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Introduction

1. Introduction

1.1.  Aggregation in lon pair Catalysis

In the realm of chemical reactions, the interactions between substrates, catalysts and
solvents play a pivotal role for reactivity and selectivity. Especially intermolecular
interactions can lead to various aggregation ranging from simple dimers to more intricate
higher-order assemblies.[>-6] These aggregates can both enhance and alter reaction
pathways, leading to different reactivity or selectivity of the reaction.['-1% Hence,
understanding the complex interplay between aggregation behavior and reaction
outcome has emerged as a fundamental area of research across various fields in

chemistry.

In this context, among other intermolecular interactions the formation of ion pair
aggregates has received a lot of attention in the past decade.[*-4 The driving force
behind their formation is the electrostatic interaction between positive and negative
charged species.'® The influence of such ion pair aggregates on reaction behavior are
multifaceted. For example, these aggregates can serve as reservoirs of reactive
intermediates, effectively modulating their reactivity and stability®1"] or encapsulate
reaction partners which can shield the substrates from the bulk solvent, creating unique
microenvironments that deviate from conventional solution-phase chemistry.l18-20 Thus,
ion pair aggregates can impact the overall reaction rate and selectivity by changing the
local concentration of reactants within the aggregate. This localization effect can lead to
enhanced interactions between substrates, promoting specific reaction pathways while

inhibiting others.[":21]

Due to their influence on reactivity and selectivity, the understanding of ion pair formation
is key for reaction design. In the past, ion pair aggregation was primarily attributed to
electrostatic interactions, leading to solvent separated ion pairs (SSIP) or contact ion
pairs (CIP).[2223 However, recent studies of ion pair catalysts revealed that intermolecular
interactions, such as London-Dispersion and hydrogen bonds, can support these
electrostatic interactions to form more complex and stable aggregates.[?!l Therefore, this
thesis explores the influence of both electrostatic interactions as well as supporting
intermolecular interactions on ion pair aggregation. Thereby, the new catalyst class of

pyridinamide ion pairs is investigated for their electrostatic interactions, while the
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structural space and mechanism of chiral phosphoric acids (CPAs) are studied for a
further advance in the understanding of this catalyst class. To elucidate the complex
interactions in such aggregates, advanced spectroscopic techniques and computational
methods are employed. The insights derived from these studies not only shed light on

fundamental aspects of ion pairs but also pave the way for reaction design.

1.2.  Pyridinamide lon Pairs

Pyridinamide ion pairs were discovered only recently and demonstrated a huge potential
in organocatalysis. Previously, neutral pyridine derivatives have been dominating the field
of Lewis basic organocatalysts. Especially, 4-dimethylaminopyridine (DMAP)[24251 and
9-azajulolidine (TCAP)26-28] are widely used due to their high performance, latter still
being one of the most reactive Lewis basic organocatalysts to this day. The reactivity of
pyridine based organocatalysts is known to result from the electron-donating substituents
attached to the pyridine. Therefore, in the progress of further increasing the catalytic
activity, anionic substituents were employed. Here, the Zipse group introduced pyridinyl

amide ion pairs as organocatalysts (see Figure 1.1).13l

Neutral :

: o) @
SN N : ec}\s,CFs o :\S/A" PPh,
A ' o NBu®
A A ; U,
N N : S S PBu,

: N N
DMAP TCAP : Pyridinamide Anions Cations

Figure 1.1 Neutral and anionic pyridine derivates used as Lewis base organocatalysts. DMAP and
TCAP are shown on the left as prominent examples of neutral pyridine-based catalysts. On the
right, some exemplary pyridinamide based ion pair catalysts are depicted.

In general, the reactivity of these ion pair catalysts originates from the anion. However,
due to the nature of free ions in apolar organic solvents, normally unreactive ion pairs are
formed at concentrations relevant for synthesis, which would diminish the catalytic
activity. However, pyridinamide ion pairs are able to outperform TCAP and DMAP in
several reactions.['32% Thus, instead of the expected 1to 1 ion pair formation other
processes have to be involved to provide the high nucleophilicities observed.

Understanding the electrostatic interactions and resulting aggregation behavior of these




Introduction

ions could enable new design options for ion pair catalysts and could expand the
application to further reactions.

1.3.  Chiral Phosphoric Acids

The field of Chiral phosphoric Acids (CPAs) originated in 2004 through the pioneering
work of Akiyama et al.l?% and Terada et al.[?Y, who independently developed a method to
utilize CPAs as catalysts in Mannich-type reactions. Soon after, the groups of List*? and
Rueping®l demonstrated the possibilities of CPAs as catalysts with high
enantioselectivities by applying them to other reactions such as transfer hydrogenations
of imines. Thereafter, CPAs became a prominent catalyst class and the applicability to
various reactions was further investigated. Thereby, among others reaction procedures
for Friedel-Craft reactions,3*3% Ene-type reactions,®8 Strecker-reactions,!
cycloadditions®8! and cyclizations[**! were developed to use the enormous potential of
CPAs.

1.3.1. Features of Chiral Phosphoric Acids

CPAs possess remarkable features due to their unique structural characteristics.
Typically, CPAs are based on a BINOL (1,1'-binaphthyl-2,2'-diyl) backbone which is
renowned for its axial chirality. The induced stereoselectivity in reactions originates from
the attached 3,3"-substituents at the naphthyl-rings. Here, a huge variety of 3,3 -
substituents has been tested to adjust the CPA to the reaction of interest.[*®-*3l Commonly
used substituents are substituted phenyl rings e.g. TRIP (3,3-bis(2,4,6-
triisopropylphenyl)-1,1’-binaphthyl-2,2'diyl hydrogen phosphate)®? and TRIFP (3,3'-
bis(3,5-bis (trifluoromethyl)phenyl)-1,1’-binaphthyl-2,2'diyl hydrogen phosphate)i®3 or a
triphenylsilyl-group (TiPSY: 3,3’-bis(triphenylsilyl)-1,1’-binaphthyl-2,2'diyl hydrogen
phosphate)*4, These 3,3 -substituents primarily differ in size and the flexibility of the
phenyl group, for which Goodman et al. established two parameters to describe these
steric properties of the 3,3 -substituents.*®! On the one hand, the rotational barrier of the
3,3 -substituent and on the other hand, A Remote Environment Angle: AREA (0), to
describe the size of the binding pocket. Besides the 3,3"-substituents, another key feature
stems from the dual functionality generated by the Brgnsted acidic PO - H and the
Bragnsted basic P=0O groups which are responsible for the variety of catalyzed reactions.

The acidic PO - H group serves as an electrophile scavenger, while the Brgnsted basic
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phosphoryl oxygen acts as a hydrogen bond or proton acceptor, facilitating concerted
activation of nucleophiles (see Figure 1.2).

FA) Structure 'B) 3,3 -substituents CFs

sterically demanding
3,3 -substituents

9[ Ry CF;
- .- POOH
: —
O._.OH—Brgnsted acidic group ;R‘/ 00 R TRIFP 6 = 62

O'PQO —Brgnsted basic group | O Q
S

TRIP 6 = 51 TiPSY 6 =29

Figure 1.2 A) Structure of CPAs with all key features highlighted. In the center of a CPA both the
Brgnsted acidic (red) as well as the Brgnsted basic (green) groups are located. The 3,3"-
substituents which lead to the confined arrangement to induce the stereoselectivity are limiting the
binding pocket (blue). B) The influence of the 3,3"-substituents described by the AREA (6) value.!*>
Huge substituents lead to small 8 values which indicates a small binding pocket and higher steric
limitations and vice versa.

The combination of the axial chirality of the BINOL backbone, the unique 3,3'-substituent
arrangement, and the dual functional groups make CPAs versatile tools for controlling
stereochemistry and promoting a diverse array of chemical reactions. Thus, making them
to one of the most prominent catalysts in asymmetric organocatalysis. [1:43.46]

1.3.2. Mechanistic Insights

Due to the success of CPAs in organocatalysis, mechanistic studies have been of huge
interest to optimize reaction conditions and improve the already astonishing
enantioselectivities. For that purpose, the CPA-catalyzed transfer hydrogenation of
imines with Hantzsch Ester (HE) as hydrogenation agent was established as a model
system. The underlying reaction mechanism for this model system was initially proposed
by Rueping et al.l®®l and later confirmed and further elucidated by computational

studies*”#8 as well as in-depth NMR investigations!?1.4%-52],

In this proposed catalytic cycle, the initial step describes the formation of a binary complex
between the CPA and the imine which are connected via an ion pair assisted hydrogen
bond.[2%.53] Mechanistic studies focused on this binary complex and revealed several new
details about this reaction step. Among other findigs, an E/Z-isomerization was revealed

during step A in which the binary complex is formed.[*”] Further computational and
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experimental studies revealed that the reaction proceeds via a Z-imine transition state
which was then used to improve the reaction.*”:54 In the next step, the HE attaches to
the binary complex through an additional hydrogen bond between the Brgnsted basic
P=0 group of the CPA and the N-H group of the HE. Thereafter, the hydride transfer from
the HE leads to the chiral product and the CPA is restored by the pyridinium salt (see
Figure 1.3, left).

o] (o]
EtO | = OEt
P
N Ar0, .0
Hantzsch Ester 3 Ar0” “OH

binary
complex

ternary complex

H‘N'R2 o} H“ H (o] - ] )
e Et0 oet| - + influenceon
R™ R | | . L !
Amine N -« stereoselectivity? .

Figure 1.3 Catalytic cycle of the CPA-catalyzed transferhydrogenation of imines with HE as
hydrogenation agent. Besides this acknowledged mechanism a possible secondary pathway
including a dimeric species was observed. Here, further studies could reveal if this species is a
general feature in CPA-catalysis. This could then lead to an optimization of stereoselectivity in case
and influence on the stereoselectivity is observed due to the dimeric species or even a competition
between both pathways.

Although the first report about CPAs dates back almost two decades, a complete
understanding with a simple prediction model still remains elusive. Until now,
experimental studies of CPAs are still only possible by investigating the binary complex
due to the poor solubility of the HE.[®] Nevertheless, even this first reaction step may not
be completely understood yet. Only recently, a possible dimeric species consisting of a
hydrogen bond bridged CPA dimer with each CPA binding to either a substrate or the HE

was revealed by Niemeyer et al. for the transfer hydrogenation of quinolines.l’l This
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revelation opens up new possibilities in case this dimeric species is observed as a general
feature in CPA-catalyzed reactions and could possibly change the entire reaction

optimization (see Figure 1.3, right).

Besides the binary complex, only theoretical calculations have been able to establish
models for the proposed ternary complex of CPAs.[*556-59 These calculations also
postulated a complex data-driven prediction model for a broad substrate scope.®8
However, these models could have never been validated by experimental studies which
are for now only based on the binary complex. Experimentally, it has just recently become
possible to analyze a ternary complex for the first time. Here, chiral disulfonimides (DSIs)
were used instead of CPAs and demonstrated a possibility to access the ternary complex
also with CPAs.5% Due to the lack of experimental data on the ternary complex of CPAs,
experimental access seems to be key to validate or optimize established theoretical
models and could even open up new possibilities for reaction design in CPA catalysis.

1.4. Outline

This thesis delves into the complex aggregation behavior in ion pairs catalysis, aiming to
elevate our understanding to a new level. On the one hand, ion pair aggregation driven
by purely electrostatic interactions is investigated using pyridinamide ion pair catalysts.
Here, diffusion-ordered spectroscopy (DOSY) NMR measurements are conducted and
combined with conductivity and nucleophilicity studies from a collaboration. This joint
investigation seeks to elucidate the underlying aggregation behavior, which is responsible
for the remarkable reactivity observed within this catalyst class. On the other hand,
aggregation trends of a combination of electrostatic and intermolecular interactions are
investigated thoroughly for the CPA-catalyzed transfer hydrogenation of imines. Here,
the primary focus lies on the study of late reaction intermediates as well as higher
aggregates of both the binary and the ternary complex of CPAs. Therefore, special 1D
and 2D multinuclear NMR experiments were used as central tool to identify such new
species. These studies should elevate our understanding of ion pair aggregation in

catalysis and change our view on the significance of potential side-species.

Chapter 2 focused on achieving experimental access of late intermediates in the CPA-
catalyzed transfer hydrogenation of imines. Prior experimental studies of CPAs only
resolved around the binary complex and were unable to give a general prediction model
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for reaction design.51.52601 Only, complex data-driven models were able to establish
prediction models for the stereoselectivity of CPA-catalyzed reactions,®! but
experimental data of late intermediates is missing till this date to validate and optimize
these models or even give a simple prediction model itself. Therefore, to investigate late
intermediates of CPAs, an NMR screening at 180 K was conducted using combinations
of 5 CPAs, 7 imines, and a Hantzsch Ester (HE) derivative, which improves the solubility
of the HE at low temperatures. Here, for the first time the ternary complex of CPAs was
identified by experimental methods. Thereafter, two model systems were selected for
further investigation of the ternary complex. Due to the complexity of the system, with
multiple exchanging species and conformers, additional pulse sequences from Bio-NMR
had to be applied to small molecules to obtain detailed structural information. These
investigations revealed a variety of hydrogen bond species, which indicates a broad
structural space for the ternary complex. Besides the 1:1:1 ternary complex, the 2:1:1
ternary complex of the dimeric species was identified and validated the previously
calculated structures.[®? Additionally, a yet unknown [3:3] dimeric species consisting of
two ternary complexes was revealed by NMR which has not been considered in prior
calculations.!®!l Furthermore, three different conformers were calculated for the CPA/E-
imine/HE ternary complex which were validated by NMR spectroscopy. These results
demonstrated that despite the sterically hinderance of the 3,3"-substituents, especially in

later intermediates, a broad conformational and structural variety is still observed.

In chapter 3, the CPA-catalyzed transfer hydrogenation of imines was selected as a
model system to investigate if dimeric CPA/CPA species are a general feature in CPA-
catalyzed reactions and its following implications on the reaction selectivity. Therefore,
low temperature NMR spectroscopy was employed using a 2:1 stoichiometry of CPA to
imine instead of the typical 1:1 stoichiometry to force the formation of possible dimers.
To reveal potential electronic and steric trends, a total of 7 CPAs and 13 imines were
screened. Besides NMR spectroscopy, high pressure liquid chromatography (HPLC) was
used to determine the enantioselectivity of the reaction when adjusting the reaction
conditions towards a possible dimerization. Although the NMR studies confirmed the
existence of a 2:1 dimer at 180 K and revealed formation trends based on electronic and
steric properties of the CPA and imine, no similar effect on stereoselectivity as with

qguinolines was observed for a wide range of reaction conditions. Thus, a dimeric pathway
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can be ruled out as a general feature of CPA catalysis but must be considered for special
reactions like the transfer hydrogenation of quinolines.

In chapter 4, a class of ion pair catalysts was investigated in regard of their aggregation
and the resulting influence on the reactivity. The Zipse group introduced pyridinamide
based ion pair catalysts, which showcased their potential in ion pair catalysis over neutral
organocatalysts by outperforming the widely utilized 4-dimethylaminopyridine (DMAP)
and 9-azajulodine (TCAP).®l Due to their success, they became a prime example to
study ion pair formation and its influence on reactivity. The observed reactivity was
contrary to the expected ion pair formation of an unreactive 1:1 ion pair which should
have led to diminished reactivity especially at higher concentrations relevant for
synthesis. To investigate this behavior, DOSY-NMR measurements of 7 different
pyridinamide catalysts in 4 different solvents were performed within a concentration range
of 0.001 mM to 5mM. These results were then combined with conductivity
measurements, calculations and nucleophilicity parameters, measured by the
benzhydrylium method of Prof. Herbert Mayr.[26.6364 This combination of methods
allowed unprecedent insights into ion pair formation and showcased its general potential
for mechanistic studies. Thereby, DOSY revealed so called “sandwich” complexes which
were crucial for the correct interpretation of the conductivity and nucleophilicity data.
These complexes are asymmetric associations consisting of either 2 cations and 1 anion
or vice versa. Thus, these findings resolve the limitation of ionic compounds forming less

reactive 1:1 adducts and pave the way for catalyst design.

In summary, this thesis presents NMR-spectroscopic studies of ion pair aggregation and
their transfer to synthetic applications. The main focus lays on chiral phosphoric acids as
a catalyst class. Here, the ternary complex of CPAs was experimentally investigated.
Despite the steric limitations of CPAs, especially considering larger aggregates such as
ternary complexes, a broad structural space including a dimeric 2:1:1 ternary complex
and a yet unknown [3:3] dimer was revealed. In addition, three different conformers for
the ternary complex were identified by a combination of calculations and NMR
spectroscopy. Furthermore, a secondary dimeric reaction pathway was ruled out as a
general characteristic of CPAs. Although a dimer formation was observed by low
temperature NMR investigations, it was not possible to apply these findings on the
reaction. Various conditions were investigated, but for none a significant change in

enantioselectivity as observed with quinolines was detected. Besides CPAs,

8
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pyridinamide based ion pair catalysts were investigated in regard of their ion pair
formation trends. Here, NMR measurements in collaboration with conductivity and
nucleophilicity measurements enabled a deeper mechanistic understanding by revealing
higher ion pair aggregates. Thus, this thesis demonstrates that higher aggregates can be
an important feature in ion pair catalysis due to their common appearance and proven
impact on the reaction. Hence, the mechanistic understanding of ion pairs in catalysis is
key to control and improve the reaction outcome. This thesis laid the foundation for future
reaction design studies by providing experimental access to late reaction intermediates
in CPA catalysis. Furthermore, a new combination of methods was established for in-
depth studies of ion pairs which enables better and more detailed studies of ion pairing

trends in the future.
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2.1. Abstract

In ion pair catalysis, the last intermediate structures prior to the stereoselective transition
states are of special importance for predictive models due to the high isomerization
barrier between E- and Z- substrate double bonds connecting ground and transition state
energies. However, in prior experimental investigations of chiral phosphoric acids (CPA)
solely the early intermediates could be investigated while the key intermediate remained
elusive. In this study, the first experimental structural and conformational insights into
ternary complexes with CPAs are presented using a special combination of low
temperature and relaxation optimized NMR spectroscopy. Combined NMR investigations
and theoretical calculations revealed three conformers of the ternary complex, of which
one is also closely resembling the previously calculated transition states. In addition, a
2:1:1 ternary complex as well as an unprecedent [3:3] dimeric species consisting of two
ternary complexes was revealed. Given the importance of the ground state energies for
the transition state interpretation in ion pair catalysis we believe that the presented
experimental insight into the structural and conformational variety of the ternary

complexes is key to the future development of predictive models in ion pair catalysis.

2.2. Introduction

The detection and identification of late reaction intermediates is pivotal for an in-depth
understanding of mechanisms and thus predicting the reaction outcome. However,
accessing these intermediates through experimental and computational methods often
proves to be challenging. Especially for the BINOL (1,1-binaphtol) derived chiral
phosphoric acids (CPA), which have emerged as a prominent catalyst class with excellent
stereoselectivities over the past decades,!1? |ate intermediates have been
experimentally elusive until now. Due to their remarkable success in organocatalysis,
extensive theoretical and analytical studies have already been conducted.329 |n
contrast, despite years of effort, experimental studies have only been able to investigate
early intermediates such as the binary complex (see Figure 2.1A, blue). The important
last intermediate prior to the stereoselective step had been inaccessible due to solubility
issues of the hydrogenation agent as well as the complexity of the systems. Only
theoretical calculations have been capable of establishing models for transition states

and were able to derive complex data-driven prediction models.[21.22]
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Figure 2.1 A) Proposed catalytic cycle for the CPA-catalyzed transfer hydrogenation of imines. Prior
studies elucidated structural details of the binary complexes but the ternary complexes remained
elusive for nearly a decade. B) In this work, we accessed the ternary complex by using a HE
derivate which is soluble even at 180 K needed for NMR investigations. The gathered
measurements were used for a structural and conformational analysis in collaboration with
computational methods.

