/3b (a: X = Cl, b: X = Br) type is described
first: By stirring a solution of 1 over solid CuX (X = CI, Br) in CD,Cl, at room temperature
supramolecules of 3a/3b type are formed in solution within few days (see Figure 9.1) and can be
crystallized according to the reported procedure.!'”) In this setup, a heterogeneous suspension of
CuX in CD,Cl, is formed due to the very low solubility of CuX in pure CD,Cl,. However, the
coordination of CuX at 1 or secondary products derived therefrom provides sufficient solubility
for CuX to form supramolecules of 2a/2b/3a/3b (a: X = Cl, b: X = Br) type. The advantage of
this setup is the directed formation of exclusively 2a/2b/3a/3b without the formation of 4a/4b,
but this method needs relatively long reaction times.

A second approach for the simultaneous formation of all supramolecules in solution is the
addition of low amounts of acetonitrile to the reaction mixture containing 1 and CuX in CD,ClL,.
Thereby, CuX-MeCN adducts are formed, which provide good solubility accompanied by the
formation of a homogeneous CuX-CD3;CN/CD,Cl, solution. This setup allows a very rapid
formation of all supramolecules simultaneously. Therefore, the corresponding NMR solution

state experiments for this preparation method are described first.
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Figure 9.1: Formation of 3a/3b supramolecules.

CuBr titration in CD,Cl, with 9 vol% CD;CN

The existence and spontaneous formation of [{Cp™"Fe(n’-Ps)}2{CuX}iex] 2a/2b,
[{Cp®"Fe(n’-Ps)} 12{CuX}2] 3a/3b and [{Cp®"Fe(n’-Ps)}12{CuX}ss:x] 4a/db in solution was
investigated with samples containing the monomer [Cp®"Fe(n’-Ps)] 1 and increasing amounts of
CuX (X = Cl, Br) from 0 to 8 equivalents of CuX relative to 1. The different samples were
prepared in analogy to the synthesis of 3a/3b by stirring of 1 together with increasing amounts of
CuX (X = Cl, Br) in CD,Cl,; with 9 vol% CD;CN. After a reaction time of one hour each sample
was filtrated and then characterized by means of 'H and *'P spectra. Due to the similarity of the
spectra with CuCl (see Figure 9.20 in the SI) and CuBr (see Figure 9.2), only the experiments
with CuBr are described in detail: As shown in Figure 9.2a, without CuBr only 1 was present in
solution, which showed sharp signals in the 'H spectrum for the para (6.88 ppm), meta
(6.75 ppm), ortho (6.24 ppm) and methylene (3.64 pppm) protons. In the *'P spectrum, a singlet
at 161.29 ppm (and a signal at 157.89 ppm of the 2-5 % impurity of [Cp®” Fe(’-Ps)] (Cp™™ =
tetrabenzylcyclopentadienyl)) was observed. Very small line widths of 2.8-3.4 Hz in the
'H spectrum and 4.4 Hz in the 3p spectrum were observed, indicating 1 to be a monomeric
species, which was confirmed by 'H-DOSY!*?!" measurements (see Table 9.1). Upon the
addition of 0.5 eq. CuBr (see Figure 9.2b), beside the signals of 1, several other broad and
overlapping signals in the 'H spectrum (6.80 ppm for Hpara and 6.40-6.60 ppm for Horho and Hipeta
and at least three signals at 5.10, 4.84 and 4.67 ppm for the methylene protons (data not shown))
were detected, which all showed the same 'H diffusion coefficient (see Table 9.1). In the

3P spectrum, at least three very broad signals in the range of 65-125 ppm were observed,
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indicating the formation of at least three very similar species or one species with several non-
equivalent phosphorous atoms in Ps-rings with varying CuBr coordination number. Therefore,
these species are considered as one species A in the following. With one equivalent of CuBr (see
Figure 9.2c), the amount of A was further increased at the expense of 1. In addition, other
species with separated 'H chemical shifts for the meta and ortho protons were observed under the
'H signals of A. In the *'P spectrum additionally a sharp signal at 63.80 ppm and broader signals
at 49.8-57.9 ppm appeared, which could be assigned to B and C. In the sample with
1.7 equivalents (see Figure 9.2d) the molar 1:CuBr ratio was 12:20, the same ratio as in ideal 3b
crystals. Here, in the 'H spectrum the amount of 1 and A was drastically reduced and sharp
signals with recognizable coupling fine structures at 6.75, 6.56, 6.44 and 5.09 ppm were
detected. These signals of species B were overlapped with a considerable amount of signals of
species C, which showed very similar 'H chemical shifts like A and B. This decrease of 1 and A
and, at the same time, increase of B and C compared to the sample with one eq. CuBr was also
observed in the *'P spectrum with the sharp singlet at 63.80 ppm for B and a broader signal at
58.8 ppm for C. At a CuBr content of four eq. (see Figure 9.2¢), the molar 1:CuBr ratio was in
the range of the 4b supramolecule (12:48). In the 'H spectrum, the amount of B and C was
reduced in support of a new species D (53 % B, 8 % C and 39 % D), whose aromatic signals
(Hpara 6.89 ppm, Hpeta 6.78 ppm, Horno 6.63 ppm) were downfield shifted and the methylene
signal (4.58 ppm) upfield shifted compared to A-C. In the *'P spectrum, D showed a broad signal
with a similar *'P chemical shift like C, therefore, the increase of D and, at the same time,
decrease of C, which was detected in the 'H spectrum, was hardly observable. The only slight
reduction of the *'P chemical shift from B to C and D indicated a complete coordination of all
phosphorous atoms in the Ps ring by CuBr for B-D, which is also found in the crystal structures
of 3b and 4b. With eight eq. CuBr (see Figure 9.2f), a higher amount of D, a lower amount of B
and only traces of C were observed (from the 'H integration: 40 % B, 4 % C and 56 % D).
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1 eq. CuBr CuBr titration,

. M | /) 9 vol% CD,CN
0.0

T T T T T T 1
6.9 6.8 6.7 6.6 6.5 6.4 6.3 160 140 120 100 80 60 40

5('H) / ppm 5("'P) / ppm
Figure 9.2: 'H (left) and *'P spectra (right) of samples containing 1 and increasing equivalents of CuBr:

a) 0.0 eq., b) 0.5 eq., ¢) 1 eq., d) 1.7 eq., e) 4 eq., ) 8 eq., each in CD,Cl, with 9 vol% CD,CN. 'H
spectra at 298 K and 600 MHz, *'P spectra at 300 K and 400 MHz.

Assignment of the different species

The different species A-D, detected by solution state NMR spectroscopy, were
characterized with the help of their 'H and *'P line shapes and chemical shifts in combination
with 'H,"H-NOESY/ROESY and 'H-DOSY experiments and were related to the different
2b/3b/4b crystals: The species A was formed in the samples containing 1 and low amounts
(0.5-1.7 eq.) of CuBr. The DOSY-derived hydrodynamic volume of A of 10.7+0.4-10° A3,
averaged over all subspecies, was 15 times larger than of 1 (0.7-10% A%) and 2.5-10%* A3 smaller
than the crystal-derived volume of [{Cp®"Fe(n’-Ps)}2{CuBr}s:x] or [{Cp®"Fe(n’-
Ps)}12{CuBr}], Veryst(2b/3b)=13.2-10° A3 (for details of the estimation of Veryst see SI), which
clearly indicated a supramolecular species (see Table 9.1). These results from the 'H-DOSY
experiments were verified by "H,'H-NOESY and ROESY experiments (for spectra see Figure
9.17 and Figure 9.18 in the SI). In the NOESY spectrum, the signals of 1 were in the extreme
narrowing limit (negative sign of the cross peaks), indicating a fast reorientation typical for small

molecules. In contrast, the signals of A were in the slow tumbling limit (positive cross peaks)
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indicating a supramolecular assembly. Furthermore, exchange peaks between 1 and A were
detected in the NOESY/ROESY spectra. These 2D NMR experiments revealed that all signals in
the "H NMR spectra either correspond to monomeric 1 or to macromolecules with nearly the size
of 2b/3b, which demonstrated that the initial adducts of 1 and CuBr combined rapidly to
spherical supramolecules. Due to the large deficit of CuBr compared to 1 and due to the line
broadening of the 'H and *'P signals and due to the strong upfield shift of the *'P chemical shifts
induced by a CuBr coordination, the species A was assigned as supramolecule of 2b type, in
which the CuBr coordination sites are not fully occupied (the smaller volume of A compared to
2b/3b might also hint at a missing of some of the [CanFe(nS-P5)] units, too). Finally, the
assignment of A as supramolecule of 2b type was evidenced by the 'H spectrum of dissolved 2b
crystals with approximately four CuBr disbondings (see Figure 9.4f), which shows the signals of
A. This assembly was most probably stabilized by m-stacking interactions of the phenyl groups
of neighboring [Cp®"Fe(n’-Ps)] units, which have been observed in the crystal structure of 3b.!"
In addition, the decreased diffusion coefficient of 1 in toluene-ds (7.65+0.40-10"° m?* s™)
compared to the one in CD,Cl, (10.69+0.13-10"° m? s™) also indicated nt-stacking interactions to
the solvent toluene, which showed the high m-stacking ability of 1 in solution, too. These
n—7 interactions are supposed to have a significant contribution to the ball formation (with Cp*
instead of Cp®", polymeric products are thermodynamically favored” '*') and could partially
compensate the reduced stabilization of the structure by the incomplete CuBr scaffold.!"”