Nevertheless, despite the challenges associated with identifying reaction mechanisms
involving hydrogen bonds and ion pair character,[2324 experimental studies combined
with calculations have provided a plethora of valuable insights into the early intermediates
of the catalytic cycle originally proposed by Rueping et al. (see Figure 2.1A).[?51 Among
them, an E/Z-isomerization was revealed during step A in which a binary complex is
formed via a hydrogen bond-assisted ion pair between CPA and imine.[17:2426.27] |n

addition, the 3,3 -substituents were found to play a crucial role for controlling the
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stereoselectivity.[?>28-34 To classify the influence of the 3,3 -substituents, Goodman et al.
introduced two parameters: proximal sterics described by the rotational barrier of the
3,3 -substituent and the cone angle AREA (8) of the binding pocket.[*3l Furthermore,
Goodman et al.'s computations postulated four distinct stereochemical arrangements for
the CPA/imine binary complex!!3l, which were later experimentally confirmed by NMR
studies.[%31 Of these four calculated conformations, two are corresponding to an E-imine
species (Type | E and Type Il E) and two to a Z-imine species (Type | Z and Type 1l Z),
with Type | and Type Il differing in the arrangement of the imine to the binaphthyl moiety
of the CPA. Notably, one of each imine isomer leads to the correct enantioselectivity
(Type | E and Type Il Z).

Besides the structural investigations of the binary complex, the aggregation behavior of
CPAs was extensively investigated. Despite the strong hydrogen bonds and sterically
hinderance of the 3,3 -substituents, a variety of structural arrangements could be
possible due to the ion pair character of CPAs. Such aggregates could influence reactivity
and selectivity by enabling new reaction pathways or serve as off-cycle equilibria. Indeed,
several higher aggregates were identified by NMR spectroscopy.%3 On the one hand,
an off-cycle [2:2] dimeric species was revealed consisting of two binary complexes which
enclose the imines in between two CPAs.B% Similar [CPA/imine]. dimers are also
observed using N-(ortho-hydroxyaryl) imines which lead to a bidentate binding that might
contribute to the high stereoselectivity with these substrates.[ On the other hand, a 2:1
CPA/CPA/imine dimer was discovered with quinolines as substrate, for which
calculations proposed that the quinoline forms a hydrogen bond to one CPA while the
Hantzsch ester (HE) attaches to the second CPA."l Here, experiments showed an
inversion in stereoselectivity in comparison to the classic monomeric pathway induced by

a secondary dimeric pathway.[2®!

For now however, prediction models are based on theoretical calculations of the
energetically most probable monomeric CPA/imine/HE transition states.[1415383% Even in
the case of monomeric reaction pathways the high activation barrier of the substrate
double bond is expected to create a special importance of the relative energies of the
last, the ternary intermediate prior to the stereoselective step. Usually, only the relative
transition state energies must be considered. In case of a slow E/Z- isomerization the
ground state energies of the last intermediate have to be taken into account, since E- and

Z- pathways are mainly decoupled.??! Hence, the structures, the conformations and the
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potential aggregation of the elusive ternary complexes are of special interest for
predictive models and the rational understanding of ion pair catalysis with CPAs.

However, experimentally advancing the ternary complexes with CPAs deemed extremely
challenging due to additional exchange processes which cause line broadening and
shorten the transverse relaxation times (T2), worsening the resolution and signal
intensities of 2D NMR spectra. Hence, our group performed studies of the ternary
complex featuring a BINOL-derived chiral disulfonimide (DSI) catalyst, which is closely
related to CPAs but better accessible for NMR measurements. Here, the first insights into
the aggregation behavior of ternary complexes were provided based on NMR
spectroscopy.[*d Subsequently, we transferred this knowledge to CPAs and showed in a
London-Dispersion study for the first time that ternary complexes of CPAs can also be
detected by NMR spectroscopy.“! In consequence, the focus of our NMR investigations
shifted towards the ternary complex of CPAs for more in-depth details on its structure
and aggregation behavior. Nevertheless, structural and conformational investigation
were still elusive based on standard methods for small molecules. Therefore, NMR
methods for proteins could be used which are optimized for short T2 relaxation times and
slow tumbling.3¥ Both are crucial in mechanistic studies of ternary complexes of CPAs,

especially at low temperatures which also push the system in the slow tumbling regime.

Thus, the aim of this study is to provide easy experimentally access to the late
intermediates of CPAs using NMR spectroscopy. Therefore, we employed the *N HSQC-
NOESY pulse sequence under optimized NMR conditions for our systems, thereby
enhancing sensitivity and yielding more comprehensive data for in-depth investigations.
Based on this approach, the structural and conformational variety of ternary complexes
with CPAs was investigated for the first time. The structural space was especially
examined in relation to previously reported structures, such as the 2:1 dimeric species.
Here, we observed the 2:1:1 ternary complex for the first time and confirmed that the HE
forms a hydrogen bond to the second CPA, as proposed by calculations.l*® Furthermore,
an unprecedent [3:3] dimeric species was revealed in which imine and HE are enclosed
by two CPAs leading to the first observed additional separated hydrogen bond signal of
the HE. Besides the structural investigations, the first conformational analysis of the 1:1:1
ternary complex of CPAs was conducted by NMR spectroscopy combined with
calculations revealing three conformers. Notably, the most stable conformer also closely

resembles the calculated transition states, thereby validating these for the first time
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experimentally. This structural and conformational variety of late intermediates in CPA
catalysis was not unraveled in prior theoretical studies, underscoring the crucial role of

experimental studies in deepening our comprehension of complex structures'

conformational space.
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2.3. Results and Discussion

2.3.1. Model Systems and Experimental Setup

In order to investigate transfer hydrogenation reactions of CPAs the last intermediates
prior to the stereoselective step/transition state, 25 ternary complexes comprised of
different CPA 1/imine 2/HE 3 combinations were screened in a 1:1:1 stoichiometry at 180
K (see Figure 2.2). This low temperature is crucial to slow down exchange processes and
enables the detection of hydrogen bonds. Therefore, we used dichloromethane (DCM)
as solvent which combines low temperature accessibility, excellent NMR prop-erties of
the complexes and very high ion pair formation trends. In prior attempts of accessing the
ternary complex by NMR spectroscopy, the poor solubility of the HE 3a at 180 K as well
as product formation during the sample preparation hindered any structure elucidation
for several years. In the study of DSIs,* the HE derivate 3b with a phenyl-group,
substituting one of the hydrogen atoms distant from the binding site, was successfully
employed to improve solubility and to reduce reactivity. Also, for complexes with CPAs
the HE derivate 3b proved itself to be superior to 3a and allowed us to investigate the
ternary complex with concentrations of up to 50 mM in a 1:1:1 stoichiometry of
CPA 1/ imine 2/ HE 3. In addition, both the imine 2 and HE 3 were °N-labelled (**N spin
number = %) for an easier identification of hydrogen bonds between the CPA 1 and imine
2 (PO-H-N*) and between the CPA 1 and HE 3 (PO-H-N) due to their doublet splitting.
Different CPAs la-f and imines 2a-g were selected with varying steric and electronic
properties due to their significant influence on the NMR properties of the complexes
observed in prior studies. The screening of 25 systems revealed some general
characteristics of the formation of ternary complexes. Despite the steric hinderance of the
3,3 -substituents, the ternary complex was detected for each CPA (see Sl 2.6.11). It also
revealed that CPAs with a relatively high AREA (0) value and low rotational barrier,!*?!
such as TRIFP l1a (AREA (8) = 4.03; rotation barrier = 2.02kcal mol') and OMe-CPA 1b,
result in sharper spectral lines, better suited for NMR investigations and a higher

formation trend of ternary complexes.
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Figure 2.2 Model compounds used in the screening for ternary complexes comprised of (R)-CPAs
1, imines 2 and HE 3. 25 combination of imines 2a-g with CPAs la-f and HE 3b were screened.

The combination of TRIFP la/ 2a/HE 3b showed the best NMR properties (high ternary
complex formation, acceptable line widths, CF3 groups for 'H-1°F-HOESY) and was
therefore selected as model system. Besides the hydrogen bond signals of the ternary
complex, additional yet unknown signals were observed in the hydrogen bond area of the
'H-spectrum during system screening. Here, one signal pattern of two doublets was
observed in several systems, which hinted towards a potential new aggregate of the
ternary complex. To study these signals, CPA 1b with a p-methoxy-phenyl as
3,3 -substituent (OMe-CPA 1b) was selected as second model system as it showed the

highest preference of this new species out of all screened systems.

2.3.2. Structural Space

First, the hydrogen bond area in the !H-spectrum (from 9 to 19 ppm) of
TRIFP la/2a/HE 3b was evaluated to identify the ternary complex (see Figure 2.3). While
the presence of a ternary complex is indicated by a new CPA/HE hydrogen bond signal
(9.05 ppm) only one signal set for the CPA/imine hydrogen bond (two doublets, one for
each imine isomer) is observed suggesting a fast exchange of the binary and ternary
complex on the NMR timescale even at 180 K. This was corroborated by a chemical shift
mapping in which both signals of the binary complex are high-field shifted upon the
addition of HE 3b to the system of TRIFP 1a/2a (see Figure 2.3B and Sl 3.7). Similarly,
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only one CPA/HE signal is observed for the ternary complexes in all 1H 15N correlation
spectra. This indicates that this signal is an averaged HE 3b signal of both E- and Z-
ternary complexes as well as the free HE. Hence, these species are also in fast
exchange. Additionally, further analysis of the CPA/imine hydrogen bonds shows that the
CPA/Z-imine signal is further highfield shifted (-0.27 ppm) than the CPA/E imine (-0.16
ppm). From the fitting of the chemical shift mapping data the binding constants were
calculated showing that 3b is only weakly bound to the binary complex (Z-2a: Ka=22.2;
E-2a: Ka=19.8) similar to the situation in DSlIs.“]

For quinolines complexes with dimeric catalysts structures were found to influence the
stereoselectivity,[®® therefore next the potential presence of catalyst dimers in the ternary
complexes was tested. So far, exclusively the binary complex of the 2:1 dimer has been
experimentally investigated, supported by calculations that proposed the HE forms a
hydrogen bond to the second CPA (see Figure 2.3C). However, so far, there has been
no experimental evidence whether the HE binds to the second CPA or to the same CPA
as the substrate. Therefore, a 2:1:1 stoichiometry of TRIFP 1a/2a/HE 3b was used to
force the system into this dimeric species (which is not observed in a 1:1:1 stoichiometry)
and to investigate the binding behavior of the HE in this complex. In accordance with the
2:1 binary complex signal pattern, two singlets representing the CPA 1/CPA 1 (PO--H--
OP) hydrogen bonds of both imine isomers and two doublets for the CPA 1/CPA 1/imine
2 (PO--H--N) hydrogen bonds of both imine isomers were detected (see Figure 2.3C,
purple). In addition, for the first time a signal for the hydrogen bond between HE and CPA
in such a la/la/2a/3b complex was detected (see Figure 2.3C, green). Similar to the
1:1:1 ternary complex, a fast exchange process between 2:1:1 complexes with and
without HE 3b was observed and corroborated by a chemical shift mapping (see SI
2.6.7.2). Moreover, the chemical shift mapping revealed a significantly higher shift for the
CPA/CPA (PO--H--OP; up to 0.38 ppm) hydrogen bond signals compared to the
CPA/CPA/imine signals (PO--H—N; up to -0.08 ppm). This observation indicates that the
chemical environment of the CPA 1/CPA 1 hydrogen bond is more impacted by the
addition of the HE 3b than the CPA 1/CPA 1/imine 2 hydrogen bond. This finding supports
Grimme et al.s calculations in which the substrate is attached to one CPA while the HE
is attached to the other CPA of the dimer.[35371 Thus, this is the first time the 2:1:1 complex
is experimentally detected and chemical shift mapping indicates that imine and Hantzsch

ester bind to different catalyst molecules.
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Next, the structural space of the 1:1:1 ternary complex was further investigated. In prior
studies, no additional structures of ternary complexes were considered.>41 However, in
all 25 screened systems multiple additional hydrogen bond signals were detected.
Considering the remarkable impact of the dimeric pathway with quinolines which was only
detected as a small populated species by NMR,% the elucidation of such additional late

reaction intermediates could be crucial for any prediction model.

Besides a singlet at approximately 18 ppm (see Figure 2.4A, purple), which appeared in
most systems and seems to be related to a CPA aggregate [CPA]n, an additional signal
pattern was observed regularly, twice even as the major species (see Sl 2.6.7.1). For
these investigations, the OMe-CPA 1b/2a/HE 3b system was selected as model system
due to a high formation of this species (see Figure 2.4A, blue) In general, both signals
are doublets and appear together indicating that they belong to the same species. To
identify the underlying hydrogen-bonded substrates of each signal, samples were
compared in which either the imine 2a or the HE 3b was '°N-labelled. Thereby, the signal
at 13.77 ppm (blue) was identified as a [CPA/imine] hydrogen bond which was later
elucidated as an E-imine species by EXSY correlations (see Figure 2.4B). Furthermore,
the signal at 9.98 ppm was identified as a [CPA/HE] hydrogen bond (see Sl 2.6.7.1). This
is the first time that an additional separate hydrogen bond signal is observed as in prior
studies only averaged signals for the HE 3b were detected due to fast exchange
processes.l*%41 Therefore, the exchange processes of this new species have to be
slowed down which indicates a locked system that hinders the HE 3b from a fast

exchange with the binary and ternary complexes.
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Figure 2.3 A) Structure of the ternary complex of TRIFP 1la/2a/HE 3b with the proton chemical shifts
of the hydrogen bond signals. B) 'H-NMR spectrum comparison of the binary (red, 1:1:0
stoichiometry, 40 mM, CD2Clz, 180K) and the ternary complex (blue, 1:1:1 stoichiometry, 40 mM,
CD2Clz, 180K) of the system TRIFP 1a/2a/ HE 3b. Upon addition of the HE 3b, a high-field shift of
both CPA/imine hydrogen bond signals is observed. C) *H-NMR spectrum of the TRIFP 1a/2a/ HE 3b
system in a 2:1:1 stoichiometry (40:20:20 mM, CDzClz, 180K). This sample demonstrated that also
for the dimeric 2:1 species (purple) it is possible to form a complex with the HE 3b.

Besides these initial observations, the [CPA 1b/E-2a] hydrogen bond signal is high field
shifted in comparison to other CPA/imine hydrogen bond signals (see Figure 2.4A).
Similar chemical shifts were previously reported only for a [2:2] dimer of two CPAs that
lock two imines between them, which also occurred exclusively as an E-imine species.%
Considering the integral ratio of 1:1, the same amount of [CPA/E-imine] hydrogen bonds

as [CPA/HE] hydrogen bonds within this complex (see Figure 2.4A). Hence, a first
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assumption would be a [3:3] dimer consisting of two ternary complexes
(CPA/imine/HE=3) where the CPAs enclose both imine 2a and HE 3b (see Figure 2.4C).
To validate that the signals correspond to a dimeric species, dilution experiments were
performed. Here, a significant decrease in both [3:3] dimer signals was observed
compared to the hydrogen bond signals of the binary/ternary complex (see Sl 2.6.7.1),
supporting the [3:3] dimer hypothesis. Furthermore, the uniform decrease of both the
[CPA/imine] as well as the [CPA/HE] hydrogen bond signals supports the observation
that both are related to the same complex. Next, diffusion ordered spectroscopy (DOSY)
measurements were conducted for validation of a higher aggregation (see Sl 2.6.9). For
DOSY evaluation, the hydrogen bond signals cannot be used, so other well-separated
signals, such as the OMe-group signals for CPA 1b, were utilized. However, for these
signals, the exchange between binary/ternary complexes must be considered which
results in an averaged signal set for the aliphatic and aromatic signals for the proposed
[3:3] dimer. Hence, using these signals for DOSY results in an averaged volume of all
species for each substrate, rather than the volume of one specific complex. For
comparison purposes, separate samples with a 1:1 stoichiometry were measured for the
binary complex and for HE 3b alone. Here, a volume of 1625 A3 was determined for the
binary complex and 506 A3 for HE 3b. Combining these values yields an estimated
volume of 2131 As for the ternary complex. However, the average volume of all CPA
species inside the 1:1:1 sample is 2331 A3, significantly exceeding the estimated volume
of the ternary complex (2131 A3). Thus, a higher aggregate must be responsible for this
significant increase in volume, which also supports the [3:3] dimer hypothesis. Besides
NMR experiments, calculations were performed to verify a [3:3] dimer. Despite separate
hydrogen bond signals, the exchange processes identified by EXSY signals prevent a
NOESY analysis of the [3:3] dimer due to its similarities to the ternary complex, making
it difficult to differentiate NOE correlations clearly. Nevertheless, calculations resulted in
a [3:3] structure that encloses imine 2a and HE 3b which supports the initial assumption
of a locked system based on the additional separated hydrogen bond signal for HE 3b
(for further details see SI 2.6.10.2). Thus, the [3:3] dimer model is supported by both
computations as well as NMR data, including the integral ratio of approximately 1:1 of the
[CPA 1b/E-2a] to [CPA 1b/HE 3b] hydrogen bond signals, chemical shifts, DOSY and

dilution experiments (for further discussion see Sl 2.6.7.1).
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Figure 2.4 A) The *H-NMR spectrum of the OMe-CPA 1b/2a/3b system (1:1:1 stoichiometry, 40 mM,
CD2Cl3, 180 K). The hydrogen bonds between CPA 1/imine 2 (orange) and CPA 1/3b (green) can be
assigned to the ternary complex. The [CPA]n aggregate is highlighted in pink. Additionally, two new
hydrogen bond signals are observed ([E-2a/1a/3b]z in blue; [E 2a/1b/3b]z in purple; the respective
hydrogen bond is underlined), which can be identified as a [3:3] dimeric species consisting of two
ternary complexes. B) One part of the *H-'H NOESY/EXSY of this system is displayed showing the
exchange between the [3:3] dimer and the 1b/E-2a hydrogen bond signal which reveals the [3:3]
dimer as an E-imine species. C) Schematic display of the [3:3] dimer (left) and calculated structure
of the [3:3] dimer.

In conclusion, we were able to experimentally confirm the ternary complex with CPAs by
NMR spectroscopy. Beyond the mere formation of the ternary complex, we were also for
the first time able to identify two higher aggregates as late intermediates: a 2:1:1 dimeric
species and a previously unknown [3:3] dimeric species consisting of two ternary

complexes.
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2.3.3. Accessing the Ternary Complex

Next, we conducted the first experimental analysis of the structural arrangement of
ternary complexes with CPAs. Here, we focused on the 1:1:1 ternary complex of our
model system TRIFP 1a/2a/HE 3b. Other species were not analyzed because no system
was observed during screening that exclusively contained either the 2:1:1 complex or the
[3:3] dimer, preventing an in-depth NOE analysis due to exchange processes. For the
classic approach known from the binary complexes, *H,3'P-HMBC is used as a starting
point for the chemical shift assignment of any CPA structures. This method provides
information about the central region of the ternary complex and the connection of all
substrates. However, in the TRIFP 1a/2a/HE 3b system binary and ternary complexes
are in fast chemical exchange even at 180 K resulting in signal broadening and reduced
chemical shift resolution. These exchange processes are particularly pronounced in the
phosphorus dimension resulting in poor chemical shift resolution in *H,3'P-HMBC spectra
which deems the classic approach infeasible. Therefore, a variety of NMR methods were
tested and finally optimized to enable a new approach for the chemical shift assignment.
Here, especially the center of the ternary complex which consists of a PO-H-N*
(CPA/imine) and PO-H-N (CPA/HE) hydrogen bond was of interest. The possibility of 15N-
labelling both imine 2a as well as the HE 3b moved °*N-2D-NMR spectra into the focus.
At 180 K, the CPA/Imine/HE system is in the slow-tumbling regime, making the NMR
pulse sequences commonly employed in protein studies suitable for our purposes. The
I5N-HSQC-NOESY experiment, utilizing the pulse sequence from the Bruker® library
hsqcetgpnosp with adiabatic pulses, is a method applied in protein research. It combines
two robust NMR techniques: the *®N HSQC (heteronuclear single quantum coherence)
and the NOESY (nuclear Overhauser effect spectroscopy). In the >N HSQC component,

correlations between nitrogen and proton nuclei within proteins are observed, providing
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insights into the chemical environment. Conversely, the NOESY component detects NOE

effects, uncovering interactions between nearby nuclear spins.
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Figure 2.5 A) ®N-HSQC-NOESY spectrum of TRIFP la/2a/ HE 3b (1:1:1 stoichiometry, 40 mM,
CD2Cl2, 180K). Separated rows for the CPA/E-imine (orange), CPA/Z-imine (red) and CPA/HE (green)
hydrogen bonds can be observed. B) Single rows can be displayed as 1D spectra for more detailed
information to reveal the structural environment of each hydrogen bond, here exemplary displayed

for the CPA/E-imine hydrogen bond (& (**N)=195 ppm).
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These interactions offer valuable distance constraints, aiding in the determination of a
protein's three-dimensional structure. By integrating these techniques, the >N HSQC-
NOESY experiment yields comprehensive structural details about the CPA/Imine/HE
(see Figure2.5A). With this pulse sequence a reduced number of cross-signals is
detected in comparison to !H-'H NOESY, which minimizes signal overlapping
significantly. The higher sensitivity of the >N HSQC-NOESY compared to the H NOESY
is primarily attributed to the significantly longer T2 relaxation times of >N signals relative
to 1H signals. This characteristic reduces magnetization loss during the evolution period
(t), thereby preserving more signal and resulting in enhanced sensitivity. This
phenomenon is already knownl*243 and has been used in the studies of hydrogen

bonding of different systems.[44-48]

The use of one-dimensional rows of this spectrum, at the "*N frequency of interest, offers
an enhanced method for observing inter- and intramolecular contacts (Figure 5B).
Moreover, detailed knowledge about the center of the ternary complex and hydrogen
bond site can be obtained. Thus, based on the initial screening, optimized sample
preparation, 1®N-HSQC-NOESY and the selection of the TRIFP 1a/2a/HE 3b system
which has the better chemical shift resolution, after initial attempts by our group#%44 it is
for the first time possible to achieve detailed structural information of the ternary complex.

The new approach for the chemical shift assignment enables unambiguous structural
investigations of the ternary complex, applicable across a wide range of substrates for
the first time. The resulting chemical shift assignments establish the basis for
conformational investigations of the ternary complex of CPAs which were previously

beyond reach.

2.3.4. Conformational Investigations

So far, there has been no comprehensive conformational analysis of 1:1:1 ternary
complexes of CPAs. Hence, we aimed to elucidate their conformational space based on
established NMR methods, which allowed us to access the ternary complex, and by
including theoretical calculations. Therefore, we employed our TRIFP la/ 2a/ HE 3b
model system to utlize 'H,'°F-HOESY in addition to 'H,'H NOESY and 15N
HSQC-NOESY. Additionally, the 1:1:1 ternary complex is the major populated species in
this system, thus no other species are interfering with our NOE analysis. Nevertheless,

the fast exchange between binary and ternary complexes, which is still present at 180 K,
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must be considered for a NOE interpretation. This leads to a challenging NOE analysis
as only interactions involving HE 3b can be considered, given that HE 3b is not
associated with the binary complex. Despite these limitations, a clear distinction between
the calculated conformers is feasible by focusing on the distinct HE 3b NOE correlations,
that are unique for each respective conformer in comparison to the others. This confined
assessment of exclusively the distinct HE 3b NOE correlations within the extensive NOE
network is crucial, since most signals involve contributions from several conformers,
preventing the unambiguous assignment to a single conformer. Initial analysis of the HE
3b NOE network, however, proved elusive, suggesting the presence of multiple
conformers for the 1:1:1 ternary complex. As a result, a valid interpretation of the NMR

data is only qualitatively attainable and must be supported by theoretical calculations.

Thus, an initial conformational search was performed by using CREST! which uses
meta-dynamics.l*®! The B97-DPY functional combined with def2-SVPB2 basis set was
used for geometry optimization and frequency analysis in ORCA 5.0.3 software
package.®3 The global and local minimum energy structures were confirmed by 3n-6
non-zero positive normal modes. To adapt the experimental conditions of 180 K and
CD2Cl: all the calculations were performed in CPCM model® with the di-electric constant
€=16.20. For further improvement of the electronic energies of the conformers, hybrid
functionals were also used for better comparison. These calculations resulted in eight
conformers, of which only the three lowest-energy conformers, with a cutoff at +4.5
kcal/mol relative to the lowest-energy conformer, were considered (see Figure 2.6).
Based on these conformers, the beforementioned NMR approach of *H,'H NOESY and
15N HSQC-NOESY was utilized and further corroborated by *H,°F HOESY spectra.

First, the lowest energy conformer C1 with a face-to-face arrangement of 2a and HE 3b
inside the binding pocket of TRIFP la was analyzed by NMR spectroscopy. Especially
NOE correlations of the HE 3b proton (chemical shift: 4.66 ppm, referred to as HE-8)
which is neighboring the phenyl-group are indispensable as the arrangement of this
proton to the imine and CPA is significantly different for all conformers. For C1 HE-8 is
close to the methoxy-group of the imine. In addition, the methyl-groups of the HE 3b are
in close proximity to the p-methoxy-phenyl ring of the imine. Both correlations are
uniquely observed for C1 and confirmed by NOESY (see Figure 2.6, left). In conformer
C2 (+3.4 kcal/mol relative to C1), a similar arrangement to C1 is observed with both

substrates positioned inside the binding pocket of TRIFP 1la, but the imine is slightly
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flipped. This results in a distinct close proximity of the N-phenyl-moiety of the imine to
HE 3b (HE-8), which is proven by NOE correlations (see Figure 2.6, middle). Hence, both
C1 and C2 can be experimentally validated and clearly distinguished. Comparing both
structures with the Type | E and Type Il E structures of the binary complex shows
similarities of both C1 and C2 to the Type | E structure indicating that both could originate
from this conformation. Furthermore, the third conformer C3 (relative energy to C1:
+2.6 kcal/mol) is also observed by the NOE network. Contrary, C3 is similar to Type Il E
with a flipped imine inside the binding pocket and further differs from C1 and C2 as the
HE 3b is positioned outside the binding pocket. The latter results in distinct interactions
between HE-8 and the BINOL-backbone of TRIFP 1a which are detected by NOESY (see
Figure 2.6, right). Thus, not only a broad structural space with three confirmed complexes
but also a conformational space with three different conformers was identified.
Considering the utilization of a phenyl-substituted HE 3b, which is more sterically
demanding than commonly employed HE 3a, even more conformers could be observed
using HE 3a. These results demonstrate that the steric limitations of the 3,3"-substituent

do not limit the aggregation of ternary complexes as much as one would expect.

To investigate if only one or more of these conformers could be reactive, the computed
conformers were analyzed for possible reaction pathways. Here, for conformers C1 and
C2 the reactive hydrogen atom of the HE 3b was found to be close enough to the N=C
bond to proceed the reaction in the respective stereoselectivity which is observed for (R)-
TRIFP 1la. In addition, comparing conformer C1 with previously computed transition
states for this reaction reveals several similarities.[*8] In particular, the face-to-face
arrangement of imine 2a and HE 3b exists in both C1 as well as the postulated transition
states for TRIFP 1a.['l Therefore, it is likely that the transition states arise from conformer
C1, which is the first experimental validation of the ternary complex prior to the transition
states. Additionally, conformer C2 depicts another reactive structure, which also leads to
the correct stereoselectivity. Despite C2 having a relatively higher energy than C1
(+ 3.57 kcal/mol), the fact that C2 is populated even at 180 K demonstrates that it cannot
be disregarded for the prediction models of the reaction which typically is performed at
303 — 333 K.[?528 Contrary to C1 and C2, in conformer C3 the HE 3b is positioned outside
of the binding pocket. Due the resulting distance between imine 2a and HE 3b, an
immediate reaction is not possible. Despite being an unreactive conformer, identifying C3
contributes to the understanding of sterically demanding CPAs (e.g. TRIP 1d, TiPSY 1le).
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Figure 2.6 Conformational Analysis of the ternary complex. Three conformers were computed and
validated by NMR spectroscopy. All three conformers coexist, with energetic stability decreasing
in the following order: C1>C3>C2. C1 and C2 are reactive in this state, while for C3 rearrangements
are necessary to lead to a hydrogenation of the imine. The conformers are validated by distinct
NOE cross signals of the HE 3b. All distinct NOE correlations are depicted for each conformer in
the structure below the 3D structure.

Normally, the presence of a plethora of structures would be expected to decrease
stereoselectivity. However, despite detecting multiple additional hydrogen bond signals
in TRIP 1d and TiPSY 1le systems, both are two of the most prominent CPAs with the
highest selectivity.[?82°] However, considering C3, it is reasonable to assume that due to
the steric constraints of these CPAs, multiple structures could be formed in which the HE
is outside of the binding pocket. Consequently, these structures would not affect

stereoselectivity as they are unreactive, despite being detectable by NMR spectroscopy.

In summary, the combination of computations and NMR spectroscopy revealed a broad
conformational space consisting of three conformers. Among them, two conformers have
an arrangement of imine 2a to HE 3b that could facilitate the reaction. Despite the non-
reactive arrangement of conformer C3, identifying this conformer contributed to the
understanding of the hydrogen bond signals of sterically more demanding CPAs. In
addition, the first experimental validation of the previously calculated transition states was
achieved as conformer C1 of the ternary complex was found to closely resemble the

transition states.
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2.4. Conclusion

While CPAs have been under scientific investigations due to their tremendous success
in organocatalysis for almost a decade, experimental investigations have struggled to
provide insights into later reaction steps. Until now, the binary complex of CPAs has been
the main focus for any experimental studies. While these studies have yielded crucial
insights, the development of an experimental prediction model for stereoselectivities
based on these early intermediates remains a formidable challenge. Consequently,
attention has shifted towards investigating subsequent reaction intermediates, which are

anticipated to bear greater resemblance to the transition state.

Therefore, in this study we conducted the first experimental structural and conformational
analysis of ternary complexes with CPAs. First, we took advantage of the T2 relaxation
properties of the TRIFP l1la/ 2a/ HE 3b model system and employed the 15N HSQC
NOESY pulse sequence with the appropriate acquisition parameters to investigate the
ternary complex. By combining this method with standard 2D NMR spectra, an extensive
structural and conformational space was revealed. Thereby, we identified not only the
ternary complex of CPAs, but also a novel [3:3] dimeric species consisting of two ternary
complexes, as well as a dimeric 2:1:1 ternary complex. Accessing the 2:1:1 ternary
complex also confirmed the proposed calculated structures experimentally for the first
time. These revelations showcase that despite the sterically hinderance of CPAs, higher
aggregates are still formed in later reaction steps and should be considered in prediction
models. Besides the structural investigations, we combined theoretical calculations and
NMR spectroscopy to obtain and analyze conformers of the 1:1:1 ternary complex. Here,
three different conformers were observed of which two could lead to a reactive transition
state. One of these two even closely resembles the previously calculated transition states

and therefore provides the first experimental validation for them.

In summary, a new approach to access the ternary complex of CPAs has been
established. Based on this approach, a new [3:3] dimer and a ternary 2:1:1 complex was
revealed along with a broad conformational space. Considering the significance of ground
state energies for interpreting the transition states in ion pair catalysis, the presented
experimental insights into the structural and conformational diversity of ternary
complexes could be crucial for the future development of predictive models in ion pair

catalysis.
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2.6.  Supporting Information

2.6.1. Analytical Methods

2.6.1.1. NMR Spectrometer Data

For all NMR spectroscopic measurements on model systems a Bruker Avance Ill HD 600
MHz spectrometer with a TBI (Triple resonance broadband inverse) 5 mm triple
resonance broadband inverse probe with 19F-selective channel (TBI-F) with z gradient
and BVT unit was used. The temperature of the spectrometer was regulated by a
BVT 3900 unit and liquid nitrogen. Furthermore, samples for the characterization of in
this work synthesized imines were measured on a Bruker Avance Ill HD 400 MHz
spectrometer equipped with 5 mm BBO BB-1H/D probe head with Z-Gradients.
Spectrometer control and spectra processing was performed by Bruker Software TopSpin
3.2 PL 7. For data processing, preparation and presentation Microsoft Excel,
ChemBioDraw 19.0 and CorelDraw 2022.

Chemical shifts of *H and 3C were referenced to TMS or the solvent. The heteronuclei
15N and 3P were referenced, employing v(X) = v(TMS) - Zreference / 100 % according
to Harris et al.l! The following frequency ratios and reference compounds were used:
=(*>N) = 10.132912 (Ig. NH3) and =(3!P) = 40.480742 (H3POa).

2.6.1.2. Pulse Sequences and Parameters

Standard pulse sequences from the Bruker pulse sequence catalogue (zg, zg30, etc.)
have been used. For all *H-NMR spectra a sweep width of 22 ppm with an offset at 10
ppm were used. For 3P spectra the sweep width was 40 ppm with the offset at 5 ppm
and for >N a sweep width of 508 ppm with the offset at 200 ppm was used. Furthermore,

the following acquisition parameter have been used:

!H-NMR: Pulse program zg30, Relaxation delay = 2.00 s, Acquisition time = 2.48 s, SW
=22 ppm, TD=66 K, ns =1 - 64,

13C NMR: Pulse program: zgpg30, Relaxation delay = 2.00 s, Acquisition time = 0.80 s,
SW = 270.0 ppm, TD = 66k, NS = 1k — 4k;

15N NMR: Pulse program: zg30; Relaxation delay = 3.00 s, Acquisition time = 1.06 s; SW
=508 ppm, TD = 66 K; NS = 1K — 4K;
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3!P-NMR: Pulse program: zgpg30; Relaxation delay = 3.00 s, Acquisition time = 4.5 s,
SW = 40.0 ppm, TD = 66k, NS = 256 - 512;

2D-'H,'H NOESY: Pulse program: noesygpph; Relaxation delay = 4.00 s, mixing time
(D8) = 80-300 ms; NS = 8-16, TD = 4096; increments = 512-1024;

2D-'H,'H COSY: Pulse program: cosygpgf; Relaxation delay = 5.00 s, NS = 4-16, TD
4096; increments = 512;

2D-'H,3C HSQC: Pulse program: hsqcedetgpsisp2.3; Relaxation delay = 3.75 s, 1Jxn =
145 Hz; NS = 8-12, TD = 4096; increments = 512;

2D-'H,3C HMBC: Pulse program: hmbcgplpndgf; Relaxation delay = 3.90 s, Jxn
145 Hz, Jxn(long range) = 10 Hz; NS = 14-22, TD = 4096; increments = 512 - 1024;

2D-1H,3'P HMBC: Pulse program: inv4gplrndgf; Relaxation delay = 6.00 s, NS = 16, TD
= 4096; increments = 256 - 512;

2D-'H,'>N HMBC: Pulse program: inv4gplrndgf; Relaxation delay = 4.00 s, delay for
evolution of long range couplings (D6) = 20.00 ms; NS = 8-10, TD = 4096; increments =
256;

!H DOSY: Relaxation delay = 2.00 s, NS = 16-128, TD = 66k, increments = 20, Diffusion
time delay = 45.0 ms, gradient strength 5-95% linear, gradient pulse: 1.0 — 1.3 ms;

2D-'H,®N HSQC-NOE: Pulse program: hsgcetgpnosp, Relaxation delay = 3.00 s, NS =
8, TD = 66k, increments = 20, Diffusion time delay = 45.0 ms, gradient strength 5-95%

linear, gradient pulse: 2.9 — 7.5 ms.
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2.6.2. Materials and Chemicals

2.6.2.1. Solvents

Deuterated solvents were purchased from Deutero or Sigma Aldrich. Deuterated and
non-deuterated dichloromethane (DCM) were refluxed over CaH2 under Argon

atmosphere and distilled and stored over activated molecular sieves (3A).

2.6.2.2. Chemicals

(R)-TRIFP 1a, (R)-OMe-CPA 1b, TRIM 1c, TRIP 1d, TiPSY le were purchased at abcr.
All synthesized imines were stored in a desiccator over anhydrous CaCl: or inside a glove
box. Chemical necessary for the synthesis of the °N-enriched Hantzsch Ester (HE) 3a
and Hantzsch Ester derivate 3b were purchased from Sigma Aldrich and stored in the
glovebox. The imine was synthesized from '°N-enriched aniline and the respective

acetophenone-derivate which were both purchased from Sigma Aldrich.

CPA1

I R

: : /0 TRIFP 1a OMe-CPA 1b TRIM 1c
)?/k lzt'rs' ﬁ

TRIP 1d TiPSY 1e 1f
HE3 o, .o
o I g | o™~
2a: R = OMe . NH
D 2b: R = Me ;
15NI 2c:R=CR : HE 3a
2d: R = NO, : o o
@ 2e: R = Naphthalene : H, _Ph
R 2f:R=iPr ' o ) o
2g: R = 3,5-CF, : -

Figure S 2.1 Chiral Phosphoric Acids (CPAs) 1, imines 2, HE 3 used for NMR investigations in this
study.
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2.6.2.3. Synthesis of Imines

The imine was prepared as described in literature.l? The characterization of the in this
work synthesized imines was performed on Bruker Avance 400 MHz-Spectrometer with
a 5mm BBO BB-1H/D probe head with Z-Gradients.

General Procedure for the synthesis of imines GP | 23]

N

O

molecular sieves
or + )j\ . or
R toluene

15NH, reflux, 18h /@
15N

Molecular sieve (4 A pore size, 3-5 g) was put into a 50 mL Schlenk flask and dried with

a heat gun at 400°C for 30 min under reduced pressure. Aniline or Aniline (98% °N) (15.0
mmol, 1.40 g, 1.40 mL, 1.0 eq), the respective ketone (19.5 mmol, 1.3 eq.) and 25 mL
anhydrous toluene were added under Argon flow. To this setup a reflux condenser was
added under Argon flow and further flushed with Argon for 3 min. A drying tube, which
was filled with CaClz, was attached to the reflux condenser and the solution was
subsequently refluxed for 18 h. Afterwards, the heating bath was removed and the
reaction mixture was allowed to cool down before being filtrated. Thereupon, the solvent
was removed under reduced pressure to give a yellow solid, which was recrystallized in

methanol 3-5 times to give the pure respective imine.

15N-labeled Aniline was used for the synthesis to enable further investigations by NMR

spectroscopy.

All substrates (2a — 2c) were prepared according to literature following GP I. All NMR
spectra match with the literature reports.3-61 15N labeled imines were synthesized

analogously and the NMR spectra matched with the literature reports.[
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2.6.2.4. Synthesis of Hantzsch Ester Derivate 3b

Hantzsch ester 3b  (!*®*N-diethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-

dicarboxylate) was synthesized according to literature using °N-labeled >NHs (ag.).l"]

Benzaldehyde (2.0 mL, 20 mmol), ethyl acetoacetate (5.0 mL, 40 mmol, 2 eq.) and °NHs
(14 M aq., 2.0 mL, 140 mmol, 7 eq.) were freshly distilled and subsequently stirred under
reflux for 4 h. Then the mixture was cooled down and solidified. The resulting solid was
dissolved in DCM (20 mL) and washed with saturated aq. NaCl (20 mL). After separation
of the organic phase and drying with MgSOa, the solvent was evaporated under reduced
pressure, yielding crude HE 3b as a yellow solid (~ 6 g, 91 % yield). Subsequently, the
yellow solid was triturated with petroleum ether/EtOAc under reflux, filtered while hot, and
washed with petroleum ether, resulting in the pure pale-yellow solid HE 3b (67% vyield
after crystallization, >99% °N based on *H NMR integration).