The species B was present in all samples with one equivalent of CuBr or beyond. In
contrast to A, B showed sharp proton signals with a distinct multiplet pattern in the 'H spectra
and just one very sharp singlet at 63.80 ppm in the *'P spectra, which indicated the chemical
equivalence of all phosphorous atoms in one single species. Furthermore, its DOSY-derived
hydrodynamic volume of 12.1+0.4-10* A*> was very similar to the crystal-derived volume of 3b
(Varyst(2b/3b)=13.2-10° A3, see Table 9.1). Therefore, B was assigned as complete “perfect” 3b
supramolecule without disbondings, in which all coordination sites are occupied by 1 and CuBr,
respectively. Furthermore, the comparison of the 'H chemical shifts of 1, A and B confirms the
assignment of A as 2b cluster comprising a minimum amount of Cu' halides in its scaffold and of
B as complete 3b container molecule: The CuBr coordination in A and B led to a downfield shift
of the methylene and ortho protons and upfield shift of the meta and para protons of A and B
compared to the monomer 1, for instance, the chemical shift of the para proton was 6.88 ppm for
1, 6.80 ppm for A and 6.75 ppm for B. This finding, that the chemical shifts of A were in

between the fully CuBr-occupied B and the monomer, was observed for all protons of A and
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confirmed the assignments of A and B. In addition, these assignments were also confirmed in the
3P spectra, where a strong upfield shift of more than 40 ppm from 1 (161.29 ppm) to the
different species of A (65-125 ppm) and to the sharp singlet of B at 63.80 ppm was observed.
Finally, the assignment of B as supramolecule of 3b type was evidenced by the 'H spectrum of

dissolved 3b crystals (see Figure 9.4g), which shows mainly the signals of B beside low amounts

of A and C.

Table 9.1: Diffusion coefficients and hydrodynamic volumes inclusive their standard deviations of the different

species in CD,Cl, at 298/300 K and 600 MHz.

Species D/10" m?s Vi / 10° A3
1 10.69 + 0.13 0.7+0.1
APl 3.98 +0.05 10.7 £ 0.4
B 3.81+0.02 12.1+0.2
C 4.20 +0.14 9.2+0.6
D 3.49 + 0.03 156+ 0.4

[a] average of all subspecies. From crystallographic data the volumes of 1, 2b/3b and 4b were estimated to be

Vergsl(1) = 0.6:10° A%, Vi1, (2b/3b) = 13.2:10° A® and Vo (4b) = 17.5-10° A>,

Within this series depicted in Figure 9.2 the species C was present in the samples with
one eq. CuBr or higher with a maximum amount of C at 1.7 eq. CuBr. It showed 'H chemical
shifts, which were very similar to A and B and its *'P chemical shift was further upfield shifted
about 5.88 ppm compared to B, originating from a all-phosphorous coordination and/or a
different structural scaffold. Its hydrodynamic volume of 9.2+0.6:10° A* was smaller compared
to B. Therefore, C could be assigned as a relatively large rudiment of the 3b supramolecule,
which most probably possesses less 1 and additional CuBr in the scaffold compared to B, which
can be rationalized by the high amount of CuBr in solution. One possible very speculative
hypothesis about the structure of this species might be a replacement of some of the
[CanFe(ns-P5)] units in the core scaffold by (CuBr), clusters, as found in the 4b crystals. This
arrangement might therefore be assigned as structural intermediate between the 3b and 4b
supramolecules. Its most probably reduced thermodynamic stability might be responsible for the
preferred crystallization of the 3b and 4b supramolecules. This hypothesis about the structure
would be in agreement with the reduced hydrodynamic volume compared to B, the upfield shift
of the *'P chemical shift indicating a variation in the scaffold. Furthermore, the transformation of
B into C might be also indicated by the major appearance of C at 1.7 eq. CuBr, which promoted

the highest amount of B in this series and, thus, the highest amount of its rudiment C.

170



9. Self-assembled Switchable Supramolecular Container Molecules

In the series depicted in Figure 9.2 the species D was formed in samples with a CuBr
content of four equivalents or beyond, that means starting with a molar 1:CuBr ratio of 12:48,
which is in the range of the 4b crystals. The hydrodynamic volume of D of 15.6:10%* A3 was only
slightly smaller than the crystal-derived volume of [{Cp®"Fe(n’-Ps)}1»{CuBr}igix],
Verysi(4b)=17.5-10° A3, which ruled out the small 3b cluster and hinted at the large 4b
supramolecule (see Table 9.1). In addition, during some of the NMR experiments 3b and 4b
crystals were formed inside the NMR tube in a similar ratio as found for B and D in solution.
Furthermore, its >'P chemical shift of 59.8 ppm was further upfield shifted compared to B,
following the general trend observed for 1, A, B and C of smaller 3P chemical shifts at higher
copper content. All aromatic protons of D are shifted downfield by 0.15-0.20 ppm compared to
B, which is not in analogy to the trends observed for the protons of 1, A and B and might
indicate difference in the scaffolds of the 2b/3b and the 4b supramolecules. In addition, the
broad lines of D in the "H and *'P spectrum indicate exchange processes and/or overlay of
signals with similar chemical shifts. These NMR findings of D strongly hinted at the 4b cluster
and this assignment was confirmed by X-ray analysis of the scaffold of 4b: All phosphorous
atoms are coordinated by CuBr, but the assembly between the Ps rings can be either a single
CuBr or a (CuBr), cluster (for the core scaffolds of the clusters see Figure 9.3). This leads to
similar, but not identical coordinated phosphorous atoms and thus to similar 'H and *'P signals.
The overlay and probably exchange of these signals leads to only one broad *'P signal and broad
'H signals observable for D. Thus, all experimental findings for D are in agreement with the
assignment of D as a supramolecule of 4b type.

For an overview of the species characterized by solution state NMR and X-ray analysis
see Figure 9.3. There, the X-ray derived core scaffolds of the supramolecular structures of the

different clusters are shown.
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solution (NMR) CuX (a: X=Cl, b: X=Br) =L
1 A B C D

solid (X-ray)

1 2ab

Figure 9.3:  Overview of the species characterized by solution state NMR and X-ray analysis. The X-ray-derived

core scaffolds of the supramolecular structures of the different clusters are shown.

Acetonitrile-free preparation

The assignment of the different species was further confirmed with experiments in pure
CD,Cl, with varying reaction time. In addition, the time-dependent appearance of the different
species provides an insight into the formation pathway of the supramolecules. In order to
decrease the formation and exchange rates, these experiments were conducted in pure CD,Cl,,
which drastically reduced the amount of CuX in solution. Despite the missing formation of
CuX-MeCN adducts providing good solubility for CuX (X = Cl, Br) in CD,Cl,, the presence of
six eq. CuX would in principle allow for a potential formation of the species D, the
supramolecule of 4b type. The resulting 'H and *'P spectra were recorded after stirring a solution
of 1 over solid CuBr over two hours and one, two, five and ten days and subsequent filtration,
whereby the reaction was stopped due to removal of the CuBr source, are shown in Figure
9.4a-e. The corresponding spectra with CuCl can be found in Figure 9.19 in the SI, but due to the

similarity of the spectra, only the experiments with CuBr are described in detail.
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1+ 6 eq. CuBr,
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dissolved crystals
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Figure 9.4: 'H (left) and *'P spectra (right) of samples containing 1 and six equivalents of CuBr in pure CD,Cl,
after a reaction time of a) 2 h, b) 1 d, ¢) 2d, d) 5d, e) 10 d, each at 300 K and 400 MHz and
dissolved crystals of €) 2b and g) 3b and h) 3b after 1 d in solution, each at 300 K and 600 MHz in
pure CD,Cl,.

After two hours (see Figure 9.4a), beside 1 exclusively A was detected with nearly equal
population of the different sub species of A in the range of 65-125 ppm in the *'P spectrum. No
oligomeric building blocks were formed. After a stirring time of one day (see Figure 9.4b), 1 was
complete consumed and the amount of A, especially the amount of the subspecies with the
highest copper content increased (indicated by the high amount of the signal with the
3P chemical shift of 67.8 ppm). In addition, a small sharp signal at 63.0 ppm was detected,
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indicating the formation of small amounts of B (in CD,Cl, with 9 vol% CDsCN, this signal is at
63.8 ppm). After two days (see Figure 9.4c) the amount of B was further increased at the
expense of A and small quantities of C were formed. These trends were further continued with
longer reaction times (see Figure 9.4d and e), but the 'H and *'P spectra after ten days were very
similar those after two days. The species D, which has the highest CuBr demand of all
supramolecules, was not formed in pure CD,Cl,, even after ten days.

These experiments indicated that the initially formed adducts rapidly assembly to
supramolecule A. The further implementation of CuBr into A to form B is rather slow. This
thermodynamically favored, but probably without CD;CN kinetically/sterically hindered
formation of B might be attributed to the extremely crowded organic shell of the A and B
supramolecules due the Cp™" ligands, which provide an effective steric shielding of the core
scaffold.!'” These results are in agreement with the behavior of a sample of dissolved pure 3b
crystals in CD,Cl, (the purity was tested by X-ray crystallography before dissolving and
exclusively 3b and no 2b fractions due to disbondings in the scaffold were detected). Upon
dissolving (see Figure 9.4g), beside B, small amounts of A and C are formed rapidly in solution,
indicating that from some of the 3b crystals CuBr is released to form A and the released CuBr
might be incorporated in other molecule of B to from small amounts of C. After one day in
solution (see Figure 9.4h), a further increase of the amount of A was detected. These
experiments demonstrated, that it is possible to crystallize pure 3b crystals without disbondings,
but dissolving of the isolated 3b crystals always leads to a partial disproportion of B into A and
C in pure CD,Cl,.

Acetonitrile titrations

The influence of acetonitrile on the formation of B-D and exchange between the
supramolecules was investigated by means of 'H and *'P spectra with samples of dissolved 3b
crystals in CD,Cl, and increasing amounts of CD3CN from 0 to 25 vol% (see Figure 9.5).
Without CD3;CN (see Figure 9.5a) distinct signals for B with a sharp signal at 63.8 ppm in the
3P spectrum were detected, which is in analogy to the experiments above. Beside B, small
amounts of A and C were detected. Upon the addition of four vol% CD;CN (see Figure 9.5b),
the relative amount of A decreased, while the relative amounts of B and C increased. In addition,
small amounts of 1 and a line broadening of the signals in the *'P spectrum was observed. A
further increase of the CD3;CN content up to nine vol% and beyond (see Figure 9.5c-e) led to the
vanishing of the sharp *'P signals of B and C and instead only one very broad signal was

observed for B and C in the *'P spectrum. In the 'H spectrum, the signals of A, B and C were
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still observable. Furthermore, upon the increase of the CD3;CN content to nine vol% or beyond
the amount of 1 further increased and the amount of A now slightly increased again, indicating a

decomposition of the supramolecules at higher amounts of acetonitrile.

CD,CN titration,
dissolved 3b crystals

vol% CD,CN B

b)
c)
d)
e) jM\ 25 1 A A A BC
) T T T T T T T T 1 I T T T T T T T 1
6.9 6.8 6.7 16.6 6.5 6.4 6.3 6.2 160 140 120 100 80 60 40
3('H) / ppm 5C'P) / ppm

Figure 9.5: 'H (left) and *'P spectra (right) of samples containing 1 and 1.7 eq. CuBr in CD,Cl, with increasing
vol% of CD3;CN: a) 0 vol%, b) 4 vol%, ¢) 9 vol%, d) 14 vol%, e) 25 vol%, each at 298 K and 600
MHz.

These observations confirmed the assignment of the different species, allowed insight
into the formation/decomposition and clarified the role of CD3;CN: Without CD;CN, coexisting
A, B and C showed sharp lines, indicating, that exchange between these species was mainly
suppressed. The addition of CD3;CN leads to higher mobility of CuBr in solution and therefore
most probably to pronounced exchange between B and C (due to the high structural similarity of
A and B, an exchange of A and B is also supposed, but the overall large line widths of A
impeded the detection of the supposed exchange broadening for A). Upon a further increase of
CDsCN on the one hand a release of CuBr from the scaffold of B is indicated, leading to an
increase of A and also to a release of 1 and on the other hand the incorporation of CuBr into
another fraction of B leads to C. Upon the decomposition process of B, no oligomeric buildings
blocks were observed. As expected, species D, which possessed the highest CuBr demand, was

not observed due to the low CuBr content of 1.7 equivalents.
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Furthermore, the influence of CD;CN was also investigated in a CuBr titration similar to
the one depicted in Figure 9.2 but with 14 instead of 9 vol% CD;CN in CD,Cl, (see Figure 9.16
in the SI). There, the exchange broadening of the signals due to the presence of CD3;CN was also
observed.

In addition, a CD;CN titration with dissolved crystals of 4b was also performed to further
confirm the role of acetonitrile and to elucidate the appropriate conditions for the selective
formation of the species D. There, similar observations have been made in the 'H spectra (see

Figure 9.6, no °'P spectra have been measured here) as for the dissolved 3b crystals:

CD,CN titration,
dissolved 4b crystals vol% CD,CN

B B B 1

a)

0

——— ~

6.9 6.8 6.7 6% 65 6.4 6.3 6.2
3('H) / ppm
Figure 9.6: 'H spectra of dissolved 4B crystals in CD,Cl, with increasing vol% of CD;CN: a) 0 vol%, b) 4
vol%, c) 8 vol%, d) 15 vol%, e) 27 vol%, f) 35 vol%, g) 50 vol%, each at 298 K and 600 MHz.
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Without CD3;CN, several signals in the aromatic region and a relative high amount of B
were detected, indicating a fragmentation of D in pure CD,Cl,. Upon the addition of four vol%
CDsCN, high amounts of D (and C) were detected (29 % B, 27 % C, 44 % D), indicating the
re-assembling of D. At higher contents of CD3;CN, the amount of D and C was reduced again in
support of B (54 % B, 16 % C, 29 % D at eight vol% CD3CN, see Figure 9.6¢). In addition, low
amounts of 1 were detected (e.g. its dublet at 6.2 ppm was clearly visible at 15-50 vol%
CD3;CN). At 15 vol% CD3;CN, only traces of D were present. At 35 and 50 vol% of CD3;CN, the
spectral quality was very poor. However, beside the signals of B and 1 also A and C might be
indicated.

This CD;CN titration with dissolved crystals of 4b shows that low amounts (4-8 vol%) of
acetonitrile are a absolute prerequisite to avoid fragmentation and to form the species D, which is
in agreement with the acetonitrile-free experiments reported above. In contrast, at higher CD;CN
contents the CuBr is released from the scaffold, most probably due to the competing effect of
MeCN-CuBr adducts, which leads to the decomposition of D accompanied with the formation of
B. At further increased CD3;CN content B is disintegrated, too. This is in agreement with the
decomposition of B in the CD;CN titration of the dissolved 3b crystals (see Figure 9.5).

To conclude, the appropriate solvent mixture is absolutely crucial for the directed
formation of the supramolecules. Furthermore, the preferred formation of different
supramolecules in different solvent mixtures provides the potential to purposefully switch
between the different supramolecules. In addition, the knowledge about the different
stabilizing/destabilizing effects of the distinct solvents in the applied concentration ranges
provides the potential for a further improvement of the non-covalent synthesis of supramolecules

in general.