IH NMR (400 MHz, CDCla): & 7.24 — 7.31 (m, 2H), 7.16 — 7.23 (m, 3H), 7.10 — 7.14 (m,
2H), 5.67 (d, 1Jnw = 92.7 Hz), 4.99 (s, 1H), 4.08 (AB part of ABX3, Jas = 10.8 Hz, Jx = 7.1
Hz , 4H), 2.32 (d, 3Jnn = 3.0 Hz, 6H), 1.22 (X part of ABX3, Jx = 7.1 Hz, 6H).

13C NMR (101 MHz, CDCls): 167.6 (d, J = 3.0 Hz), 147.7 (CgAr), 143.8 (d, J = 12.0 Hz,
Cq), 128.0 (CHAr), 127.8 (CHAr), 126.1 (CHAr), 104.2 (d, J = 1.7 Hz, Cq), 59.7 (CH2),
39.6 (d, J = 1.5 Hz, CH), 19.5 (d, J = 2.2 Hz, CH3), 14.2 (CH3).

15N NMR (41 MHz, CDCls): & 131.8 (dsept, J = 92.8 Hz, 3.1 Hz).
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2.6.3. NMR Investigations

2.6.3.1. Substrate Scope

Based on our previous studies on CPAs, we know that the electronic and steric properties
of both CPA 1 and imine 2 play a crucial role for the spectral properties of the investigated
system, especially the combination of the respective properties of CPA 1 and imine 2.
Therefore, we conducted a broad system screening of 25 different CPA/imine
combinations to identify the combination of both which leads to the best NMR properties.

[ CPA1 oFs

2a

CF,
TRIFP 1a OMe-CPA 1b
157 :j : OH pno
| : /\°W°/\
; NH
MeO .
: HE 3b

\

Figure S 2.2 CPAs 1, imine 2b and HE 3b used as model system substrates for NMR investigations
in this study.

Table S 2.1 List of investigated samples with selected model systems by NMR spectroscopy
(600MHz, CD2Cl2, 180K).

Sample Nr Svstem Concentration Concentration Concentration HE
pie . y CPA 1 [mM] imine 2 [mM] 3 [mM]
1 1a+2a+3b 40 40 40
2 1a+2a-3b 40 40 40
E-only
1a+2a*3b
8 Z-enhanced 0 A )
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1a*2a<3b
4 2:1 dimer 100 =0 S0
5 1be2a+*3b 40 40 40
6 1a<3b 25 - 25
7 2a*3b - 25 25
8 1b 25 - -
9 1be2a 40 40 -
10 3b - - 25
CPA1 CFs : _OMe
% K’ t “CF, % %
i ‘ O\P/,O TRIFP 1a OMe-CPA 1b TRIM 1c
0~ “oH F
X Qo
Si
s Liad Y F
F
TRIP 1d TiPSY 1e 1f
HE3 o, .o
o 7 o
2a: R=0Me NH
@ 2b: R = Me
15I\II 2c:R=CFR . HE 3a
2d: R = NO, : o o
/@w& 2e: R = Naphthalene H, Ph
R 2f:R=iPr : /\o)ﬂ‘\o’\
2g: R = 3,5-CF, : N
' HE 3b

Figure S 2.3 CPAs 1, imines 2 and HE 3 used for screening by NMR spectroscopy.

Table S 2.2 List of samples of all additionally screened systems to select the model systems for
this study (1:1:1 stoichiometry, 600MHz, CD2Cl2, 180K).

Sample Nr. System Concentration CPA 1 Concentration imine 2 Concentration
[MmM] [mM] HE 3 [mM]
11 1a+2a+<3b 40 40 40
12 1a°2b<3b 40 40 40
13 1a°2c+3b 40 40 40
14 1a°2d+3b 40 40 40
15 1a°2e°*3b 40 40 40
16 1a2f-3b 40 40 40
17 1a°2g-3b 40 40 40
18 1b+2a+3b 40 40 40
19 1be2b*3b 40 40 40
20 1b*2c+3b 40 40 40
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21 1be2d3b 40 40 40
22 1ce2a+3b 40 40 40
23 1c+2b+3b 40 40 40
24 1ce2c+3b 40 40 40
25 1c+2d+3b 40 40 40
26 1ce2e+3b 40 40 40
27 1d«2a+3b 40 40 40
28 1de2b+3b 40 40 40
29 1de2c+3b 40 40 40
30 1de2e+3b 40 40 40
31 1d+2f+3b 40 40 40
32 1e*2b+3b 40 40 40
33 1e*2c*3b 40 40 40
34 1e2e*3b 40 40 40
35 1fe2a+3b 40 40 40
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2.6.3.2. General Procedure for Sample Preparation (GPSP)

One stock solution each was prepared for the °N-labeled imine 2 (50 mM) and *°N-
labeled Hantzsch Ester 3 (50 mM) in dry CD2Cl2 (d-DCM). The CPA 1 (25-50 mM, 1-
2 eq.) was directly weighed in an NMR tube, which was subsequently dried with a heat
gun at 140 °C for 30 min under reduced pressure (CPAs are often delivered with residual
moisture, thus the heating process is necessary to remove remaining traces of water).
After heating the tube was cooled down to room temperature and evacuated and flushed
with Argon three times. Out of each stock solution 0.3 mL were added to the NMR tube
as well as TMS atmosphere as reference (0.5 mL). Thereupon, the tube was closed and

sealed with parafilm and stored in the fridge at -80 °C or used immediately.

All samples used in this work were prepared following this procedure and are listed in
Table S2.1 and Table S2.2.

E-only Samples

A stock solution with the °N-labeled imine 2 (50 mM) in dry CD2Cl> (d-DCM) was
prepared and cooled down to -80°C. Another stock solution for the °N-labeled 3 (50 mM)
in dry CD2Cl2 (d-DCM) was prepared and also cooled down to -80°C. The CPA 1 (25 mM)
was directly weighed in an NMR tube, which was subsequently dried with a heat gun at
140 °C for 30 min under reduced pressure. The tube was evacuated and flushed with
Argon three times and also cooled down to -80°C. Out of each stock solution 0.3 mL were
taken and added to the pre-cooled NMR tube. In addition, TMS atmosphere (0.5 mL) was
added to the NMR tube as a reference. Thereupon, the tube was closed and sealed with
parafilm under continuous cooling and immediately investigated by NMR spectroscopy
at -80°C.
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2.6.4. Chemical Shift Assignment

2.6.4.1. Assignment Strategy

Normally, *H,3'P-HMBC spectra are used as a starting point for any chemical shift
assignment of CPA/imine complexes due to the easily accessible information about the
center of the complexes that can be obtained. However, due to various exchange
processes within and in between ternary and binary complexes, the 3'P signals appear
very broad and overlapped. Hence, in the *H,3!P-HMBC no signals at all can be observed
anymore. Besides 3'P, °N can also be used to obtain information about the hydrogen
bonds. The two *H-signals of the hydrogen-bonded proton 11 were assigned to the E- and
Z-complexes based on prior studies and known NOE contacts with the CPA.[*7:8] Based
on this assignment, the respective >N chemical shift of the nitrogen atoms were identified
with the 'H,®N-HMBC spectrum. However, in the 'H,'>N-HMBC only very few cross
signals can be observed out of which only one can be unambiguously assigned to 12 (see
FigureS2.4). Additionally, one cross signal for the hydrogen bond with HE 3b is observed
to a proton at 1.76 ppm. However, as no reference is available it cannot be differentiated
between HE 2 and HE 7 yet.

TRIFP 1a systems represent a unique scenario in which *H,®F-HOESY spectra can be
employed which provide further insights (see FigureS2.5). In the 'H,'°F-HOESY all
surrounding hydrogen atoms of the 3,3"-substituents can be observed. Here, the same
signals as in the 'H,'>N-HMBC are detected again (2.60 ppm for 12, 1.76 ppm for HE 2
or HE 7). In addition, signals with a *H chemical shift of 1.19 ppm, 3.64 ppm, 3.93 ppm
and 4.66 ppm are observed. With this information both CHs-groups of the HE 3b can be
assigned by combining these observations with *H,'H-COSY data, which also confirmed
the signal at 3.93 ppm as HE 6. Subsequently, the signal at 3.64 ppm can be assigned
to the methoxy-group 18 of the imine, which is confirmed by 'H,*C-HMBC. Furthermore,
a 'H chemical shift of 4.66 ppm is assumed to correspond to HE 8 after assigning 18 and
HEG. This assumption is proven by NOE correlation to the already assigned HE 2, HE 6,
HE 7 and later also to the phenyl-ring of HE 3b (HE 9-11).
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Figure S 2.4 *H,'>N-HMBC of TRIFP 1a/2a/HE 3b (right, 1:1:1 stoichiometry, 40 mM, 600MHz, CD2Cl>,
180K) depicting the cross signals with | 2 and either HE 2 or HE 7. TRIFP 1a/E-2a is marked in
orange, TRIFP la/Z-2ais marked in red and TRIFP la//HE 3b is marked in green. The structure with
corresponding 'H,’®N-HMBC relations (arrows) is displayed on the left.

Also, first information about the CPA can be obtained. Based on the intensity of the
signals at 7.86 ppm and 8.45 ppm these signals should correspond to CPA 12 and CPA
13 respectively as smaller distances are depicted as higher intensity in NOESY/HOESY
spectra. For both signals no COSY relations can be observed, supporting the initial
assumption. In addition, *H,'H-NOESY cross signals between both are observed but only
for 7.86 ppm cross signals to other aromatic protons are detected. Combining 'H,'H-
COSY, !H,'H-TOCSY, !H,3C-HSQC, H,'3C-HMBC with these NOE correlations
confirms the suggested assignment of CPA 12 (7.86 ppm) and CPA 13 (8.45 ppm). As a
result of this assignment, a network of signals can be examined by 2D NMR spectra
which can only be related to the BINOL-backbone additionally supporting the assignment
of CPA 12 and CPA 13 and lead to a full assignment of all hydrogen atoms of the CPA.
The same can be achieved for the imine 2a and the HE 3b from the assigned signals.
For the imine 2a, the ketone-part can be fully assigned using !H,*C-HMBC and
1H,'H-NOESY cross signals of the methoxy-group I18. The remaining N-phenyl moiety can
then be assigned based on 'H,*C-HSQC, H,'*C-HMBC and 'H,'H-NOESY cross
signals with 12. To double check the assignment 'H,'H-COSY and 'H,'H-TOCSY are
considered. For HE 3b only the phenyl-ring is not assigned yet which can also be
achieved by 'H,*C-HSQC, H,13C-HMBC and 'H,'H-NOESY cross signals with HE 3-8.
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All quaternary carbons can be assigned by !H,*C-HSQC, 'H,13C-HMBC from the
surrounding assigned protons/carbons. Then, HE 8 can finally be unambiguously
confirmed by 'H,'3C-HMBC correlations with HE 3 and HE 4. Hence, starting with

'H,%F-HOESY enables an assignment of all three substances: CPA, imine and HE.

A

— HE7 ——
- HE 2 & < ——

e -7
CPA12 : L o
CPA13 e 3

10

11

T T T T 12
-61.5 -62.0 -62.5 -63.0 PPM

Figure S 2.5 *H,'°F-HOESY of TRIFP 1a/2a/HE 3b (right, 1:1:1 stoichiometry, 40 mM, 600MHz, CD2Cl>,
180K) depicting the cross signals of the CF3-groups of TRIFP la. Cross signals to TRIFP la are
marked in orange, cross signals to 2a are marked in orange, cross signals to 3b are marked in
green. The structure with corresponding *H,'°F-HOESY relations (arrows) is displayed on the left.

However, if 'H,1°F-HOESY spectra are not accessible which is the case for all other
commonly used CPAs, such as TRIM 1c (3,3-bis(2,4,6-trimethylphenyl)-1,1’-
binaphthyl2,2’diyl hydrogen phosphate), TRIP 1d (3,3’-bis(2,4,6-triisopropylphenyl)-1,1’-
binaphthyl-2,2’diyl hydrogen phosphate), and TiPSY 1le (3,3’- bis(triphenylsilyl)-1,1’-
binaphthyl-2,2’diyl, this assignment strategy is not possible. Therefore, we applied °N-
HSQC-NOESY to get a new starting point for the assignment of each substrate. This
method even derives significantly more information about all three substrates than
1H,%F-HOESY when examining the individual rows of each ®N-chemical shift separately
(see FigureS2.6). Again, HE 2 and HE 6-8 are observed which can be assigned similarly
as in the 'H,’®F-HOESY assignment strategy. The remaining HE 3b signals can then also
be assigned by combining 'H,'H-COSY, H,'H-TOCSY, H,13C-HSQC, 'H,*C-HMBC
and 'H,'H-NOESY as described above. For imine 2a, different signals can be observed.
In contrast to 'H,°F-HOESY, the methoxy-group I8 is not detected. However, most other
imine signals can be directly observed by ®N-HSQC-NOESY. Checking and combining
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the information derived by 'H,'H-COSY and 'H,'H-TOCSY spectra for these signals,
leads to an unambiguous assignment of the aromatic protons of the imine, which is further
supported by 'H,2C-HSQC, 'H,3*C-HMBC and 'H,'H-NOESY. Subsequently, the
methoxy-group 18 can be assigned based on 'H,'H-NOESY cross signals to 17. The
assignment of CPA 12 and CPA 13 of TRIFP 1l1a is similar to the above described
assignment strategy as the ®N-HSQC-NOESY results in the same information as the
'H,®F-HOESY and enables the full assignment of the BINOL-backbone. For other CPAs,
depending on the 3,3 -substituent, different assignment strategies have to be employed.
For example, OMe-CPA 1b has a distinct methoxy-group at the 3,3 -substituent which
shows cross signals to the CPA/imine nitrogen leading to a starting point for the CPA

assignment.
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Figure S 2.6 *>N-HSQC-NOESY spectrum of TRIFP 1a/2a/ HE 3b (1:1:1 stoichiometry, 40 mM, CD2Cl>,
180K). Separated rows for the TRIFP l1a/E-2a (orange), TRIFP 1a/Z-2a (red) and TRIFP la/HE 3b
(green) hydrogen bonds can be observed. B) Single rows can be displayed as 1D spectra for more
detailed information to reveal the structural environment of each hydrogen bond, here exemplary
displayed for the TRIFP la/E-2a hydrogen bond. Cross signals to TRIFP 1a are marked in orange,
cross signals to 2a are marked in orange, cross signals to 3b are marked in green.
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OMe-CPA 1b/E-2a/HE 3b Assignment
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2.6.5. Exclusion of Other Species

To confirm the association of the hydrogen bond signals of the ternary complex and
exclude other possibilities, separate samples containing TRIFP la/HE 3b or 2a/HE 3b
were evaluated and compared (see FigureS2.7 and FigureS2.8).

First, HE 3b was measured alone. Here, the NH-hydrogen can be seen at 6.71 ppm
(green). After addition of the imine 2a this signal shifts slightly to 7.03 ppm (green). Upon
further addition of the CPA (TRIFP 1a) the signal shifts significantly to 9.05 ppm (green).
Similarly, a shift of the aliphatic signals of HE 3b can be observed. HE-1 (skin tone) is
shifting from HE 3b solo at 4.03 ppm to 3.93 ppm in the ternary complex. HE-2 (pink) is
shifting from HE 3b solo at 1.26 ppm to 1.19 ppm in the ternary complex. HE-3 (orange)
is shifting from HE 3b solo at 2.30 ppm to 1.76 ppm in the ternary complex. Hence, HE-
3 shifts further in high-field direction in comparison to HE-1 and HE-2 which is
corresponding with the distance to the hydrogen bonded NH. For both the HE 3b and
2a/HE 3b sample, a different set of chemical shifts compared to the ternary complex can
be observed. Also, the CPA/imine/HE hydrogen bond signal for HE 3b is displayed as a
doublet when both substances are °N labeled, or as a singlet when only the imine is 1°N
labeled, indicating that the imine is not participating. Therefore, an imine/HE complex

contribution can be excluded for the ternary complex similar to the DSIs.
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Figure S 2.7 Comparison of different samples to validify the CPA/HE hydrogen bond of the ternary
complex. A) TRIFP la/2a/HE 3b (1:1:1 stoichiometry, 40 mM, 600MHz, CD:Clz, 180K). B) 2a/HE 3b
(1:1 stoichiometry, 25 mM, 600MHz, CD2Clz, 180K). C) HE 3b (25 mM, 600MHz, CD2Clz, 180K). The
NH hydrogen atom of the HE 3b is marked in green. In addition, the aliphatic signals of HE 3b are
also colored corresponding to the molecule shown on the top left.
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Figure S 2.8 Comparison of the aliphatic signals of HE 3b when measured alone (green, 25 mM,
600MHz, CD2Cl2, 180K) and in the ternary complex of TRIFP 1a/2a/HE 3b (blue, 1:1:1 stoichiometry,
40 mM, 600MHz, CD2Cl2, 180K). A high-field shift can be observed for all signals upon addition of
TRIFP 1la and 2a, which is even more pronounced when the respective hydrogen atom is closer to

Ternary Complex in Brgnsted Acid Catalysis — Unexpected Weak Steric
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the hydrogen bonded NH.

In addition, a sample with TRIFP la and HE 3b was investigated to exclude a simple
CPA/HE species being responsible for the observed hydrogen bond signals of the HE
3b. Here, a doublet was detected at 6.37 ppm which vanishes upon addition of the imine
to form the ternary complex (see Figure S2.9). The CPA/HE hydrogen bond of the ternary
complex is not observed in the TRIFP 1la/HE 3b sample. This additionally supports, that

a CPA/HE species can be excluded for the signal at 9.05 ppm.
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Figure S 2.9 Comparison of different samples to validify the CPA/HE hydrogen bond of the ternary
complex. A) TRIFP la/2a/HE 3b (1:1:1 stoichiometry, 40 mM, 600MHz, CD2Cl2, 180K). B): TRIFP
la/HE 3b (1:1, 40 mM, 600MHz, CD2Cl2, 180K). The CPA/HE hydrogen bond of the ternary complex
does not appear in the other sample, excluding a simple CPA/HE species. Also, the observed
hydrogen bond signal in B) vanishes in A), excluding a contribution to the NOE correlations.

Additionally, to rule out the possibility that the Overhauser effects originate from binary
complexes (CPA/HE or imine/HE), we investigated the respective 1:1 mixtures. The
combination of TRIFP 1a and Hantzsch ester 3b showed a shift of the NH-group of the
HE 3b to 6.37 ppm in comparison to a sample with only the HE 3b. This signal of the
TRIFP 1a/HE 3b complex vanished upon the addition of imine in a 1:1:1 mixture (see
Figure2.9A). Therefore, the binary complex of TRIFP 1a and HE 3b is in slow exchange
with the ternary complex, and the corresponding binding constant for ternary complex
formation is significantly higher than the binding of the Hantzsch ester to the catalyst,
similarly to DSI complexes.[l Thus, any contribution to the Overhauser effects in the

ternary complex can be unambiguously eliminated.