Encapsulation of guest molecules

The design and synthesis of nanoscale self-assembling molecular containers with defined
sizes and inner cavities is attracting considerable interest in current chemistry.!"®! In this context,
the combination of copper (I) halides with the cyclo-Ps complex [Cp*Fe(s-Ps)] (Cp* =

n°-CsMes) or the cyclo-P, complex [Cp>’Ta(CO)(57"-P4)] (Cp>’ = #°-CsH3Buy) provided a

powerful tool for the synthesis of inorganic shell structures with fullerene-type topology.!’"*!

(1]

These container molecules were used to encapsulate guest molecules like o-carboranes' ' or Cg

[10]

fullerenes,” -~ whereby the shape of the inorganic host was controlled by the size of the

corresponding template. And even without additional guest molecule the cyclo-Ps complex

(8, 12-13]

[Cp*Fe(qS-Ps)] itself acts as template for the formation of spherical supramolecules or
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nanosized capsules.”] However, all of these host-guest compounds based on [Cp*Fe(’-Ps)]
showed very low solubility and their formation was depending on the encapsulated template. In
contrast, 1 and CuX (X = Cl, Br) formed soluble, nanometer-sized supramolecules, which were
readily accessible by quantitative self-assembly and their formation was not depending on
template control. Therefore, these supramolecules seemed ideal for the use as nanometer-sized
containers and, thus, the incorporation of several guests was studied.

To be incorporated, potential guests must have the appropriate size to fit into the inner
cavity of 2b/3b with an inner diameter of 0.82 nm or into the larger inner cavity of 4b (X-ray
analysis was not completed so far, thus, an exact inner diameter cannot be stated). In addition, to
maximize the non-covalent interactions between host and guest, the shape of the compound
should be similar to the shape of the inner cavity of the container molecules. For a good
detectability of the guest signals beside the intense host signals (e.g. for B 120 protons contribute
to the methylene signal), compounds possessing a singlet should be used to avoid intensity
distribution due to multiplet splitting. For this purpose, P4 (outer diameter: 0.47 nm™*?)) and
ferrocene (outer diameter: 0.57 nm'®) were selected, which additionally have the advantage of a
high number of magnetically equivalent protons or phosphorous atoms contributing to a singlet.
In addition, the tetrahedral P4 resembles the tetrahedral shape of the inner cavity of the 4b
supramolecule and the more globular ferrocene resembles the globular shape of the inner cavity
of the 2b/3b supramolecules (see Figure 9.3 or Figure 9.12 for the core scaffolds of the container
molecules). These compounds were added under similar experimental conditions that had been
successfully applied for the formation of B-D (1 and two eq. CuBr in CD,Cl, with 1-2 vol%
CDs;CN). In addition, the behavior of A to act as host was also studied under similar
experimental conditions that had been successfully applied for the formation of A (stirring of 1
over three equivalents of solid CuBr in CD,Cl, without CD3;CN for one hour and then filtration
to remove the residual solid CuBr).

Due to the strong shielding by the globular host, the incorporation of a guest should be
indicated by an upfield shift of the signal of an encased molecule compared to the free
compound, which was observed for the encapsulation of o-carborane (5 ppm in the ''B{'H}-
MAS spectrum)* and of Cg fullerene (3 ppm in the >C spectrum)® In addition, host and
guest must have the same diffusion coefficient and proton containing guests should show
NOESY cross peaks to the host. In principle, TMS (added as internal viscosity standard),
CDs;CN, CDyCl,, P4 or ferrocene could be incorporated in the container molecules, but
incorporated solvent or TMS molecules were not detected in previous control experiments,

although an encapsulation of CD,Cl, inside 3b crystals was supposed from X-ray analysis. This
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might be attributed to the expected low signal intensities of such incorporated solvents, since
perdeuterated solvents with a high degree of deuteration (99.8 % or higher) were used.
Furthermore, the 'H signal intensities of the non-perdeuterated fraction of CHD,CN and CHDCI,
are distributed over their multiplet fine structure.

As expected, in both samples, which contained only 1, A and P4 or ferrocene, an
incorporation of a guest was not detected, which was in agreement with the assignment of A as
supramolecular species of 2b type, in which some coordination sites are unoccupied and
therefore impeded the permanent encapsulation of a guest.

In the two other samples, the addition of 1-2 vol% CDs;CN to the reaction mixture
promoted the formation of B-D similar to the previous experiments (see Table 9.2). In the
CD,Cl,/CD3;CN sample with ferrocene, beside the singlet of free ferrocene at 4.15 ppm, a small
singlet at 0.66 ppm could be detected in the 'H spectrum (see Figure 9.7b), which possessed the
same diffusion value of 3.76:107° m? s as B. (In addition, tiny signal at 0.31 and 0.13 ppm were
detected, but their intensities were too small for further studies). Its upfield shift of 3.49 ppm
compared to the free ferrocene was in the same range as observed for the encapsulation of
o-carborane and Cg in similar pentaphosphaferrocene-derived capsules.****! The inclusion of
ferrocene inside B was corroborated by a NOESY spectrum, in which a NOE cross peak from
the singlet at 0.66 ppm to the methylene protons of B could be detected (see Figure 9.7¢). Since
no cross peak to the aromatic protons of B were observed, an attachment at the surface of B can
be clearly excluded. No cross peaks from 0.66 ppm to the signals of C or D were observed.
Furthermore, no exchange peak from the signal of encapsulated ferrocene to the signal of free
ferrocene at 4.15 ppm was detected, confirming the permanent inclusion inside B. To conclude,
the upfield shift of the signal, its diffusion value and its NOESY cross peak to the methylene
protons of B showed clearly the enduring encapsulation of ferrocene inside B (from the

'H integral ratio: Cp,Fe@B in 14 % of all B).

Table 9.2: Relative amounts of B, C and D in the sample containing 1 and two eq. CuBr in CD,Cl, with 1-2 vol%

CD;CN.
s Relative amounts / %
Additive B c D
- 42 42 17
P, 80 4 16
ferrocene 57 14 29
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Figure 9.7:  'H spectra of 1 + two eq. CuBr in CD,Cl,/CD;CN samples a) without and b) with ferrocene. c)

NOESY spectrum (mixing time 350 ms) of 1 + two eq. CuBr in CD,Cl,/CD;CN sample with

ferrocene, each at 298 K and 600 MHz. The complete NOESY spectrum is depicted in Figure 9.21

in the SI.

In contrast to ferrocene, no signals of an encapsulated P; were detected in the

3P chemical shift range of +250 to -1300 ppm (free P4: -523.43 ppm). One possibility to explain

the non-incorporation of P4 (in contrast to ferrocene) inside B might be the reduced non-covalent

interactions due to the different shapes of the tetrahedral P4 and the globular inner cavity of the

3b supramolecule, but also other aspects should be considered and further investigated.
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Supramolecular switch

The rapid formation of the different species in the presence of low amounts of CD;CN
indicated that there is no kinetic hindrance for their transformation, but that the clusters represent
different thermodynamic minima, which are separated by a relatively low energetic barrier. This
thermodynamic equilibrium of the different supramolecules in solution was successfully
manipulated by a variation of the CuBr content and of the solvent mixture (data not shown). In
addition, a successful incorporation of ferrocene demonstrated the potential of these
supramolecular assemblies to act as host-guest systems. Stimulated by these amazing results we
investigated their potential to act as supramolecular switch. In addition, with ferrocene as guest,
the potential in- and exclusion of guests was elucidated.