The formation of the complex between imine 2a and HE 3b in the ternary complex mixture
is improbable due to the considerably higher acidity of the CPA. Indeed, a 1:1 mixture of
imine 2a and HE 3b exhibited sharp *H-NMR signals with a distinct set of chemical shifts
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compared to the ternary complex. Once again, this rules out the contribution of the
imine/HE complex to the intermolecular NOEs observed in the ternary mixtures.

As stated above, the ternary complexes are in fast exchange with the binary complexes,
in which rotation can occur due to the large binding pocket of the catalyst, even with intact
hydrogen bonds.[® Even within CPA complexes featuring strong hydrogen bonds,
hydrogen bond switching can take place, which is fast on the NMR timescale. To
eliminate any potential impact of these processes in the binary complexes on the
structure determination of the ternary complex, interactions exclusively with the Hantzsch

ester were interpreted.

2.6.6. General Features of Ternary Complex

CPA 1: All CPAs are symmetric along the C2 axis, only the 3,3’-substituents are not
symmetric and have distinct signals for the aromatic protons, carbons or e.g. for TRIFP
la two distinct 3,5-CF3 groups due to the restricted rotation along the main substituent

axis.

Imine 2: For the CPA/imine hydrogen bond one set of signals for E-complex and one set
of signals for Z-complex can be observed. In contrast to the binary complex, the
CPA/imine hydrogen bond signals are slightly high-field shifted but no separate hydrogen
bond signal for the ternary complex is detected. This indicates a fast exchange between
both complexes leading to one signal set. Furthermore, according to the Steiner-Limbach
curve and the results of the binary complex, this high-field shift of the hydrogen bonds
reveal a weaker hydrogen bond and hence, a stronger ion pair character.[® The additional
chemical exchange leads to worse line broadening and worse resolution of 1°N- and 3'P-
NMR spectra for the ternary complex samples in comparison to the binary complex
samples to the point that no *H,3'P-HMBC signals can be detected and only a few *H,*°N-
HMBC signals are observed. Both imine isomers show NOE correlations to the HE 3b,
which are used to analyze the conformers. However, only for the E-isomer species
enough signals are detected for a full chemical shift assignment and conformer analysis.
Despite of sharper 'H signals of the Z-isomer species, which should benefit 2D spectra,
due to the lower population only a few signals can be unambiguously identified which

hinders deeper analysis of the Z-species.
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HE 3b: For the CPA/HE hydrogen-bonded species only one set of signals is observed.
The ternary complex is confirmed by ®N-HSQC-NOESY spectra in which NOE
correlations between the CPA/imine hydrogen bond and HE 3b are detected. The same

is observed for the CPA/HE hydrogen bond to imine 2a.

2.6.6.1. Binary vs. Ternary Complex

In the hydrogen bond area of the ternary complex, only one set of signals for the
CPA/imine hydrogen bond is detected. This indicates a fast exchange between binary
and ternary complex, as otherwise two separate signal sets would have to be observed
in the 1:1:1 sample of the ternary complex. This is supported by a chemical shift mapping

of these signal upon addition of the HE 3b to the binary complex (see FigureS2.17).

Comparing the CPA/imine hydrogen bonds of the binary and ternary complex, reveals a
high-field shift of the hydrogen bonds upon addition of the HE 3b (see FigureS2.10).
Exemplary for TRIFP la/2a/HE 3b, for the CPA/Z-imine hydrogen bond a high-field shift
from 16.11 ppm (binary complex) to 15.84 ppm (ternary complex) is observed, while for
the CPA/E-imine hydrogen bond a high-field shift from 15.39 ppm (binary complex) to
15.23 ppm (ternary complex) is observed. In general, based on the Steiner-Limbach

curve this indicates a weakening of the hydrogen bond upon addition of the HE.®]

. Lo

I
19 18 17 16 15 14 13 12 11 10 9 ppm

® binary complex ® ternary complex

Figure S 2.10 Comparison of the binary complex with TRIFP 1la/2a (red; 1:1 stoichiometry, 40mM)
and the ternary complex (blue; 1:1:1 stoichiometry, 40 mM, 600MHz, CD2Cl32, 180K).
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2.6.7. Structural Space

Besides the ternary complex, other hydrogen-bonded species can be observed in the
hydrogen bond area of the *H-spectrum of all screened systems, which vary in population

depending on the system (see Figure S2.11).

A) TRIFP 1a/2a/HE 3b (1:1:1)

1a/ HE 3b

B) OMe-CPA 1b/2a/HE 3b (1:1:1)

1b/ HE 3b

T T T T T T T T T T T
18 17 16 15 14 13 12 11 10 9 ppm

C) TRIFP 1a/2a/HE 3b (2:1:1)

1a/1a
1a/1a/E-2a
1aMa—  1aMa/z-2a
I Ll I L] 1 I T I 1 I 1
18 17 16 15 14 13 12 11 10 9 ppm

Figure S 2.11 'H-spectrum of the ternary complex of TRIFP la/2a/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K). All additional hydrogen bond signals are colored in light blue. B) H-
spectrum of the ternary complex of TRIFP 1b/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Cl2, 180K).
All additional hydrogen bond signals are colored in light blue (see Sl 2.6.7.1). C) 'H-spectrum of the
of TRIFP la/2a/HE 3b in a 2:1:1 stoichiometry (stoichiometry, 600MHz, CD2Cl2, 180K). The dimeric
species is marked in pink (CPA/CPA/E-imine) or purple (CPA/CPA/Z-imine), with each having one
singlet for the CPA/CPA hydrogen bond and one doublet for the CPA/CPA/imine hydrogen bond,
which are in a 1:1 integral ratio (see Sl 2.6.7.2).
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2.6.7.1. [3:3] Dimer

Next to the hydrogen bond signals of the ternary complex (orange), an additional marginal
populated hydrogen-bonded species (blue) can be observed in the TRIFP la/2a/HE 3b
system (see FigureS2.9). Here, their contribution to NOESY spectra can be neglected
due to their extremely low population even compared to the Z-imine species, for which a
NOE analysis was already only partly possible. These signals are higher in population in
the second model system of OMe-CPA 1b/2a/HE 3b and can also be observed in various
other CPA/imine/HE systems. A total of three additional hydrogen bond signals can be
seen, one singlet and two doublets.

Further investigations were deducted to investigate the origin of these unknown signals.
Comparing all systems of TRIFP la with several different imines 2a-g revealed that the
low-field shifted singlet (18.04 ppm) stays at the same chemical shift in all system. Only
upon using a different CPA, the singlet shifts indicating its dependency solely on the CPA.
Noteably, this signal only appears upon addition of the imine, which might be attributed
to an interplay of stabilization between the different species.10 Given the data and limited
experimental access to this species, we assume that this system stems from a

phosphoric acid aggregate.

For further investigations of the new hydrogen bond signals observed in the 'H-spectra
samples, the OMe-CPA 1b/2a/HE 3b system was used due to a higher population of
these hydrogen bond species in comparison to TRIFP la/2a/HE 3b (see FigureS2.12).
Samples with either a °N-labeled or unlabeled imine 2a were measured to reveal the
respective species. Here it was shown that the doublet at 13.76 ppm is corresponding to
an [CPA/imine] 2a hydrogen bond while the doublet at 9.99 ppm is related to a [CPA/HE
3b] species (see FigureS2.12).
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Figure S 2.12 A) H-spectrum of the ternary complex of 1b/2a/HE 3b. Here, imine 2a is not N-
labeled, HE 3b is *N-labeled (1:1:1 stoichiometry, 600MHz, CD2Cl>, 180K). B) 'H-spectrum of the
ternary complex of 1b/2a/HE 3b. Both imine 2a and HE 3b are N-labeled (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).

Although a separate set of hydrogen bonds is detected, the CPA 1b and imine 2a signals
have an averaged signal set with the binary and ternary complexes due to exchange
processes. This indicates a locked system similar to the previously reported [2:2] dimeric
species consisting of two binary complexes.!'® Also, for the [2:2] dimer, the signals were
characteristically more high-field shifted than the CPA/imine hydrogen bonds of the binary
complex similarly to the newly observed CPA/imine hydrogen bond signal. In addition,
the integral ratios of the hydrogen bond signals in the 'H-NMR spectrum gave a ratio of
1:1 of the CPA/imine signal to the CPA/HE signal. From this a first hypothesis of a [3:3]

dimeric species consisting of two ternary complexes (CPA/imine/HE=3) was developed.

This [3:3] dimer was then further investigated by dilution experiments and diffusion
ordered spectroscopy (DOSY). Diluting a 40 mM sample to a 20mM or a 10 mM sample
demonstrated that these signals are corresponding to a dimeric species and again
showed that both doublets belong to the same species as both were diminishing at the
same rate (see FigureS2.13).

In contrast, the relative population of the 1b/E-2a/3b hydrogen bond signal of the ternary

complex is increasing with smaller concentration. This observation can be explained by
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the decrease of the [3:3] dimer which releases E-imine complexes only. Hence, the
relative population of the E-imine species of the ternary complex is increasing in

comparison to the other species.

10 mM

A ...«-»Ml_.

_ML/

T
18 17 16 15 14 13 12 11 10 ppm

M

r T T T T T T
18 17 16 15 14 13 12 11 10 ppm

Relative Integrals

Concentration / mM 1b/1b Z-2a*lbeHe 3b| E-2aelbe3b ([E-2aelbeHE 3b],| Sum
40 0.091 0.18 0.3 0.43 1.00
20 0.089 I 0.14 I 0.55 l 0.22 I 1.00
10 0.081 0.12 0.65 0.15 1.00

The arrows in the table indicate wheter the relative integral increases or decreases with increasing
concentration

Figure S 2.13 H-spectrum of the ternary complex of 1b/2a/HE 3b (1:1:1 stoichiometry, 600MHz,
CD2Cl2, 180K). The sample was diluted from bottom to top starting at 40 mM to 20 mM to 10 mM.
The signals of the [3:3] dimeric species (blue) diminished each time in comparison to the
ternary/binary complex hydrogen bond signal indicating a dimeric species. In the table below, the
relative integrals of each hydrogen bond signal are listed by using the sum of the integrals. The
integrals were obtained using Mestrenova® 14.3.3 with linear baseline correction. The spectrawere
processed using the Bernstein Polynomial Fit (polynomial order: 3), with baseline correction
applied to the zoomed region.

DOSY experiments (for details, refer to Sl 3.9) further confirmed the presence of larger
aggregate species, as indicated by the significantly higher volumes calculated from the
diffusion coefficients compared to those of the binary complex and the anticipated volume
of the ternary complexes (refer to Table S3.3). CPA 1b exhibits a volume of 2331 A3 in
the 1b/2a/HE 3b sample (1:1:1 stoichiometry). Since this volume represents the average
volume of all CPA species, it significantly surpasses the volume of the binary complex
(1625 A3). Moreover, when calculating the volume of the ternary complex by adding the
measured volume of the free HE 3b to the binary complex (1625 A3 + 506 A3 = 2131 A3),
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the determined value for the CPA in the 1:1:1 1b/2a/HE 3b sample still significantly
exceeds this value. This is notable considering that the ternary complex is expected to
be smaller than 2131 A3 because the HE 3b is located inside the binding pocket of the
CPA next to the imine 2a. Additionally, based on the binding constant of the ternary
complex (see Sl chapter 2.6.8), only a small percentage of the CPA should populate the
ternary complex. This would result in a partial increase of the calculated volume due to
the exchange with the binary and ternary complex. Hence, the volume of 2331 A3 is a
significant increase in comparison to both binary and ternary complex hinting towards

bigger aggregate.

In addition, a sample with only CPA 1b was investigated revealing a volume of 1748 A3,
This relatively high volume is a result of the dimerization behavior of CPAs. Nevertheless,
this demonstrates that even for a CPA/CPA-dimer only a volume of 1748 A3 can be
determined.

Hence, a by far larger aggregate than the ternary complex or a single CPA-dimer must
be responsible for the significant increase in volume from 1625 A3 to 2331 A3, This again

supports the proposed [3:3] dimeric species.

2.6.7.2. 2:1:1 Dimeric Species

Based on these results, we tried to investigate if other dimeric structures such as the 2:1
dimeric species are also observed as ternary complex. Here, a characteristic singlet for
the CPA/CPA hydrogen bond along with a doublet for the CPA/CPA/imine hydrogen bond
should be detected for each imine isomer. Similar to the ternary complex an additional
CPA/CPA/HE hydrogen bond signal is expected upon addition of the HE 3b, in case of a
dimeric CPA/CPA/imine/HE complex.l'Y To investigate the 2:1 dimeric species, a sample
with a 2:1:1 stoichiometry of TRIFP la/2a/HE 3b was prepared and measured at 180 K
to force the system into a possible CPA/CPA/imine/HE.

Here, the above described typical pattern for the dimeric species was clearly observed
for both the Z- and E- imine isomers (see Figure S2.11 C). Nevertheless, similar to the
high-field shift of the 1:1:1 ternary complex, a slight high-field shift of the dimeric species
CPA/imine signals is observed when comparing those with a 2:1 sample (CPA/imine)
without HE 3b (TRIFP 1a/Z-2a: -0.15 ppm; TRIFP 1a/E-2a: -0.12 ppm). Furthermore, the
CPA/CPA hydrogen bond signals are shifting towards low-field upon addition of the
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HE 3b (for TRIFP 1a/TRIFP la/Z-2a: +0.26 ppm; for TRIFP 1a/TRIFP la/E-2a:
+0.30 ppm) and a new low populated signal is detected in the CPA/HE hydrogen bond
region (9-10 ppm). Given the increasingly complex spectra, a chemical shift mapping is
the most effective method for confirming the formation of a ternary complex. Therefore,
a chemical shift mapping was performed starting from a 2:1:0 stoichiometry of
CPA:imine:HE and adding HE 3b in 0.5-2 eq. relative to the imine. Here, a clear shift of
all mentioned signals was observed with increasing HE 3b concentration (see
FigureS2.14). Hence, although not present in a 1:1:1 stoichiometry, the dimeric

CPA/CPA/imine/HE complex can be observed using a 2:1:1 stoichiometry.

1a/1a

‘ 1a/1a/E-2a

—

Figure S 2.14 'H-NMR chemical shift mapping of the hydrogen bond signals of the dimeric species
upon addition of 0-2 eq. HE 3b (600MHz, CD2Clz, 180K). A general high-field shift is observed for the
CPA/CPA/imine hydrogen bonds upon addition of the HE 3b, while a low-field shift is observed for
the CPA/CPA hydrogen bonds (order: red, orange, green, blue).

65



Ternary Complex in Brgnsted Acid Catalysis — Unexpected Weak Steric
Limitation Leads to a Broad Structural Space

2.6.7.3. Additional Species

Furthermore, also for other CPAs the structural space was investigated. Especially the
sterically more hindered TRIP 1d and TiPSY 1le were assumed to have a smaller
structural space. Astonishingly the opposite trend was observed. While for TRIM 1c a
relatively similar structural space to TRIFP la and 1b was found (see FigureS2.15A), in
samples containing TRIP 1d and TiPSY 1le a lot of additional hydrogen bond signals were
detected. For all TRIP 1d systems a plethora of signals was detected in the region of
14.5-16.0 ppm (see FigureS2.15B). For TiPSY le highly populated species are observed
in a chemical shift range of 10.0-12.0 ppm with imine 2b which is not the case for any
other system (see FigureS2.15C). However, none of these signals could be assigned as
no signals were observed by 2D-NMR. Nonetheless, these results again demonstrate
that steric limitations are by far less significant for the structural space of the ternary

complex than anticipated based on the steric hinderance.

In this context, especially the combination of TIPSY le with 2e, which also has a sterically
hindering substituent with its naphthalene group at the ketone-part of the imine, showed
that a steric limitation seems to play no role for the ternary complex as well as the [3:3]
dimer. Here, again a high population of the [3:3] dimeric species is detected (see
FigureS2.16, blue).
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Figure S 2.15 A) H-spectrum of the ternary complex of TRIM 1c/2a/HE 3b. B) H-spectrum of the
ternary complex of TRIP 1d/2a/HE 3b. C) H-spectrum of the of TiPSY le/2a/HE 3b in a 2:1:1
stoichiometry (1:1:1 stoichiometry, 600MHz, CD2Cl2, 180K). All additional hydrogen bond signals
are colored in light blue.

1e/ HE 3b

[3:3] 1e/E-2e

[3:3] 1e/HE 3b w
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Figure S 2.16 H-spectrum of the ternary complex of TiPSY le/2e/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Clz, 180K). All additional hydrogen bond signals are colored in blue.
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2.6.8. Binding Constant

To investigate the binding of HE 3b to the binary complex TRIFP la/2a/HE 3b, the
following approach was employed for chemical shift mapping using NMR spectroscopy
and binding isotherms:

An NMR sample was prepared with TRIFP 1a (20 mM) and imine 2a (20 mM) following
GPSP but without the addition of HE 3b, which corresponds to a sample of the binary
complex. Then *H and *H,13-HSQC NMR spectra were recorded at 180 K. Subsequently,
the sample was equilibrated at room temperature, and HE 3b (0.5 eq.) was added under
argon and NMR spectra were recorded again. This procedure of adding Hantzsch ester
equivalents (0.5 — 10 eq.) to the sample was repeated.

The spectra were calibrated to TMS and the chemical shifts monitored. The most
significant changes were observed for the CPA/Z-2a hydrogen bond. These changes
were manually fitted in an Excel spreadsheet to a binding isotherm fitting curve

corresponding to a 1:1 binding model:[12:13]

([Pr] + [Lr] + Ko) — J([Pr] + [Lt] + K4)? — 4[Pr][L7]
2[Pr]

AS = A8y

Both the dissociation constant Kq and maximum chemical shift difference Admax

(representing the assumed “ternary complex” chemical shift) values were fitted iteratively.

[Pr]: Describes the concentration of the binary complex (“protein”) and was set to 20 mM,

which is constant over all measurements.

[L7]: Describes the total HE 3b concentration (“ligand”), which was determined by

integration of the *H-NMR spectra relative to the imine signals.

The Kq and &r values from selected chemical shift changes were fitted in Dynafit using
1:1 binding model.[*4

In general, the signals of the CPA/Z-2a showed a significantly larger high-field shift than
the CPA/E-2a (see FigureS2.17). Fitting the chemical shift mapping revealed a binding
constant of Kg = 22.2 indicating a weak binding of the HE 3b to the binary complex.
Despite the fact that the absolute chemical shift differences for the CPA/E-2a hydrogen

bond between ternary and binary complex are significantly smaller than the respective
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CPA/z-2a hydrogen bond, the nearly linear change suggests a weaker binding of the E-

complex.

1a/E-2a .

il

I I I I |
16.5 16.0 15.5 15.0 ppm

Figure S 2.17 'H-NMR chemical shift mapping of the TRIFP 1la/Z-2a (left) and TRIFP la/E-2a (right)
hydrogen bond signals upon addition of 0-10 eq. HE 3b (600MHz, CD2Cl2, 180K). A general high-
field shift is observed upon addition of the HE 3b (order: red, orange, yellow, green, blue).
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Figure S 2.18 TRIFP 1a/Z-2a hydrogen bond signal binding isotherm (7 titration points). Ka = 22.2
1.8 MM; ASnar= 15.524 ppm; Ka=1/Kqg = 45.05 M2,
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Figure S 2.19 TRIFP la/E-2a hydrogen bond signal binding isotherm (7 titration points). Ka = 19.8 +
3.9 MM; Adinar= 15.099 ppm, Ka=1/Kg =50.50 M.
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2.6.9. Diffusion Ordered Spectroscopy (DOSY)

Diffusion ordered NMR spectroscopy (DOSY) experiments were performed using a
Bruker Avance 1l HD 600 MHz spectrometer with a TBI (Triple resonance broadband
inverse) 5 mm CPPBBO 1H/19F-BB or 1H/31P-BB probe head with Z-gradient and BVT
unit was used. The temperature of the spectrometer was regulated by a BVT 3900 unit
and liquid nitrogen. All measurements were performed at 298 K. Temperature was
certified by internal NMR calibration samples from Bruker®. NMR Data was processed,
evaluated, and plotted with TopSpin 3.2 software. Further analysis of the measurements
was performed with Microsoft Excel (Version 16.0.10359.20023 64 Bit).