For this purpose, similar experimental conditions, which were successfully used for the
incorporation of ferrocene (1, 2.0 eq. CuBr, 0.25 eq. ferrocene in CD,Cl, with ca. 1 vol%
CD;CN stirred for several hours) were applied. In this setup, a potential crystallization of one of
the supramolecules and, thus, potential shift of the thermodynamic equilibrium was avoided by
the use of relatively low concentrations and could be finally excluded by the use of an external
NMR standard. Therefore, all changes in the relative amounts of the supramolecules are clearly
attributable to a transformation of the clusters into one another. In order to switch between the
different container molecules (from C, D to B), the content of acetonitrile was increased up to
33 %, similar to the CDs;CN titration before. Then, in order to demonstrate the reversibility of
this transformation, the CD;CN/CD,Cl, ratio was reduced again by the addition of CD,Cl,.
Furthermore, in order to elucidate the reversibility of the whole system (including monomeric 1
and A) an excess of 1 was added to decompose the clusters and subsequently solid CuBr was
added to elucidate the re-formation of the clusters. With these experiments the potential of the
container molecules derived from 1 and CuX (X=Br, CI) to act as supramolecular switches was
investigated. The different states of the system were monitored by 'H spectra (see Figure 9.8)
and are described in the following:

With one vol% CD;CN, the formation of the supramolecules B-D is favored and in the
'H spectra as expected a very high amount of C was detected besides B and D (26 % B, 59 % C,
15 % D, derived from the 'H spectrum.’ See Figure 9.9 for a graphical overview of the relative

amounts of B and C in all samples). In addition, three small singlets at 0.66, 0.31 and 0.13 ppm

For a reliable integration of the partially overlapping 'H signals, several different window functions were
applied and the integration results were compared to each other. Thereby, the remaining error range of the
integration could be estimated to be 10-20 % depending on the spectral quality. The obtained 'H integral ratios
are summarized for all samples of the switching experiment in Table 9.4. From these values, the relative
amounts of B-D and Cp,Fe@B and Cp,Fe@C, depicted in Figure 9.9 - Figure 9.11, were calculated.
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were detected. Outside this chemical shift range very intense signals are present in the
'H spectrum originating from TMS and grease-like compounds, which might have impeded the
detection of other small signals in this chemical shift range. The singlet at 0.66 ppm was again
identified by its characteristic 'H chemical shift, its diffusion coefficient (which was the same as
for B) and by a NOESY spectrum to be an incorporated ferrocene inside 16 % of B, which is in
excellent agreement with the host-guest experiments before (there: Cp,Fe@B in 14 % of B). The
NOESY spectrum was measured at 18 vol% of CD3;CN, which provided a relatively high amount
of Cp,Fe@B and allowed an easy detection of the NOE peak from the methylene protons of B to
the signal at 0.66 ppm. But at this CD;CN content both signals at 0.31 and 0.13 ppm were not
present any more in the 'H spectum and therefore no information about these signals could be
gained from the NOESY spectrum. However, the two other singlets at 0.31 and 0.13 ppm
showed the same diffusion coefficient as C and slightly larger upfield shifts compared to free
ferrocene as observed for Cp,Fe@B and were therefore identified as two different ferrocene
molecules, which are encased by the supramolecule C (see Figure 9.10 for an graphical overview
of the relative amounts of Cp,Fe@B and Cp,Fe@C in all samples). The small "H chemical shift
difference of 0.18 ppm between these two host-guest compounds might indicate two different
orientations of the ferrocene molecules inside C. Under the assumption, that C has less than
12 [Cp®"Fe(n’-Ps)] units in its scaffold, more than 42 % of C carry ferrocene. Upon the addition
two vol% CD3;CN, the amount of C decreased and the amount of B increased, indicating that C
was transformed into B. Simultaneously, the fraction of ferrocene incorporated in C was reduced
in support of ferrocene incorporated in B. Upon the addition of CuBr, also a shift of the relative
fractions from C to B and at the same time from Cp,Fe@C to Cp,Fe@B was observed. This was
further continued up to a CD3;CN content of 17 %, where approximately no C and no Cp,Fe@C
was detected. This was connected with a very high percentage of ferrocene carrying
supramolecules B (36 % of all B). Upon a further increase of the CD3;CN content up to 33 vol%,
a reduction of the intensity of the signal at 0.66 ppm was observed. This might indicate a partial
release of some of the Cp,Fe@B from their hosts B due to the accelerated mobility of CuBr,
which is in agreement with the observed partial decomposition of the supramolecules at high
CDsCN contents (see Figure 9.5 and Figure 9.6 ).

Upon a reduction of the CD3CN content back to 18 vol%, the amount of Cp,Fe@B was
increased again and nearly reached the previous value at 17 vol% CD3;CN (28 % vs. 36 %),
indicating the re-formation of some of the supramolecules B. A further reduction of the CD;CN
content to three vol% by the addition of the fivefold amount of CD,Cl; led to the formation of

nearly pure B and to a further increase of Cp.Fe@B to 48 % of all B. However, the solely
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formation of B (instead of a mixture of B, C and D as observed at the beginning of this series)
might be attributed to the high dilution of the sample. Due to the high amount of nearly 50 % of
ferrocene carrying B this sample was ideal to confirm the purposefully exclusion of the guest
from the container molecules by the addition of 1. Indeed, as expected from previous inclusion
experiments, a complete release of ferrocene from all assemblies was observed, as indicated by
the vanishing of the signal at 0.66 ppm. To “reload” the system and to test the hypothesis, that
the high dilution was responsible for the solely formation of B at three vol% CD3;CN, CuBr was
added to the sample. Now, similar amounts of B-D compared to the (concentrated) solution at
three vol% CD3;CN at the beginning of the switching experiment were observed. This confirmed
the hypothesis, that the low concentration was responsible for the solely formation of B before
(this finding might be useful for the improvement of the directed synthesis of B). In addition, the
two singlets at 0.31 and 0.13 ppm also re-appeared (with 17 and 13 %, respectively, of their
signal intensities compared to the starting values) indicating the re-incorporation of ferrocene

molecules in the supramolecule C.

183



9. Self-assembled Switchable Supramolecular Container Molecules

Self-assembling supramolecular switch with incorporated guests: 1 + 2 eq. CuBr + 0.25 eq. Cp,Fe
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Figure 9.8:  'H spectra of the self-assembling supramolecular switch with incorporated guests composed of 1,

2.0 eq. CuBr and 0.25 eq. ferrocene in CD;CN/CD,Cl, mixtures, each at 298 K and 600 MHz. The

intensities of the 'H sections on the right side are increased by a factor of eight.

The relative amounts of the container molecules B and C depending on the CD;CN
content are depicted in Figure 9.9 (in Figure 9.11, the relative amount of D is additionally taken
into account). There, the switching from C to B with increasing CD3;CN content (filled symbols)
and back from B to C with decreasing CD3;CN content (open symbols) is shown. In addition, in

Figure 9.10 the corresponding acetonitrile depending switching from both Cp,Fe@C to
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Cp.Fe@B with increasing CD;CN content (filled symbols) and back from Cp,Fe@B to both
Cp.Fe@C with decreasing CD3;CN content (open symbols) is shown.

Figure 9.9:

Figure 9.10:
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Acetonitrile depending switching from C to B with increasing CD;CN content (filled symbols) and
back from B to C with decreasing CD;CN content (open symbols). B: Brown diamonds (@, O), C:
Blue triangles (A, /). Sum of B and C set to 100 %.
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Acetonitrile depending switching from Cp,Fe@C to Cp,Fe@B with increasing CD;CN content
(filled symbols) and back from Cp,Fe@B to Cp,Fe@C with decreasing CD;CN content (open
symbols). Cp,Fe@B: Brown diamonds (@, ¢), Cp,Fe@C: Blue triangles (A, /). Both Cp,Fe@C

species are summarized.
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Figure 9.11:  Acetonitrile depending switching from C, D to B with increasing CD;CN content (filled symbols)
and back from B to C with decreasing CD;CN content (open symbols). B: Brown diamonds (@, <),
C: Blue triangles (A, /\), D: Green circles (@, O).

Altogether, we demonstrated the potential of the supramolecules to act as supramolecular
switch and additionally showed the in- and exclusion of the ferrocene guest. The switch from
C, D to B was realized by an increase of the content of acetonitrile. The reversibility of the
system and thus the reverse transformation from B to C, D was demonstrated by the subsequent
reduction of the CD3;CN content. Furthermore, by the addition of an excess of 1 the included
ferrocene was released from B, demonstrating the three states of the host-guest system (guest
included in B, included in C or excluded). The re-formation of the clusters by the addition of 1
and CuBr again reconstitutes the supramolecular switch. With these experiments the potential of
the self-assembling container molecules derived from 1 and CuBr to act as supramolecular
switches was successfully investigated. A switch from B to C, D and back is possible by
adjusting the appropriate solvent mixture. This switching seems to be independent of the
presence of a guest (data for switching experiments without guest not shown). Furthermore, this
self-assembling system composed of 1 and CuX (X=Cl, Br) might provide the potential to build
up a four-state supramolecular switch with an exclusive formation of only one of the four
different container molecules (A-D) in each state of the switch. Furthermore, the selective

incorporation of several guests inside different container molecules seems possible.

Formation pathways
For such kind of self-assembly systems with several supramolecules different steps are
involved in their formation pathways. First the formation of the initial adducts of 1 and CuX

(X=Cl, Br) at the beginning of the reaction is described: For the formation of such kind of self-
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assembly systems composed of two different building blocks (in this case 1 and CuX), in
principle, two basic formation pathways could be considered: A simultaneous assembling, in
which alternating 1 and CuX are incorporated step-by-step to form dimers, trimers, oligomeric
building blocks and finally the supramolecular cluster or the formation of a predefined network
of [CanFe(nS-Ps)] units with minimal CuX content and then subsequent incorporation of the
missing CuX into the scaffold. (Of course, these two described pathways are absolutely
borderline cases and the actual formation of such supramolecular assemblies will most probably
contain contributions of both pathways. However, some tendencies might be indicated by our
experiments).

The formation pathway of the different supramolecules composed of 1 and CuX might be
rationalized with the experiments discussed above. By the variation of the reaction time, building
blocks at different stages of the cluster formation should be detected. To allow for the formation
of all types of supramolecules and to allow both a simultaneous or subsequent assembly of 1 and
CuX, samples containing 1 and high amounts (six eq.) CuX were used. No CD3;CN was added in
order to decelerate the formation process. The missing CD3;CN reduced the amount of dissolved
CuX drastically, but a potential assembly in small intermediate building blocks should provide a
sufficient solubility for CuX. In this setup (and likewise in all other experiments), however, no
intermediate building blocks were detected. Instead, solely A was observed as initial adduct of 1
and CuX, which represents an assembly comprising a minimal amount of CuX in its scaffold.
Beside the time-dependent observation of the formation of the supramolecules without CD;CN, a
direct NMR monitoring of their initial formation steps in the presence of CD3;CN was performed,
which also hinted at A as initial (NMR detectable) adduct of 1 and CuX (for details see SI). This
rapid formation of A clearly showed the thermodynamical preference for the formation of a
predefined network of 2b type with a minimal amount of CuX. This can be rationalized with the
high nt-stacking ability of the five phenyl groups of [Cp®"Fe(n’-Ps)].!""! However, if CD;CN and
at the same time high amounts of CuX were present, e.g. in the CuX titration in CD,Cl, with 9 or
14 vol% CD;CN, the formation of A (and B) is so fast, that the formation pathway of A (and B)
could not be elucidated in this case. Therefore, a simultaneous assembling of 1 and CuX to form
A (and B) in the presence of CD3CN and at the same time relatively high amounts of CuX
cannot be completely excluded.

Furthermore, the subsequent formation pathways of the different clusters were elucidated
by the interconversion of the supramolecules into one another by adjusting the appropriate
reaction conditions (CuX content, CD,Cl,-CD;CN ratio). This switching from C, D to B and vice

versa by the addition of either 1 or CuBr or variation of the CD3;CN/CD,Cl, ratio is in agreement
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with the postulated formation pathways depicted in Figure 9.12b and c. There, all crystallized
supramolecules (A, B and D) are shown in brackets. In addition, Figure 9.12a shows the
appropriate formation conditions and the X-ray derived core scaffolds of the molecular structures

of the different container molecules.
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Figure 9.12: a) Scheme for the synthesis of 2a/2b, 3a/3b and 4a/4b (a: X = CI, b: X = Br) with the appropriate
experimental conditions. The X-ray-derived core scaffolds of the molecular structures of the
different supramolecules are shown. b,c) Proposed CuBr-dependent formation pathways c¢) with and
b) without acetonitrile based on the discussed solution state NMR investigations. Crystallized

supramolecules are shown in brackets.
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Cul-derived supramolecules

With our NMR investigations, we could show the structure and formation process of
soluble container molecules, which were readily accessible by quantitative self-assembly of 1
and CuX (X = Cl, Br). In addition, the incorporation of ferrocene inside the CuBr-derived
container molecules B and C has been demonstrated. Thus, self-assembly systems composed of 1
and Cu' halides provide the potential for the incorporation of suitable guests. Copper iodide
together with 1 provides two different supramolecules of the same size as 3a/3b and additional
two larger assemblies, which are 1.6 times larger than 3a/3b and 1.25 times larger than 4a/4b.
This large outer diameter is accompanied with a large inner cavity, which provides the potential
to incorporate relatively large guests. Therefore, solution state NMR investigations for the
Cul-derived systems seemed very promising. For this purpose, the Cul-derived supramolecules
were investigated in preliminary experiments similar to the CuBr- and CuCl-derived systems.

The formation process was studied with a Cul sample, whose preparation was similar to
the CuBr- and CuCl derived samples (stirring of 1 and six eq. Cul in CD,Cl, for two hours and
then subsequent filtration). The resulting "H spectrum and for comparison the corresponding
spectra with CuBr and CuCl are shown in Figure 9.13. In the 'H spectrum of 1+Cul in CD,Cl,
(see Figure 9.13a), besides the signals of 1, several very small overlapping signals at 6.3-6.7 ppm
most probably for the meta and ortho protons and at least six signals at 3.8-4.6 ppm for the
methylene protons could be detected. The intensities of these signals were significantly smaller
compared to the corresponding signals in the CuBr- and CuCl-derived samples. The existence of
several overlapping species was in analogy to the different subspecies of A in the CuBr- and
CuCl-derived samples (see Figure 9.13b and c¢) and indicated the formation of several subspecies
of type A. In addition, the averaged diffusion coefficient of the supramolecular assembly in the
Cul sample revealed a hydrodynamic volume of 11.4-103> A3 which was very similar to the
volume of A in the CuBr samples (10.7-10® A3%). These findings indicate the presence of a
supramolecule of type A in the Cul sample, too. However, the relatively large chemical shift
differences for the methylene protons of the supramolecular assemblies in the Cul and the CuBr
and CuCl samples might indicate structural differences of the scaffolds or more Cul in the
scaffolds. However, these chemical shift differences could also be attributed to the different

Cu' halides.
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Figure 9.13:

1 1 1 1
a) Cul
DCM
J -
A
b) CuBr
A

A . JL

o) A CuCl
A

v ",

I 770 675 6?0 575 5?0 475 4?0 I

8('H) / ppm
'H spectra of samples containing 1 and six eq. of a) Cul, b) CuBr and ¢) CuCl after a reaction time

of 2 h in CD,Cl, at 300 K, a) at 600 MHz, b) and c¢) at 400 MHz.

In addition, the coexistence and formation of the different Cul containing supramolecules

were investigated with a mixed crystal composed of all four types of Cul-derived

supramolecules. This mixed crystal was isolated from the reaction mixture and subsequently

dissolved in CD,Cl,. To decelerate exchange between the different macromolecules, no CD;CN

was added. The 'H spectrum of this sample was compared to the one of a sample of dissolved

CuBr-derived crystals of 4b type (see Figure 9.14a and b).

Figure 9.14:
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'H spectra of samples containing a) dissolved Cul-derived mixed crystals in CD,Cl, and b) dissolved
CuBr-derived 4b crystals in CD,Cl, and c) in CD,Cl, with 9 vol% CD;CN, each at 300 K and 600
MHz.
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As expected, several species were detected in the 'H spectrum of the dissolved Cul-
derived mixed crystals (see Figure 9.14a) with one dominating species with signals at 6.94, 6.82,
6.50 and 4.40 ppm in the ratio 1:2:2:2. This overlay of signals showed the coexistence of several
species and subspecies due to potential fragmentation, as expected with regard to the mixture of
crystals dissolved. The identification of the different supramolecules from this sample seems to
be impeded due to the high number of fragments present in the sample. However, the spectrum
might be simplified by the addition of CD3CN, which could accelerate exchange between some
of the framents. This was successfully demonstrated for the exchange acceleration for the
different fragments of D upon the addition of CD;CN, leading to simplified identification of D
for the dissolved 4b crystals (see Figure 9.14b and c). To conclude, by the use of appropriate
solvent mixtures and by the preferential use of crystals composed of only one type of the
supramolecules, a further characterization of the Cul-derived supramolecules in solution seems

possible.