All DOSY measurements were performed with the convection suppressing DSTE (double
stimulated echo) pulse sequence developed by Jerschow and Miuller in a pseudo 2D
mode.[*®! Therefore, TMS was added to the sample and used as reference for the 1H
chemical shifts and for temperature as well as the viscosity of the solvent. For the
measurement a set of 4 dummy scans and 8-32 scans was used for all samples. A
relaxation delay of 3.5 s was used for all samples. The diffusion time delay was set to 40
ms and the gradient pulse lengths (p30, SINE.100 pulse shape) were optimized for each
species to give a sigmoidal signal decay for varying gradient strengths between 5% and
95%. Optimal pulse lengths of 1.0 — 1.3 ms were used at 298 K for TMS and the formed
aggregates. For each species, 32 spectra with linear varying gradient strength from 5%
to 95% were measured. For integration, all separated signals were used for each

substrate. Thereby, no line broadening occurred for increased gradient strengths.

The signal intensities of these groups in the DOSY spectra were classically analyzed as
a function of the gradient strength by the in Bruker TopSpin 3.2 included software T1/T2
relaxation package by employing the Stejskal-Tanner equation.*®! Based on the obtained
translational diffusion coefficients, the hydrodynamic radii of the analytes rq were
estimated following the Stokes-Einstein equation (S6), with D; = self-diffusion coefficient
k = Boltzmann constant, T = temperature, n = viscosity of the sample, ¢ = correcting
factor, F = shape factor:[17]

_ kgT
B Femmry

(S1)

i
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The shape factor F was set to 1 for a spherical shape. The semi-empirical modification
by Chen (S7) was used to calculate the correction factor c. Therefore, a from literature

known value for the radius of the corresponding solvent was used (rcp,ci, = 2.46 Al18)) [20]

~ 6F
= T s2)
1+ 0.695 (Folz)2234 (
(rref)

Cchen

Viscosity calibration of the derived D; values was performed with literature known values
for the radii of TMS (ref = 2.96 A, calculated from hard-sphere increments!*9) and the
experimentally determined diffusion coefficient Drer of TMS, which is determined
individually for each sample.

r 2.234
kT (1 + 0.695 (M) )
T}ef

67TD‘ref T'ref

(S3)

n lkg/ms] =

After including all correction and calibration equations in the Stokes equation (S6), the
equation was rearranged for the hydrodynamic radii r4 (S9). The corresponding volumes

Vawere calculated with the assumption of a spherical shape.

r 2.234
kT (1 + 0.695 (M> )
D= 7}ef

6mnry

(S4)

The experimental self-diffusion coefficients D, the viscosity corrected hydrodynamic radii
rq and the resulting volumes Va of all samples are depicted in Table S3.3. TMS was used
as viscosity reference in each sample separately with the variation in its experimental
diffusion coefficients reflecting the different viscosities depending on the substrate
concentration. The average D; values were derived by using all baseline separated
signals that were referring to the same species. As stated above the hydrodynamic values
and the volumes are viscosity corrected and therefore the only values, which can be

directly compared with each other (see Table S2.3).
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Table S 2.3 Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii ru
and resulting volumes Va of various 1b/2a/3b combinations (40 mM). TMS was used as viscosity
reference for the experimental self-diffusion coefficients Di to allow for a comparison of
hydrodynamic radii ry and resulting volumes Va. The corresponding self-diffusion coefficients Dj of
TMS are given for each sample. Entry 1-5: SW =22 Hz, O1P = 10.0 ppm, gradient strength 5-95%

linear. Samples were measured at room temperature.

Entr Species Diffusion coefficient Hydrodynamic radius Volume
y P Di[m2.57] rm [A] Va [A%]
L OMe-CPA 1a 7.12E-10 7.47 1748
T™S 2.48E-09
5 2a 1.53E-09 3.97 262
T™S 2.42E-09
HE 3b 1.26E-09 506
g T™S 2.68E-09 i
A OMe-CPA 1b/ 2a 6.81E-10 7.28 1625
T™S 2.30E-09
St S 3.11E-10 8.23 2331
5 3b 1.21E-09
T™S :
2.6.10.  NOE Analysis of Conformers

The calculated conformers were compared to the NMR data, especially the NOE signals.
For this analysis, only NOE correlations of the HE 3b can be used. This is a result of the
fast exchange of binary and ternary complexes leading to an averaged signal set for both
the CPA 1 and the imine 2a. Therefore, a distinction between both complexes is not
feasible, but the HE 3b signals can be unambiguously assigned to the ternary complex.
The [3:3] dimer does also not interfere with this analysis, as for the TRIFP 1la system the
[3:3] species is negligible populated and does not result in any observable NOESY
signals, simplifying the analysis.In addition, in the OMe-CPA 1b system a separate signal
set for the HE 3b is detected indicating a slow exchange on the NMR timescale. Hence,

the HE 3b NOE signals can be interpreted without restrictions.

In addition, to distinguish between various conformers only the distinct NOE correlations
for each conformer can be used. This means, the calculated conformers were first
analyzed regarding the distances between HE 3b and the CPA 1 as well as imine 2a.
Next, these findings were compared between all conformers and for each conformer
distinct close distances between CPA/HE and imine/HE were noted. These close
distances should be observable in NOESY spectra and therefore reveal if the analyzed
conformers are existing or not. Contrary, calculated long distances between CPA/HE or
imine/HE cannot be used. In case of such distinct long distances, a signal for other

conformers with shorter distances would still be observed, making any evaluation
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inaccessible. Hence, although a huge NOE network is detected, only very few signals
can be used to identify the conformers. Nevertheless, this confined assessment of only
the distinct NOEs is indispensable since most signals involve contributions from at least

two conformers, preventing the unambiguous identification of a single conformer.

2.6.10.1. TRIFP la/2a/HE 3b

The system TRIFP la/2a/HE 3b was selected as model system for the conformer
analysis due to a high population of the ternary complex in comparison to other species
as well as sharper signals which lead to better NOESY resolution. Here, especially the
E-imine 2a complex was used due to its higher population which enabled a full chemical
shift assignment. After excluding various conformers based on the NOESY spectra, three
conformers were left which are supported by NOE correlations. The three lowest energy
conformers (C1, C2, C3) and their respective NOE cross signals are displayed below
(S20-S23). Other from calculations expected correlations are also observed between
la/HE 3b and 2a/HE 3b but are not shown here, because they are not distinct for the

respective conformer.
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Figure S 2.20 Conformer 1 NOE analysis. Left right corner the calculated conformer Clis displayed.
One of the distinct signals for this conformer is the NOE correlation between the HE 3b hydrogen
atom at 4.66 ppm with the OMe-group of the imine 2a at 3.64 ppm.
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ppm

7.5

9.0

T T T T
1.90 1.85 1.80 1.75 1.70 1.65 1.60 ppm

Figure S 2.21 Conformer 1 NOE analysis. Left right corner the calculated conformer Clis displayed.
One of the distinct signals for this conformer is the NOE correlation between the HE 3b CHz-group
at 1.76 ppm with the p-OMe-phenyl-ring of the imine at 6.64 ppm.
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Figure S 2.22 Conformer 2 NOE analysis. Left right corner the calculated conformer C2is displayed.
One of the distinct signals for this conformer is the NOE correlation between the HE 3b hydrogen
atom at 4.66 ppm with the phenyl-group of the imine at 6.90 ppm.
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Figure S 2.23 Conformer 3 NOE analysis. Left right corner the calculated conformer C3is displayed.
The distinct signals for this conformer are the NOE correlation between the HE 3b hydrogen atom
at 4.66 ppm with the BINOL-backbone.
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2.6.10.2. [3:3] Dimer with OMe-CPA 1b

For the analysis of the [3:3] dimer, the second model system OMe-CPA 1b/2a/HE 3b was
selected due to its high population. Here, nearly a 1:1 ratio between the population of the
hydrogen bond signals of the binary/ternary complex and those of the [3:3] dimer. In
addition, in this system a clearly observable separate signal set was detected for HE 3b
for the [3:3] species (see FigureS2.24-25). However, in NOESY/EXSY spectra exchange
processes with the binary and ternary complexes are still observed. Therefore, the
calculated structures of the [3:3] dimer were compared with the ternary complexes to find
distinct NOE interactions which could still be interpreted but both are too similar to differ.

Figure S 2.24 Scheme of the [3:3] dimeric species (left). Calculated structure of the [3:3] dimeric
species (right).
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A) HE 3b - chemical shifts

C) NOESY - aliphatic region

B) NOESY H-bond correlation
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Figure S 2.25 A) Chemical Shift assignment for the separate signal set of the HE 3b. B) 'H-'H NOESY
spectrum with focus on the NOE correlation of the H-bond to the HE 3b. C) *H-'H NOESY spectrum
with a zoom on the NOE correlation of the HE 3b signal at 5.01 ppm in the aliphatic region. D) *H-'H
NOESY spectrum with a zoom on the NOE correlation of the HE 3b signal at 5.01 ppm in the aromatic

region.
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2.6.11.  Appendix

2.6.11.1. NMR Screening - *H- NMR Spectrum of Each Sample

e L

18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 Ppm

IH-spectrum of the ternary complex of TRIFP 1a/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Clo,
180K).

I 1 1 1 1 1 1 1 1 1 I
18 17 16 15 14 13 12 11 10 9 ppm

E-only sample: Hydrogen bond area of the *H-spectrum of the ternary complex of F 1a/E-2a/HE 3b
(1:1:1 stoichiometry, 600MHz, CD2Cl2, 180K).
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il

| T T T T T
18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of TRIFP la/2a/HE 3b (2:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).

f T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of OMe-CPA 1b/2a/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).
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19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the H-spectrum of the ternary complex of TRIFP 1a/2b/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).

-

f T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of TRIFP la/2c/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).
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I 1 I 1 I | I 1 I |

I
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of OMe -CPA 1b/2b/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).

T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the *H-spectrum of the ternary complex of OMe -CPA 1b/2c/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).
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— il I

I T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the !H-spectrum of the ternary complex of TRIM 1c/2a/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).

A

f T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the H-spectrum of the ternary complex of TRIM 1c/2b/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).
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. Ad

'WW“WWTMWW
19 18 17 16 15 14 13 12 11 10 Ppm

Hydrogen bond area of the !H-spectrum of the ternary complex of TRIM 1c/2c/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).

f T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of TRIP 1d/2a/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).
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|
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of TRIP 1d/2b/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).

-y

f T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

A

Hydrogen bond area of the 'H-spectrum of the ternary complex of TRIP 1d/2c/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).
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M, )

I T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of TiPSY 1e/2b/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).

I T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of TiPSY 1e/2c/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).
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e

I
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the *H-spectrum of the ternary complex of 1a/2d/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).

19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the *H-spectrum of the ternary complex of 1b/2d/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).
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A

MMTWWWWW
19 18 17 16 15 14 13 12 11 10 ppm

Hydrogen bond area of the *H-spectrum of the ternary complex of 1¢/2d/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).

PN AV

19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of 1a/2e/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).
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MMTWWWWW
19 18 17 16 15 14 13 12 11 10 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of 1c/2e/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).

N,

I
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the *H-spectrum of the ternary complex of 1d/2e/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).
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T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of 1e/2e/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).

f T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the *H-spectrum of the ternary complex of 1a/2f/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).
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1
19 18 17 16 15 14 13 12 1 10 9 ppm

Hydrogen bond area of the *H-spectrum of the ternary complex of 1d/2f/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).

.

f T T T T T T T T T T T
19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the *H-spectrum of the ternary complex of 1a/2g/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).
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19 18 17 16 15 14 13 12 11 10 ppm

Hydrogen bond area of the *H-spectrum of the ternary complex of 1f/2a/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).

2.6.11.2. NMR Spectra of TRIFP la/2a/HE 3b

|
N L‘L

19 18 17 16 15 14 13 12 11 10 9 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of TRIFP la/2a/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K).
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200 180 160 140 120 100 80 60 40 20 ppm

3C-spectrum of the ternary complex of TRIFP 1a/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Cl>,
180K).

T T T T T T T 1
350 300 250 200 150 100 50 ppm

N-spectrum of the ternary complex of TRIFP 1a/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Cl>,
180K).
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r T T T T T T T
—45 -50 -55 -60 -65 =70 -75 Ppm

BF-spectrum of the ternary complex of TRIFP l1a/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Cl>,
180K).

T T T T T T T T T T T T T
35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 ppm

31p-spectrum of the ternary complex of TRIFP la/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Cl>,
180K).

N

18 17 16 15 14 13 12 11 10 ppm

Hydrogen bond area of the 'H-spectrum of the ternary complex of TRIFP la/2a/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K). Neither imine 2a nor HE 3b are °*N-labeled. No doublets are
observed anymore, confirming all species bond to either 2a or HE 3b.

96



Ternary Complex in Brgnsted Acid Catalysis — Unexpected Weak Steric
Limitation Leads to a Broad Structural Space

18 17 16 15 14 13 12 11 10 PpPm

Hydrogen bond area of the 'H-spectrum of the ternary complex of TRIFP la/2a/HE 3b (1:1:1
stoichiometry, 600MHz, CD2Cl2, 180K). Imine 2a is not ®N-labeled while HE 3b is *N-labeled. No
doublets are observed anymore for all imine 2a hydrogen-bonded species, while hydrogen-bonded
HE 3b species still appear as a doublet.

otk Lo

nmasin

©
®
~
)
3
'Y
w
N
[
o

g
=

'H,'H-COSY of the ternary complex of TRIFP 1a/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Cl>,
180K).
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Aromatic region of 'H,'H-COSY of the ternary complex of TRIFP 1la/2a/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Clz, 180K).
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Aromatic region of *H,*H-TOCSY of the ternary complex of TRIFP 1a/2a/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).
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IH,13C-HSQC of the ternary complex of TRIFP 1a/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Cl>,
180K).
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'H,3C-HMBC of the ternary complex of TRIFP la/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Cl>,
180K).
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IH,'H-NOESY of the ternary complex of TRIFP la/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Clo,
180K).
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2.6.11.3. NMR Spectra of TRIFP la/E-2a/HE 3b

YUY N TErE Y ppm

100
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19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm

IH,*N-HSQC-NOESY of the ternary complex of TRIFP 1la/E-2a/HE 3b with a mixing time of 0.03 ms
(1:1:1 stoichiometry, 600MHz, CD2Cl2, 180K).
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19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm

IH,’>N-HSQC-NOESY of the ternary complex of TRIFP la/E-2a/HE 3b with a mixing time of 0.03 ms
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2.6.11.4. NMR Spectra of OMe-CPA 1b/2a/HE 3b
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IH-spectrum of the ternary complex of OMe-CPA 1b/2a/HE 3b (1:1:1 stoichiometry, 600MHz, CD2Clo,
180K).

200 180 160 140 120 100 80 60 40 20 ppm

13C-spectrum of the ternary complex of OMe-CPA 1b/2a/HE 3b (1:1:1 stoichiometry, 600MHz,
CD:Cl2, 180K).
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5N-spectrum of the ternary complex of OMe-CPA 1b/2a/HE 3b (1:1:1 stoichiometry, 600MHz,
CD:Cl2, 180K).

50 40 30 20 10 0 -10 =20 =30 ppm

3lp-spectrum of the ternary complex of OMe-CPA 1b/2a/HE 3b (1:1:1 stoichiometry, 600MHz,
CD:Cl2, 180K).
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IH,'H-COSY-spectrum of the ternary complex of OMe-CPA 1b/2a/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Clz, 180K).
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IH,'H-TOCSY-spectrum of the ternary complex of OMe-CPA 1b/2a/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).

104



Ternary Complex in Brgnsted Acid Catalysis — Unexpected Weak Steric
Limitation Leads to a Broad Structural Space

AP A L A ppm

- - 20

- : L 40

- 60

- 80

—-100

- 120

-140

I I 1 1 1 I 1 1 1 1 160
10 9 8 7 6 5 4 3 2 1 0 ppm

IH,3C-HSQC-spectrum of the ternary complex of OMe-CPA 1b/2a/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Clz, 180K).
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IH,13C-HMBC-spectrum of the ternary complex of OMe-CPA 1b/2a/HE 3b (1:1:1 stoichiometry,
600MHz, CD2Cl2, 180K).
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3.1. Abstract

Chiral phosphoric acids (CPA) have become a privileged catalyst type in organocatalysis,
but the selection of the optimum catalyst is still challenging. Potentially hidden competing
reaction pathways may limit the maximum stereoselectivities and the potential of
prediction models. In studies of the CPA-catalyzed transfer hydrogenation of quinolines,
two reaction pathways with inverse stereoselectivity were identified, which feature either
one CPA or a hydrogen bond bridged dimer as active catalyst. In our effort to investigate
whether this pathway is also active for classical imine CPA complexes, we conducted
NMR measurements and DFT calculations which revealed the existence of dimeric
intermediates. Additionally, several formation trends for the 2:1 dimeric species were
elucidated by NMR spectroscopy. However, no influence on stereoselectivity was
observed independent of temperature, concentration and catalyst loading. Thus, this
study demonstrates that dimeric complexes seem to be a general structural feature in
CPA catalysis at high catalyst concentrations and low temperatures. But the
concentration of the 2:1 dimer under synthetic conditions is so low that only in the case
of an extreme kinetic acceleration this dimeric pathway may affect the catalytic outcome

at room temperature, which is not the case for the classical imines investigated here.
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3.2. Introduction

Brgnsted acid catalysis has become one of the central pillars in organocatalysis over the
last decades due to its huge potential and versatility in organic asymmetric synthesis. !~
SIBINOL (1,1’-bi-2-naphthol) derived chiral phosphoric acids (CPAs) emerged as one of
the most famous catalyst types in this field. After their initial report by Akiyamal® and
Terada,l’! various CPAs with different 3,3’-substituents were introduced by several

groups!®-1% and adapted to a myriad of transformations.!*1-18]

From these reactions, the transfer hydrogenation of imines with Hantzsch Ester (HE) was
later established as model system for mechanistic investigations (see Figure 3.1). NMR
measurements were key to investigate and assess the hydrogen bond assisted ion-pair
CPA/imine intermediates. These experimental investigations allowed a better
understanding of the reaction mechanisms by revealing transition states, % structures/?®-
221 and hydrogen bond strengths.[2324 In our NMR studies we detected intermediates with
one or two catalyst molecules.l?*261 Furthermore, Niemeyer et al. revealed that
supramolecularly linked CPAs show cooperativity effects in the transformation of
quinolines.? This raised the question, whether competing monomeric and dimeric
reaction pathways may be a general feature in catalytic reactions with CPAs or even in
Bregnsted acid catalysis. In case monomeric and dimeric pathways provide different
enantioselectivities, guidelines to switch on and off one of the pathways would allow to

improve synthetic applications and mechanistic studies.

Besides experimental and spectroscopic investigations, computational studies have been
key to a deeper understanding of the reactivity and stereoselectivity of CPA-catalyzed
reactions.l?.281 Goodman et al. linked the stereoselectivity to two parameters reflecting
the steric properties of the 3,3’-substituents and developed a model for predicting suitable
CPAs based on reactant structures.[??-3% Independent studies of Sigman et al. established
a data-driven prediction model to elucidate the influence of multiple parameters of the
reagents on the stereoselectivity.?1-33 Nevertheless, despite the groundbreaking
achievements of computations,® NMR measurements and other methods,*% a simple
and easy prediction of the optimal catalyst for each substrate/reagent combination

remains still extremely challenging.
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Figure 3.1 Previously optimized CPA-catalyzed transfer hydrogenation of imines. At a temperature
range of 35-60 °C, stereoselectivities of 80 to 93 % were achieved B) Monomeric CPA/substrate and
dimeric CPA/CPA/substrate intermediates observed in our previous work with Niemeyer.?® The
competition of monomeric and dimeric reaction channel led to a strong dependence of
stereoselectivity on the catalyst loading.

A potential explanation for the observed complexity of effects might be the overlooked
competition of monomeric and dimeric pathways mentioned above. Here, two
independent studies demonstrated that dimeric CPA complexes can significantly impact
the stereoselectivity. On the one hand, Ishihara et al. discovered metal-ion bridged CPA
dimers that lead to an inversed stereoselectivity for Mannich-type reactions.[*¢ On the
other hand, Niemeyer et al. discovered a competing reaction pathway pathway for
covalently interlocked CPA dimers as well as hydrogen bond bridged dimeric CPAs for
the transfer hydrogenation of quinolines (see Figure 3.1B).[?537] This observation was
further corroborated by a recent study with a broader scope of covalently bonded CPA
dimers that showcase the same influence on stereoselectivity as observed in prior
studies.®8 In general a very low population of dimeric CPA/CPA/substrate intermediates
is expected. However, the observed stereoselectivity/catalyst loading correlation
revealed that the dimeric pathway leads to an inversion of the enantiomeric excess (ee)
even at catalyst loadings <10 mol% typical for organocatalysis.?® The minimal
concentration of CPA/CPA/quinoline intermediates was additionally corroborated by our
NMR investigations. The specific hydrogen bond pattern in the 1H-NMR spectra could be
only detected at a CPA quinoline ratio of 2:1. To explain the strong effect of

CPA/CPA/quinoline complex on the catalytic outcome, the tiny concentration must be
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overcompensated by a strong kinetic preference of the dimeric pathway. Indeed, the
respective DFT calculations of the twofold transfer hydrogenation of quinolines showed
a kinetic dominance of the dimeric species in the stereoselective second reduction
step.l?>3% Therefore, the dimeric pathway can take over the stereoselectivity of the
reaction despite a very low population of the CPA/CPA/quinoline intermediate at
<10 mol% catalyst loading. This observation raises the question, whether the dominance
of the dimeric pathway is an exception for quinolines and metal-ion bridged catalysts or

whether it is a general feature of CPA-catalyzed reactions.

Therefore, in this study, we investigated the competition between monomeric and dimeric
pathway in the CPA-catalyzed transfer hydrogenation of imines. Therefore, a screening
of 7 CPAs and 13 imines with NMR spectroscopy and studies of the enantiomeric excess
by chiral HPLC were conducted. The NMR experiments revealed the existence of the 2:1
dimeric species at 180 K, however no influence on the ee was detected during various
reaction conditions. Thus, the dimeric complexes seem to be a general structural feature
of CPA-imine complexes at high catalyst concentrations and low temperatures but the
extreme kinetic acceleration of the dimeric pathway necessary to affect the
stereoselectivity in CPA catalyzed transfer hydrogenation seems to be valid only for

special CPA/substrate combinations as observed with quinolines.
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3.3. Results and Discussion

3.3.1. Model Systems

In order to check, whether 2:1 CPA/CPA/imine intermediates (further referred to as
dimers) are a general feature in CPA catalysis we selected as model systems the most
commonly used CPAsl TRIFP la (3,3 -bis(3,5-bis-(trifluoromethyl)phenyl)-1,1"-
binaphthyl-2,2"diyl hydrogen phosphate),[10.40] TRIP 1b (3,3 -bis(2,4,6-
triisopropylphenyl)-1,1"-binaphthyl-2,2°diyl hydrogen phosphate),®! TRIM 1c (3,3"-
bis(2,4,6-trimethylphenyl)-1,1"-binaphthyl-2,2"diyl hydrogen phosphate) and TiPSY le
(3,3 -bis(triphenylsilyl)-1,1"-binaphthyl-2,2"diyl hydrogen phosphate)i*! as well as
catalysts 1d,f,g to probe the effects of varying steric and electronic properties (see Figure
3.2A). As substrates the imines 2a-2n were chosen to test the influence of steric and

electronic effects of the imine on the dimer formation (see Figure 3.2B).

NWes gl gN<

a) selected CPAs

TRIFP 1a TRIP 1b TRIM 1¢ 1d
‘1-,{5' /© /d\
TiPSY 1e 1f 19

b) selected Imines .\ . . . .

2c 2

2a 2b d 2e
Kr'ﬂ\ kY kY FSC\Q}, Meo\©}¢
2f 29 2h 2i

YD Recasaliee @AQ

'Bu 2n

Figure 3.2 Structures of the investigated a) chiral phosphoric acids (CPAs) with different 3,3 —
substituents and b) imines with different steric and electronic properties of the imine. A variety of
combinations of these imines was investigated by NMR spectroscopy to elucidate trends of the
dimer formation.
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3.3.2. NMR Investigations on CPA/CPA/Imine Formation

To reveal the structure and mode of activation of the CPA/CPA/imine intermediates as
well as factors favoring their formation, we performed a detailed NMR spectroscopic
study. Already trace amounts of the dimer intermediates below the NMR detection limit
could significantly affect the stereoselectivity with quinolines, while the best experimental
conditions to investigate the dimeric species via NMR spectroscopy were found to be a

2:1 ratio of catalyst to quinoline.[25:39

Therefore, also the NMR measurements for the CPA/imine combinations were conducted
at a 2:1 ratio of catalyst and imine. Low temperature is the key to slow down exchange
processes and to make the proton signals in the hydrogen bonds detectable, which are
crucial for the differentiation of the monomeric and the dimeric intermediates.[?%2l

Therefore, all NMR spectra were recorded in CD2Clz at -93 °C.

To our surprise we were able to clearly identify the 2:1 CPA/CPA/imine dimer for many
CPA/imine combinations at these conditions (see Sl 3.1 and 6.1). In addition, for some
systems we even obtained well resolved spectra with reasonable line widths, which
allowed for the first time H, *H-NOESY, H, ®F-HOESY and relaxation dispersion
measurements for CPA/CPA/imine dimers (see Sl 3.6). In the following, the NMR
spectroscopic identification and characterization of the dimeric intermediate is

exemplarily discussed for 1a/la/2b.

In the hydrogen bond region?l of the 'H-spectrum the characteristic pattern of four
complexes can be identified. Most prominent is the H-bond signal pattern for dimeric
la/la/2b with an E-configured imine while the respective dimeric complex with a Z-imine
is by far less populated (see Figure 3.3A, orange signals). Due to the °N labelling of the
imine (I(**N) = %), the PO---H-N* hydrogen bonds can be clearly identified via their
doublet splitting, while the PO-H---OP hydrogen bonds of 1la/la/2b appear as singlets
(both signals have a 1:1 integral ratio confirming the dimeric species). In addition, small
amounts of the corresponding monomeric 1a/2b species with both E- and Z-imine are
observed (see Figure 3.3A, blue signals). The assignment of E- and Z-configurations in
the dimeric complexes was based on *H, *H-NOESY spectra and characteristic exchange

peaks with the previously investigated monomeric 1a/2b complexes.[2%
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Diffusion ordered spectroscopy (DOSY) measurements were performed and validated
the assignment as dimeric species (for details see Sl 3.6.5). 'H, H NOESY and H, 1°F
HOESY studies were conducted to shed light onto the potential structure of 1a/la/E-2b
(see Figure 3.3B and Sl 3.6.6). Furthermore, DFT calculations were performed on a
TPSS/def2-SVP (def2/J) level of theory with implicit solvent (CPCM) as well as a D3BJ
correction based on the previous DFT studies[?>3° and the observed NOE restraints (see

Sl 3.6 for details and references).

Similar to the monomeric la/2b complexes showing one set of signals for two
conformations in fast exchange on the NMR time scale, also for this dimeric species two
conformations Type |, and Type Il were found both matching the experimentally observed
pattern of NOE/HOE contacts (see Figure 3.3B, red arrows). DFT pointed towards Type |l
as the more stable one (see Sl 3.6). Relaxation dispersion Rip measurements
corroborated the presence of a fast exchange process potentially between Type | and
Type Il (for details see Sl 3.6).[42In structure Type | both hydrogen bonds are directed to
one oxygen atom of the central phosphoric acid while in Type Il two oxygen atoms of the
central CPA are involved. Furthermore, Type | offers a nucleophile binding site close to
the imine which hypothetically would lead to the correct inverse product selectivity for the
dimeric pathway. In Type Il a reorganization would be necessary to enable the hydride
transfer (see Sl 3.6 for detailed discussion). The presented structures show that in the
dimeric complexes both catalyst molecules together create the stereoinductive
environment for the downstream transformation. Future theoretical calculations of these
demanding systems with many degrees of freedom may be able to reveal which of the
many potential transition state pathways is most probably active. These transition states
may differ in the stacking of imine and Hantzsch ester (nucleophilic attack from top or
bottom), E- or Z-imine configuration or hydrogen bonding motif (both H-bonds to one or

two oxygen atoms, see Figure 3.3B).
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Figure 3.3 A) General hydrogen bond pattern observed for CPA/CPA/imine intermediates featuring
PO---H-N* and PO-H---OP hydrogen bonds for the monomeric (blue) and dimeric (orange) complex.
B) DFT structure models for the two different conformers of [1a/la/E-2b] differing in the hydrogen
bond situation and accessibility of the P=O hydrogen bond acceptor. DFT calculations were
performed on a TPSS/def2-SVP (def2/J) level of theory with implicit solvent (CPCM) and the D3BJ
correction based on the previous DFT studies®! and the observed NOE restraints. C) *H-NMR
spectra of the systems TiPSY 1e + 2b (bottom), TRIFP 1a + 2b (middle) and Phenyl-CPA 1f + 2b (2:1
stoichiometry, 50mM:25mM, CD:Cl;, 180K, 600MHz) show the steric influence of the 3,3’-
substituents on dimer formation: Bulky substituents favour the formation of the monomers, small
substituents give monomers and dimers, while for TRIFP la a general preference for dimer
formation is observed.
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Next the hydrogen bond properties of dimeric versus monomeric complexes were
analyzed based on their NMR parameters. Both *H and *°N chemical shifts of the dimeric
species are clearly high field shifted and the 'Jnw coupling constants are increased
compared to the monomeric complexes with the same imine configuration (see Sl 3.6.4).
As demonstrated in previous H-Bond studies ,[?42% this clearly reflects a stronger proton
transfer onto the imine in the dimeric intermediate based on cooperativity effects
introduced by the second PO-H---OP hydrogen bond.*1-%3 As the proton transfer onto
the substrate is directly linked to the substrate’s electrophilicity/activation towards
nucleophilic attacks, this might contribute to the dimeric reaction channel being kinetically
dominant even at low catalyst loadings (<10 mol%). Overall the NMR investigations show
that the CPA/CPA/imine dimer intermediates seem to be a self-assembled
supramolecular version of List's IDPIs* or Gong’s linked bisphosphoric acids!*®!
regarding the spatial confinement provided by two CPA units and the increased acidity.
Additionally, the observed hydrogen bond cooperativity is a prime example of “Brgnsted
acid assisted Brgnsted acid catalysis”*¢47l as also observed for other Bransted acid or

hydrogen bond catalysts*8-5% and is typical for enzyme catalysis.[1:52

Next, the hydrogen bond properties of dimeric versus monomeric complexes were
analyzed based on their NMR parameters. Both *H and 1*N chemical shifts of the dimeric
species are clearly high field shifted and the 'Jnn coupling constants are increased
compared to the monomeric complexes with the same imine configuration (see Sl 3.4).
As demonstrated in previous H-Bond studies ,[?324 this clearly reflects a stronger proton
transfer onto the imine in the dimeric intermediate based on cooperativity effects
introduced by the second PO-H---OP hydrogen bond.*3-% As the proton transfer onto
the substrate is directly linked to the substrate’s electrophilicity/activation towards
nucleophilic attacks, this might contribute to the dimeric reaction channel being kinetically
dominant even at low catalyst loadings (<10 mol%). Overall the NMR investigations show
that the CPA/CPA/imine dimer intermediates seem to be a self-assembled
supramolecular version of List's IDPIs*®! or Gong’s linked bisphosphoric acids!*]
regarding the spatial confinement provided by two CPA units and the increased acidity.
Additionally, the observed hydrogen bond cooperativity is a prime example of “Bragnsted
acid assisted Brgnsted acid catalysis”*®4% as also observed for other Bragnsted acid or

hydrogen bond catalysts!®®-52 and is typical for enzyme catalysis.[53.54
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Next, we investigated, whether special structural features of the CPA and/or the imine
favor the formation of the dimeric species. For this analysis, we used the characteristic
signal pattern of the complexes in the hydrogen bond region. For TRIFP la a general
preference for dimer formation was observed for several imines (see Sl 3.4), while for
catalysts with bulkier 3,3’-substituents (TRIP 1b and TiPSY le) no preference for the
respective dimeric species was detected (see Figure 3.3C and Sl 3.6.4.1). For catalysts
with smaller 3,3’-substituents (TRIM 1c, 1d, 1f, 1g) the CPA/CPA/imine dimers are
populated but not the dominant species and additional hydrogen-bonded species were
detected. In contrast, the steric properties of the imine had no significant influence on the
dimer formation. Even for the extremely bulky imine 2n featuring four tert-butyl groups,
dimer formation was still observed with TRIFP 1a (see Sl 3.4.1). For imines with electron-
withdrawing substituents such as 2c and 2d, a variety of hydrogen-bonded species was
detected. For electron-donating substituents of the imine the dimeric species was
generally preferred (see Sl 3.4.2). Remarkably, by combining electron-donating with
electron-withdrawing groups on the 3,3’-substituents and the imine or the other way
around (e.g., 1d/2d or 1a/2b) a stronger preference for the dimeric species was observed

(up to 95 % dimeric species; for specific ratios see Sl 3.6.4.2 and 3.6.4.3).

Thus, we were able to identify CPA/CPA/imine species for many CPA imine combinations
during our low temperature NMR investigations. Especially TRIFP 1a and combinations
with donating and withdrawing electronic properties on catalyst and imine favor dimer
formation. The general hydrogen bond pattern reveals a cooperativity effect of the PO-
H---OP and PO™---H-N* hydrogen bond resulting in a stronger proton transfer onto the
substrate potentially contributing to the kinetic preference of the dimeric reaction
pathway. For the first time NOESY/HOESY studies gave experimental insights into the
dimer structure. Together with DFT calculations they indicate that both catalyst molecules
may contribute to the stereoinduction. Overall, for many CPA/imine combinations the
dimeric species was detected, but for all combinations the formation trend is small that
200 % catalyst concentration is needed to detect significant NMR signals of the 2:1

complex.
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3.3.3. Dimeric Pathway in CPA Catalysis

Next, we explored if this dimeric species can lead to a second reactive pathway in the
CPA-catalyzed transfer hydrogenation of imines that has a similar influence on the
stereoselectivity as previously observed CPA dimers.[?536] Therefore, we selected and
studied our NMR model system consisting of TRIFP 1la and imine 2b, which showed the
highest preference for the dimeric species, to investigate a potential impact on
stereoselectivity. In general, high overall concentrations, high catalyst loadings and
sterically less hindered CPAs should favor the dimeric pathway. Furthermore, in case the
activation barrier of the dimeric pathway is significantly lower than the one of the
monomeric pathways, decreased temperatures should also favor the dimeric pathway.
Therefore, multiple reaction conditions were adjusted and evaluated to reveal if the
dimeric pathway contributes significantly. Enantioselectivities with varying catalyst
loadings with (R)-TRIFP la and imine 2b were determined by chiral HPLC. Catalyst
loadings of 1 mol% and 20 mol% (as typical upper limit in synthesis) were chosen as

standard reference points for the monomeric and the dimeric pathway, respectively.

First, a screening of the reaction was performed at 5 °C, -5 °C, -10 °C and -20 °C.
Decreasing the temperature should favor dimerization and thus the dimeric pathway. In
addition, six different catalyst loadings (1, 3, 5, 10, 15, 20 mol%) were tested for each
temperature. Assuming analogous behavior to the CPA/CPA/quinoline system (inverse
stereoselectivities for the monomeric and the dimeric pathway), with increasing catalyst
concentration the ee should be decreasing in case of a dimeric pathway.?®! However,
despite NMR investigations at 180 K indicated the presence of a dimeric species, no
significant change in ee was observed under these conditions for any of the studied
systems (see Table 1, see Sl Table S7). Even at extreme conditions supporting the
formation of catalyst dimers (-20 °C and 100 % catalyst loading see entry 7 in Table 1)
no significant change in ee was detected. Additionally, exchanging DCM with toluene as

solvent also resulted in no significant change in ee even with 40 mol% catalyst loading.
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Table 3.1 Conditions screening for a potential dimeric pathway. The reaction was performed
according to GP Il (see Sl 4.1) with TRIFP 1a, imine 2b (0.06 M, 1.0 eq.) and Hantzsch Ester 3 (0.084
M, 1.4 eq.). All listed reactions were run for 3 d. Variable conditions such as temperature and
catalyst loading, which were investigated on their influence on the enantiomeric excess (ee), are
listed.

Solvent [2b] /M Temperature / °C | Catalyst loading / mol% | Reactiontime/d | ee/ %
DCM 0.06 5 1 3 64
DCM 0.06 5 20 3 70
DCM 0.06 -10 1 3 73
DCM 0.06 -10 20 3 71
DCM 0.06 -20 1 3 73
DCM 0.06 -20 20 3 69

Toluene 0.06 -5 1 3 73

Toluene 0.06 -5 20 3 78

Toluene 0.06 -5 40 3 78

Overall, the results from NMR low temperature studies show that the thermodynamic
preference of dimeric complex formation at 180 K is similar with quinolines as substrates
and the imines investigated here. However, the strong kinetic preference for the dimeric

pathway present for quinolines is not existent for the imines investigated in this study.

The presence of dimers was proven by NMR investigations at 180 K using an excess of
200 % catalyst relative to imine (see Figure 3.3). Similar to the quinoline system of the
Niemeyer group at 100 % catalyst loading the signal of the dimer is below the NMR
detection limit at 180 K.l In general, at room temperature the key signals of the
hydrogen bonds cannot be detected using NMR spectroscopy and given the results from
180 K only traces are expected. To examine whether dimers are relevant at reaction
conditions non-linear effect (NLE) experiments developed by Kagan[® and Noyoril®¢! are
the method of choice. The respective experiments checking for a NLE have been carried
out using TRIFP 1a and TRIP 1b.[% For this purpose, reactions with different (R)- to (S)-
ratios of the corresponding CPA were performed. The corresponding ee of the product
was plotted against the ee of the CPA. In case of a monomeric pathway, a linear
correlation is expected, while any deviation from linearity suggests the relevance of
dimers. Indeed, aligning with our HPLC results, a linear correlation was observed
demonstrating that dimers are not contributing in any relevant amount and that the

reaction follows exclusively the monomeric pathway (see Figure 3.4).
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3.3.4. lon Supported Dimer Formation

Besides the quinoline study of Niemeyer et al.,[?® prior studies of chiral phosphoric acids
revealed a potential metal ion-bridged CPA dimer which can also lead to inverse
stereoselectivity for some CPA catalyzed reactions.®®l Similar changes in
stereoselectivity of chiral reagents with salt additives have been observed.’]
Considering the synthesis route of chiral phosphoric acids which often involves several
metal ions, this species could regularly and unintentionally be involved in CPA catalyzed
reactions.[®1358] Therefore, besides investigating the hydrogen bond-bridged dimeric
species with imines, we also investigated a potential influence of metal ion-bridged CPA

dimers.