9.3 Conclusion

In summary, we have presented a combined solution state NMR and X-ray study about
soluble, self-assembling supramolecular four-state switches with the ability to incorporate
guests, composed of [Cp”"Fe(°-Ps)] 1 and CuX (X = Cl, Br) in solution. Four different
supramolecules (A-D) were characterized in solution and related to the newly discovered crystals
of [{Cp®"Fe(’-Ps)} 12{CuX}6:x] 2a/2b, [{Cp®"Fe(n’-Ps)}12{CuX}2] 3a/3b and [{Cp®"Fe(n’-
Ps)}12{CuX}43:x] 4a/4b (a: X = CI, b: X = Br), the latter possessing a completely new scaffold
for such pentaphosphaferrocene-based complexes. Due to the high 7t-stacking ability of the Cp™"
ligands of 1, the initial adduct of 1 and CuBr is A, which represents a 2b supramolecule
comprising a predefined network of 1 with a minimal amount of CuX in the scaffold. Successive
incorporation of CuX in the scaffolds can lead to the formation of the other container molecules.
Their template-independent formation was found to be dependent on the CuX content, the
overall concentration and the CD3;CN/CD,Cl, mixture. Especially the formation of good soluble
CuX-MeCN adducts plays a particular role for the selective synthesis and the thermodynamic
equilibrium between the different clusters. The manipulation of the solvent mixture delivers a
self-assembling reversible supramolecular four-state switch, which even allows the selective
incorporation of guests. Ferrocene was incorporated in nearly 50 % of B during the switching
between C, D and B. This guest can be easily removed and again incorporated from the host by

addition of an excess of 1 or CuBr, respectively.
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First attempts with 1 and Cul indicated a similar behavior compared to the CuBr- and
CuCl-derived systems. Due to the large inner cavities of the Cul-derived supramolecules, this
system might provide the potential to incorporate very large guests.

The results of this study, e.g. the knowledge about the role of the applied solvents,
especially strong coordinating solvents like acetonitrile, will considerably contribute to the
improvement of the directed synthesis of such pentaphosphaferrocene-derived molecules. In
addition, these results will help to improve the purposefully design of supramolecular switches

and will contribute to the further progress in the field of supramolecular chemistry.
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9.4 Supporting Information

9.4.1 Experimental Section

NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer equipped with a
BBO probe with z-gradient and BVT 2000 temperature control unit at 300 K, a Bruker Avance
I1I 600 MHz spectrometer equipped with a TBI '"H/*'P-BB z-gradient probe and BVT 3000 unit
at 300 K and an Avance III 600 MHz spectrometer equipped with a 5 mm TCI z-gradient cryo
probe and BVT 3000 unit at 298 K. The spectra were processed with the Bruker program
Topspin® and the diffusion coefficients were calculated with the Bruker software 71/72
package. All experimental diffusion coefficients were within a standard deviation of +£3 % and
are stated as temperature- and viscosity-corrected diffusion coefficients in the manuscript.
For the calibration of the *'P chemical shifts, the 2 value corresponding to TMS was applied. For
the calibration of the 'H and '>C chemical shifts and for the temperature- and viscosity-
correction of the diffusion coefficients, TMS (tetramethylsilane) was added to each sample. All
'H-diffusion measurements were performed with the convection suppressing DSTE (double

!in a pseudo 2D mode.

stimulated echo) pulse sequence, developed by Mueller and Jerschow!*
For each experiment, 2 dummy scans and 16 scans were used with a relaxation delay of 2 s.
Sinusoidal shapes were used for the gradients and a linear gradient ramp with either 12 or 16
increments between 5 and 95 % of the maximum gradient strength was applied for the diffusion
relevant gradients. For the homospoil gradients, 7.046, 10.700, and 9.165 G cm™ were applied
for HS;, HS,, and HS;. The length of the gradient pulse 6 was adjusted for every species in the
sample to achieve appropriate signal attenuation curves. As a result, a 6 of 1.5 ms for TMS, 2.2
ms for the monomer and 3.2 ms for the supramolecules was used in most cases. A diffusion time
A of 50 ms was used for all experiments.

Sample concentrations of 33 mM of 1 (15 mg in 0.6 mL solvent) in CD,Cl, or toluene-dg were
typically applied for the NMR measurements. Assignments of proton, carbon and phosphorous
resonances of the species were obtained by one- and two-dimensional NMR spectra ('H, *'P,
'H,"*C-HSQC, 'H,"*C-HMBC, 'H,"H-ROESY and 'H,'H-NOESY (mixing times of 600, 350 and
100 ms) spectra.
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Figure 9.15:  'H, °C and *'P chemical shifts of 1 in CD,Cl, at 298 K.

9.4.2 Size estimation from DOSY and X-ray data

[18, 26

From diffusion-ordered spectroscopy (DOSY) experiments ! the translational self-

diffusion coefficients D of molecules in solution can be calculated according to the Stejskal-

Tanner equation.!'® 2% 27} With the diffusion coefficients D of the analyte and of TMS (acting
as viscosity reference), the hydrodynamic radius ry (and thereof the hydrodynamic volume Vy)

of the analyte can be estimated following the Stokes-Einstein equation.*®

From crystallographic data the volume of the monomer was estimated to be
Veryst(1)=589 A3, In addition, the volume of the 2b/3b clusters was estimated to be
Veryst(2b/3b)=13.2-10° A® from the maximum C-C distance plus the length of a C-H bond
(0.12 A) and the Van-der-Waals radius of a proton (0.109 A", For the 4b cluster, from
crystallographic data so far only a upper size limit of Vys(4b)=17.5-10° A® could be obtained,
see Table 9.3.

Table 9.3: Estimation of the volumes of the ball from crystallographic data.
Ball Vayst [ 10° A2
1 0.6
2b/3b 13.2
4b 17.58]
Larger Cul-derived clusters 22.0

[a] upper size limit estimated from the unit cell.
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9.4.3 Experimental spectra
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Figure 9.16: 'H (left) and *'P spectra (right) of samples containing 1 and increasing equivalents of CuBr:
a)0.0eq., b) 0.5 eq.,c) 1 eq.,d) 1.7 eq., €) 2 eq., ) 4 eq., g) 8 eq., each in CD,Cl, with 14 vol%

CD;CN at 298 K and 600 MHz.
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Figure 9.17: NOESY spectrum (mixing time 350 ms) of 1+CuBr in CD,Cl, at 300 K and 600 MHz.
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Figure 9.18: ROESY spectrum of 1+CuBr in CD,Cl, at 300 K and 600 MHz.
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Figure 9.19: 'H (left) and *'P spectra (right) of samples containing 1 and six equivalents of CuCl in pure CD,Cl,
after a reaction time ofa) 2 h,b) 1 d,c)2d, d)5d,e) 10 d, each at 300 K and 400 MHz.
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Figure 9.21: NOESY spectrum of 1+six eq. CuBr+ferrocene in CD,Cl, with 1-2 vol% CD;CN at 298 K and 600
MHz. A cross peak from a encapsulated ferrocene guest to the methylene protons of B could be

detected.
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Table 9.4: 'H integrals from the switching experiment depicted in Figure 9.8, from which the relative amounts

of B-D and Cp,Fe@B and Cp,Fe@C, depicted in Figure 9.9 - Figure 9.11, were calculated.

Vol% 'H integrals

CDsCN B C D 066ppm 0.31ppm 0.13 ppm
1 100 230 59 1.34 3.79 432
3 100 105 28 1.10 1.17 2.63
3 100 60 31 1.94 1.36 1.17
7 100 45 43 2.13 1.04 1.32
13 100 20 30 2.62 0.08 0.37
17 100 0 27 3.00 0.00 0.00
26 100 0 O 1.80 0.00 0.00
33 100 0 O 1.22 0.00 0.00
28 100 0 O 1.10 0.00 0.00
18 100 0 O 2.34 0.00 0.00
3 100 0 O 4.00 0.00 0.00
3 0 0 0 0.00 0.00 0.00
3 100 216 152 0.00 0.65 0.56

[a] High dilution, [b] Due to the large ecxess of 1, only 1 and A was detected.

NMR online monitoring of the initial adducts of 1 and CuBr

A direct NMR monitoring of the initial steps of the fast reaction of 1 and CuBr in the
presence of CD3;CN was performed. Therefore, inside the NMR tube a sample with two layers
was prepared, one layer with 1 in CD,Cl, and the other layer with CuBr in CD3;CN. This setup
with two layers was similar to the original synthesis procedure of the supramolecules. The low
contact surface of the two solutions inside the NMR tube reduced the reaction rate. Upon
spinning of the sample a mixing of the two solutions was performed and the reaction was
monitored with 'H spectra. Due to the inhomogeneous composition of the sample only a poor
spectral quality was obtained. However, also in this setup, only 1 and A and no oligomeric
building blocks were observed (data not shown), indicating A to be the exclusive initial adduct

of 1 and CuBtr.

NMR investigations in toluene-dg

Since 1 was good soluble in toluene-dg, the use of this solvent for the further investigation
of the supramolecules was tested by means of dissolved crystals of [{Cp®"Fe(n’-Ps)} 12 {CuCl}2]
3a. But the transparency of the sample already hinted at a very low solubility of 3a in toluene,
which was also confirmed by the 'H spectrum, in which no signals of 1 or any other species were

detected. Therefore, no further attempts for the use of toluene as solvent have been made.
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10 Summary and Outlook

Over the last decade the field of organocatalysis, i.e. the use of small organic molecules as
catalysts, has grown to a prospering area of general concepts and widely useful reactions
connected with a vast increase of the research activities. Various generic activation modes, such
as H-bond, counterion, enamine, iminium, SOMO or photoredox catalysis, have been identified
and successfully applied for a broad variety of asymmetric reactions. Despite the great number of
synthetic applications of organo- and photocatalysis, conformational and mechanistic studies for
a better understanding of the underlying origin of stereoselectivity, activation modes and
mechanisms are rather scarce. But for a further development and improvement of catalysis in
general, this knowledge is highly desirable, since it may allow the optimization of existing
methodologies as well as the design of new catalytic systems and activation modes for organo-
and photocatalysis. The goal of this thesis was therefore the elucidation of several
conformational and mechanistic issues of organo- and photocatalysis by means of modern NMR
spectroscopic methodologies. In addition, these NMR techniques were also applied for

investigations on the field of supramolecular chemistry and electrochemical research.

In the first part of this thesis, conformational studies of three tripeptidic foldamers were
performed in a combined NMR/MD study in the field of peptidic organocatalysts. Thereby,
especially the influence of the configuration of (%)-cis-B-ACC was investigated, since the
configuration of B-ACC was found to be devisive for the selectivities in their organocatalytic and
pharmaceutical applications. Residual dipolar couplings were applied for the validation of
structure coordinates for molecular dynamics simulations and the peptide backbone and
sidechain conformations were revealed by NOE and/or RDC-based MD simulations. All three
peptides showed independent of the B-ACC configuration an unexpected high stability of the
backbone conformation, induced by a bifurcated H-bond network together with allylic strain in
the B-ACC-Pro3 sub unit. The orientation of the cyclopropane ring and its methoxy substituent
could therefore be manipulated by the inversion of the configuration of B-ACC without changing
the peptide conformation. This may explain the different selectivities found in the applications of
B-ACC in organocatalysis and medicinal chemistry and should allow an improvement of these

B-ACC involving applications.
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In a mechanistic study in the field of organocatalysis, NMR spectroscopy was used
successfully to distinguish between the activation modes of hydrogen bonding and ion pairing in
Bronsted acid catalysis. Before this study, it was assumed that full protonation of the imine by
the phosphate catalyst resulted in the formation of an ion pair, which would subsequently react
with a nucleophile. However, our experiments clearly showed that hydrogen bonded and ion pair
complexes (and also a free protonated iminium species) co-exist. The ratio between hydrogen
bonding and ion pairing could be manipulated readily by simply introducing substituents with
different electronic properties. Contrary to previous assumptions, the hydrogen bond strength
and the amount of the hydrogen bonded species present were found to be decisive for the
catalytic reaction. These results provided for the first time insight into the different activation
modes in Bronsted acid catalysis and are expected to guide the development of more efficient

catalytic systems.

Beside organocatalysis, also mechanistic issues in the field of photocatalysis have been
addressed in this thesis:

For the photocatalytic water reduction by intramolecular Ru/Pt catalysts, the formation and
relevance of Pt-colloids and the supposed cleavage of a chloride from the photocatalyst
[(tbbpy),Ru(tpphz)PtClL,](PFs), under irradiation with visible light was investigated by NMR
spectroscopy. The detection methods for the 3J1H,195pt coupling acting as a sensor for a potential
Pt-cleavage were optimized by means of a model compound and subsequently applied for the
photocatalyst. It could be successfully shown that without the sacrificial electron donor
triethylamine TEA no cleavage of the CI/PtCl, unit from the photocatalyst or a ClI/OH
exchange upon irradiation with blue light (470 nm) in CD3;CN/D,0O takes place. First irradiation
experiments in the presence of TEA showed a decomposition of the photocatalyst upon the
photocatalytic reaction. These results offer several starting points for the further detailed
elucidation of mechanistic issues of the photocatalytic water reduction.

To allow for online-monitoring of this and other photocatalytic reactions, a glass fiber-
based NMR-illumination unit was constructed, which allows simultaneous illumination inside
the NMR spectrometer. First measurements for the photooxidation of MBA with RFT were
successfully performed with this setup. Upon illumination the decrease of the MBA signals and
simultaneous increase of the aldehyde signals could be observed. This NMR-illumination unit
opens up the door to further investigations of flavin photocatalysis, the photocatalytic water
reduction with Ru/Pt catalysts and other photocatalytic reactions and is expected to elucidate

these and other issues in photocatalysis in even more detail.
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The flavin photocatalysis was also investigated by means of DOSY experiments dealing
with the self aggregation of riboflavin tetraacetate RFT and a potential association with para-
methoxybenzyl alcohol MBA. In pure acetonitrile RFT is a dimer, whereas in water it is a
monomer. These aggregation tendencies could be successfully correlated with the solvent
dependency of the quantum yield of the photooxidation of MBA with RFT and are used for the
design of sterically hindered (chiral) flavin derivatives with potentially higher quantum yields.

No hints for an association of RFT and MBA are observed by NMR spectroscopy.

In cooperation with the research group of Prof. H. J. Gores, for the first time four different
methods for the measurement of cationic transference numbers of several non-aqueous lithium
ion electrolytes were compared to each other, especially regarding their concentration
dependence. The transference number, which is one of the most important properties of lithium
ion electrolytes, was determined by galvanostatic polarization, potentiostatic polarization,
electromotive force method and NMR DOSY for the recently developed lithium difluoro-
mono(oxalato)borate (LiDFOB) in EC/DEC and other promising Li" electrolytes. Whereas the
three electrochemical methods yielded transference numbers decreasing with concentration,
NMR DOSY measurements showed increasing transference numbers with increasing
concentration. The different concentration dependences obtained by electrochemical methods

and NMR measurements could be explained by ion association and solvation effects.

In cooperation with the research group of Prof. M. Scheer, the soluble, self-assembling
supramolecular system composed of the monomer [Cp®"Fe(s°-Ps)] and CuX (X = Cl, Br) was
investigated. The Cp"" ligand is conducive to the stability of the supramolecules as well as
responsible for their solubility, which for the first time allowed detailed NMR investigations on
the self-assembly process of spherical molecules based on polyphosphorus ligand complexes and
Cu(I) halides in solution. Four different supramolecules were discovered and characterized by
solution state NMR and related to the newly discovered crystals of [{Cp "Fe(n’-
Ps)} 12{CuX}16:x], [{CpP"Fe(n’-Ps)}12{CuX}s] and [{Cp""Fe(n’-Ps)}12{CuX}ss:], the latter
possessing a completely new scaffold for such pentaphosphaferrocene-based complexes. Their
solution characteristics, formation pathways, optimal formation conditions and their ability to
incorporate guests were investigated. Their template-independent formation was found to be
dependent on the CuX content, the overall concentration and the CD3;CN/CD,Cl, mixture. The
manipulation of the solvent mixture delivers a self-assembling reversible supramolecular four-

state switch. The switching process was found to be independent of the presence of a ferrocene
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guest inside two of the capsules. Furthermore, first preliminary investigations with Cul indicated
a similar behavior compared to the CuBr- and CuCl-derived systems. Altogether, these detailed
NMR investigations in the field of supramolecular chemistry on the hitherto unknown self-
assembly process of spherical molecules based on polyphosphorus ligand complexes and Cu(I)
halides in solution will considerably contribute to the improvement of synthesis strategies of

such supramolecules and to the further progress of supramolecular chemistry in general.
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