Here, we selected 12 different metal salts based on the best accessible solubility in DCM
and added them to the reaction to observe any influence (see Table 4, see Sl Table S12-
13). This approach allowed the investigation of both potential dimerization occurring
during synthesis due to remaining metal ions and dimerization caused by contaminated

laboratory equipment.

For this screening both excess of the respective metal salt as well as stoichiometric
amounts were added to the reaction mixture at -10 °C. These temperatures were used to

support a dimerization which should be favored with lower temperatures.

Table 3.2 Metal ion screening for a potential metal linked CPA dimer pathway. The reaction was
conducted with TRIFP 1a, imine 2b and Hantzsch Ester 3 and a metal additive in DCM. The reaction
was performed at -10 °C with an imine concentration of 0.06 M and 20 mol% catalyst loading, and
the enantiomeric excess (ee) was determined by HPLC.

Additive la:Additive stoichiometry ee/ %
Ca(OH)2 1:0.25 58
Mg(OH): 1:0.25 61
Ba(OH)2 1:0.25 69
LiClO4 1.0.5 45
LiClO4 1:4 9
KOMe 1.0.5 64
CaH2 1:0.5 69
PdCI2 Excess 67
PtNa2Cl6 Excess 72
Cu(OH)COs Excess 73
NaVOs Excess 74
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Figure 3.4 A) The %ee of the amine 4a plotted against the %ee of TRIFP 1a. The reaction has been
conducted using 0.06 M of the imine 2a, 0.084 M of the Hantzsch Ester 3 and a catalyst loading of
25 mol% TRIFP la at room temperature. B) The %ee of the amine 4b plotted against the %ee of TRIP
1b. The reaction has been conducted using 0.2 M of the imine 2b, 0.22 M of the Hantzsch Ester 3
and a catalyst loading of 5 mol% TRIP 1b at 5 °C. In both cases, a linear effect is observed,
confirming that no dimers are formed in a relevant amount to affect the outcome of the reaction.
Linear Fits were added in both plots as a guideline.
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First, we started using excess amount of the additives which led to poor or no product
formation for most reactions (see Sl Table S13). These low conversions were probably
caused by a deprotonation of the CPA or oxidation of the Hantzsch ester 3. Following,
stoichiometric amounts relative to the CPA concentration were employed. Thereby,
similar to our investigation of the dimeric pathway only small changes in ee are observed
for most of the metal ions (see Table 4). For a few, such as Ca(OH)2 and LiClO4, a
considerable decrease in ee can be observed. However, no deviations from linearity in a
non-linear effect plot with LiClOg4, (see Sl 4.2.2) suggest that other reasons than dimer
formation cause this deviation. Nevertheless, we discovered that already small
contaminations of metal ions can lead to reduced stereoselectivity. Hence, quality control

of the catalyst is crucial to ensure the desired reaction outcomes.®°
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3.4. Conclusion

Despite the great success of chiral phosphoric acids as privileged Brgnsted acid
organocatalysts and detailed mechanistic studies, an easy and general prediction of the
optimal catalyst still remains challenging. In prior studies on the CPA-catalyzed transfer
hydrogenation of quinolines, Niemeyer!?®l showed that in addition to the generally
postulated monomeric pathway a dimeric pathway exists with opposite
enantioselectivities. Therefore, we investigated if such a dimeric pathway is present for

standard imines in CPA catalysis by NMR spectroscopy and HPLC.

Initial low-temperature NMR results indicated the presence of hydrogen bond-bridged
CPA/CPA/imine dimer intermediates, with DFT calculations supporting this formation.
Additionally, trends in the formation of such dimeric species were obtained. On the one
hand, steric hinderance from the 3,3'-substituents of the CPA restricted dimer formation,
with a defined limit based on the AREA(Q) value. On the other hand, opposing electronic
properties between the CPA and imine favored dimer formation, whereas similar
electronic properties on both substrates did not. Despite these NMR findings, a dimeric
pathway was not detected during the CPA-catalyzed transfer hydrogenation of imines.
While an inversion similar to previously reported CPA dimers was expected, no change
in stereoselectivity was observed under any screened reaction conditions. However,
while investigating the influence of metal ions on CPA dimerization at -10 °C, we
discovered a significant impact of metal ions on stereoselectivity, highlighting the
importance of a thorough reaction workup for CPA synthesis.

In summary, we have shown that the 2:1 dimeric species is a common structural feature
when investigating highly concentrated CPAs with low-temperature NMR spectroscopy.
Similar to the complexes with quinolines, the dimeric complexes with classical imines are
extremely low populated (NMR detectable only at a 2:1 ratio of catalyst to imine). Thus,
only an extraordinary acceleration via a strong kinetic preference can produce significant
effects of the dimeric pathway under synthetic conditions. This is not the case for the
classical imines investigated here. Thus, the dimeric pathway seems to be a hidden
channel in CPA catalysis, relying on an outstanding kinetic performance to overcome the
low population. Hence, the relevance of dimers has to be investigated for each system

individually.
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3.6.  Supporting Information

3.6.1. Analytical Methods

3.6.1.1. NMR Spectrometer Data

For all NMR spectroscopic measurements on model systems a Bruker Avance Ill HD 600
MHz spectrometer with equipped with a 5 mm triple resonance broadband inverse probe
TBI F (1H/19F, BB, 2H) with z-gradient (56 G-cm-1) and BVT unit was used. The
temperature of the spectrometer was regulated by a BVT 3900 unit and liquid nitrogen.
Furthermore, samples for the characterization of in this work synthesized imines were
measured on a Bruker Ill 400 MHz spectrometer equipped with a 5 mm broadband
observe probe BBFO (BB/19F, 1H, 2H) with z-gradient. For all NMR measurements, 5
mm NMR tubes were used. Spectrometer control and spectra processing was performed
by Bruker Software TopSpin 3.2 PL7. For data processing, preparation, and presentation

Microsoft Excel, ChemBioDraw 19.0 and CorelDraw 2019 were utilized.

Chemical shifts of *H and 3C were referenced to TMS or the solvent. The heteronuclei
15N and 3P were referenced, employing v(X) = v(TMS) - Zreference / 100 % according
to Harris et al.l! The following frequency ratios and reference compounds were used:
=(*>N) = 10.132912 (Ig. NH3) and =(3!P) = 40.480742 (H3POa).

3.6.1.2. Pulse Sequence and Parameters

Standard pulse sequences from the Bruker pulse sequence catalogue (zg, zg30, etc.)
have been used. For all *H-NMR spectra a sweep width of 22 ppm with an offset at 10
ppm were used. For 3P spectra the sweep width was 40 ppm with the offset at 5 ppm
and for >N a sweep width of 508 ppm with the offset at 200 ppm was used. Furthermore,

the following acquisition parameter have been used:

!H-NMR: Pulse program zg30, Relaxation delay = 2.00 s, Acquisition time = 2.48 s, SW
=22 ppm, TD=66 K, ns =1 - 64,

13C NMR: Pulse program: zgpg30, Relaxation delay = 2.00 s, Acquisition time = 0.80 s,
SW = 270.0 ppm, TD = 66k, NS = 1k — 4k;

15N NMR: Pulse program: zg30; Relaxation delay = 3.00 s, Acquisition time = 1.06 s; SW
=508 ppm, TD = 66 K; NS = 1K — 4K;
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3!P-NMR: Pulse program: zgpg30; Relaxation delay = 3.00 s, Acquisition time = 4.5 s,
SW = 40.0 ppm, TD = 66k, NS = 256 - 512;

2D-'H,'H NOESY: Pulse program: noesygpph; Relaxation delay = 5.00 s, mixing time
(D8) = 300.00 ms; NS = 8-14, TD = 4096;, increments = 1024;

2D-'H,'H COSY: Pulse program: cosygpgf; Relaxation delay = 5.00 s, NS = 4-16, TD
4096; increments = 512;

2D-'H,3C HSQC: Pulse program: hsqcedetgpsisp2.3; Relaxation delay = 3.75 s, 1Jxn =
145 Hz; NS = 8-10, TD = 4096; increments = 512;

2D-'H,3C HMBC: Pulse program: hmbcgplpndgf; Relaxation delay = 3.90 s, Jxn
145 Hz, Jxn(long range) = 10 Hz; NS = 14-22, TD = 4096; increments = 512 - 1k;

2D-1H,3'P HMBC: Pulse program: inv4gplrndgf; Relaxation delay = 6.00 s, NS = 16, TD
= 4096; increments = 256 - 512;

2D-'H,'>N HMBC: Pulse program: inv4gplrndgf; Relaxation delay = 4.00 s, delay for
evolution of long range couplings (D6) = 20.00 ms; NS = 8-10, TD = 4096; increments =
256;

'H DOSY: Pulse program: see Appendix, Relaxation delay = 2.00 s, NS = 16-128, TD =
66 K, increments = 20, Diffusion time delay = 45.0 ms, gradient strength 5-95% linear,
gradient pulse: 2.9 — 7.5 ms.

3.6.1.3. Chiral HPLC

Enantiomeric excess values (ee) of products were determined by HPLC on a chiral
stationary phase employing an Agilent 1290 Infinity LC system equipped with a binary
pump, autosampler and a photodiode array detector and using a CHIRALCEL OD-H
column (see SI Chapter 3.6.7).
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3.6.2. Materials and Chemicals

3.6.2.1. Solvents

Deuterated solvents were purchased from Deutero or Sigma Aldrich. Deuterated and
non-deuterated dichloromethane (DCM) were refluxed over CaH2 under Argon
atmosphere and distilled and stored over activated molecular sieves (3A). Toluene and
Benzene were refluxed over Na under Argon atmosphere and distilled and stored over

activated molecular sieves (4A).

3.6.2.2. Chemicals

(R)-TRIFP 1a, (R)-TRIM 1c, (R)-OMe-CPA 1d, (R)-TiPSY 1le, (R)-Phenyl-CPA 1if,
(R)-3,5-Dimethylphenyl-CPA 1g were purchased at abcr and (R)-TRIP 1b at Sigma
Aldrich. All synthesized imines were stored in a desiccator over anhydrous CaCl: or inside
a glove box. Hantzsch Ester 3 was purchased at Sigma Aldrich and stored in the
glovebox. The *N-enriched aniline for the presented synthesis below was purchased

from Sigma Aldrich. The respective ketone-parts of the imines were purchased by Sigma

Aldrich or abcr.
ZH/@CFS i\/?)\ Lﬁp/ 1'2'/@/0Me

TRIFP 1a TRIP 1b TRIM 1c 1d
it RS
TiPSY 1e 1f 1g

Figure S 3.1 Chiral Phosphoric Acids (CPAs) 1 used in NMR investigations and enantiomeric excess
(ee) evaluation in this study.
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3.6.2.3. Synthesis of Imines

The imines were prepared as described in literature.l? The characterization of the in this
work synthesized imines was performed on Bruker Avance 400 MHz-Spectrometer with
a 5mm BBO BB-1H/D probe head with Z-Gradients.

General Procedure for the synthesis of imines GP | [23]

|®
N

O molecular sieves
or + )j\ - or
R

toluene

15NH, reflux, 18h /@

15N

N
Molecular sieve (4 A pore size, 3-5 g) was placed into a 50 mL Schlenk flask and dried
with a heat gun at 400°C for 30 min under reduced pressure. Aniline or 1°N-Aniline (98%
15N) (15.0 mmol, 1.40 g, 1.40 mL, 1.0 eq), the respective ketone (19.5 mmol, 1.3 eq.) and
25 mL anhydrous toluene were added under Argon flow. To this setup a reflux condenser
was added under Argon flow and further flushed with Argon for 3 min. A drying tube,
which was filled with CaClz, was attached to the reflux condenser and the solution was
subsequently refluxed for 18 h. Afterwards, the heating bath was removed and the
reaction mixture was allowed to cool down before being filtrated. Thereupon, the solvent

was removed under reduced pressure to give a yellow solid, which was recrystallized in

methanol 3-5 times to give the pure respective imine.

5N-labelled Aniline was used for the synthesis to enable further investigations by NMR
spectroscopy. For investigations on the enantioselectivity non-labelled Aniline was used
(see Figure S3.2).
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Figure S 3.2 Imines 2 used in NMR investigations and enantiomeric excess (ee) evaluation in this
study.

All substrates (2a — 2n) were prepared according to literature following GP I. All NMR
spectra match with the literature reports.3-61 15N |abelled imines were synthesized

analogously and the NMR spectra matched with the literature reports.!l
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3.6.3. NMR Investigations

3.6.3.1. Substrate Scope

a) selected CPAs

TRIFP 1a TRIP 1b TRIM 1c 1d
Si:
R
TiPSY 1e 1f 19

b) selected Imines . . . . §
PO AN S AN

2d

2a 2b 2c 2e
Y@r“‘ >r© t F’“W;:r‘ ”“’w;:r“
CF, MeOQ
2f 2g 2h 2i

&) oot Lot o @A

Figure S 3.3 Chiral Phosphoric Acids (CPAs) 1 and imines 2 used for NMR investigations in this
study.

3.6.3.2. General Procedure for Sample Preparation (GPSP)

The CPA 1 (15-30 umol, 1eq.) was directly weighed in a 5 mm NMR tube, which was
subsequently dried with a heat gun at 140 °C for 30 min under reduced pressure. After
the tube cooled down to room temperature, °N labelled imine 2 (15 pmol, 0.5-1 eq.) was
weighed directly into the NMR tube. The tube was evacuated and flushed with Argon
three times. Dry CD2Cl2 (d-DCM) (0.6 mL) was added under Argon flow as well as TMS
atmosphere (0.5 mL). Thereupon, the tube was closed and sealed with parafilm and

stored in the fridge at -80 °C or used immediately.

All samples used in this work were prepared following this procedure and are listed in
Table S3.1 and S3.2.
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E-only Samples

A stock solution with the *N-labelled imine 2 (48 ymol) in dry CD2Cl> (d-DCM) was
prepared and cooled down to -80°C. The CPA 1 (24 pmol) was directly weighed in a 5
mm NMR tube, which was subsequently dried with a heat gun at 140 °C for 30 min under
reduced pressure. The tube was evacuated and flushed with Argon three times and also
cooled down to -80°C. From the stock solution 0.6 mL were added to the NMR tube. TMS
atmosphere (0.5 mL) was added to the NMR tube. Thereupon, the tube was closed and
sealed with parafilm under continuous cooling and immediately investigated by NMR

spectroscopy.

3.6.3.3. Investigated Systems

All samples used in this work were prepared following the GPSP (Chapter 3.2, see Table
S3.1-3.2)

Table S 3.1 Investigated CPA/imine systems by NMR measurements in a 2:1 stoichiometry to
investigate the dimeric species.

Sample Nr. | System CPAeImine Concent[rr;a}lt'i/(la]n CPAL Concentration imine 2 [mM]
1 1a-2a 2:1 50 25
2 1a2b 2:1 50 25
3 1a°2c 2:1 50 25
4 1a-2d 2:1 50 25
5 1a2e 2:1 50 25
6 1a-2f 2:1 50 25
7 1a°2h 2:1 50 25
8 1a°2h 21 50 25
9 1a°2i 2:1 50 25
10 1a°2k 21 50 25
11 1a-2l 2:1 50 25
12 1a*2m 2:1 50 25
13 1a°2n 2:1 50 25
14 1be2a 2:1 50 25
15 1b*2b 2:1 50 25
16 1be2c 2:1 50 25
17 1ce2a 2:1 50 25
18 1c2b 2:1 50 25
19 1ce2d 2:1 50 25
20 1ce2g 2:1 50 25
21 1ce2h 2:1 50 25
22 1d+2a 2:1 50 25
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23 1d+2b 2:1 50 25
24 1d-2c 2:1 50 25
25 1de2d 2:1 50 25
26 1e-2b 2:1 50 25
27 1f+2b 2:1 50 25
28 1f-2d 2:1 50 25
29 1g+2b 2:1 50 25
30 1g-2d 2:1 50 25
31 éaoﬁs 2:1 50 25
32 éaoﬁ:; 2:1 50 25

Table S 3.2 Investigated CPA/imine systems by NMR measurements in a 1:1 stoichiometry for
comparisons with the 2:1 samples by DOSY NMR measurements and/or hydrogen bond patterns.

Sample Nr. | System | CPAeImine Concentration [mM]
30 1a-2e 11 25
31 1a2f 11 25
32 1a°2h 1:1 25
33 1a°2h 11 25
34 1ce2d 1:1 25
35 1ce2h 11 25
36 1f2b 1:1 25
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3.6.4. Dimeric Species NMR Investigations

To elucidate the dimeric pattern and trends for the formation of the 2:1 dimer of
CPA/Imine systems with NMR spectroscopy, a variety of different CPAs and imines were
investigated by NMR spectroscopy. Due to their different steric and electronic properties
obtained by their respective substituents, a vast amount of systems is available to
investigate trends of the formation of dimeric species. TRIP 1b, TRIM 1c, TiPSY 1le, 1f
and 1g were investigated on their steric impact on dimer formation. Furthermore, to
investigate the impact of electronic effects of the CPAs on dimer formation, the electron-
withdrawing TRIFP 1a, the strongly electron-donating 1d as well as the weakly electron-

donating methyl substituents 1g were used.

Similarly, the steric and electronic influence of the ketone-part of the imine on dimer
formation was also investigated. For the investigation of the electronic influence on the
formation of the dimeric species the weak electron-donating 2a, the strong electron-
donating 2b and 2i, the electron-withdrawing 2c and the strong electron-withdrawing 2d
and 2h were examined. Furthermore, to examine the influence of steric hinderance of the
ketone-part substituent of the imines on dimer formation 2e, 2g and 2n were used. Only
the ketone-part of the imines was investigated to enable *°N-labelling as it is not possible
while changing substituents on the aniline-part. Nevertheless, unlabeled 2k, 2| and 2m
were investigated as well as PMP groups are also commonly used in synthesis. All

samples were prepared according to GPSP.

3.6.4.1. Steric Influence

For investigations on the steric influence of the 3,3"-substituent of the CPA on the dimer
formation, several CPAs were compared in combination with Imine 2b (see Figure S3.4).
Comparing the investigated systems led to the observation of a clear trend in dimer
formation related to the size of the 3,3 -substituent. On the one hand, TiPSY 1e with an
AREA (©) of 29 and TRIP 1b with an AREA (8) of 51 did not lead to any observable
dimeric 2:1 species.[’l Due to the fact that TRIFP 1a and TRIM 1c have given good results
for 2:1 dimers, both having an AREA (8) of 62 respectively 61,1 a correlation between
AREA (8) and dimer formation can be assumed based on the system investigated in this
work. Hence, the border for dimer formation considering the AREA (8) values would be
in between 61 and 51. Therefore, systems with AREA (8) values which are smaller than

51 could not form 2:1 dimeric species in an observable amount. Furthermore, in most
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systems with AREA (6) values above 61 the dimeric species is populated. However, with
smaller substituents (higher AREA (0)) a broad variance of other hydrogen bond species

can be observed which diminish the role of the dimeric species in NMR spectroscopy.

AREA () = 29 - AREA (0) = 62
1e +2b Q@ 1a +2b ' /5\
/S.
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Figure S 3.4 'H-NMR spectra of systems with different CPAs in combination with 2b with an
extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM, CD2Cl2, 180K, 600MHz). The dimeric
CPA/CPA/imine species is marked in orange while the monomeric CPA/imine species is marked in
green. CPAs with different sterically demanding 3,3 -substituents are compared in combination
with the same Imine 2b. The steric hinderance is expressed by the AREA (6) which was introduced
by Goodman et al. for 1a, 1b and le (1f's 3,3 -substituent is smaller than the other ones displayed
and therefore, is assumed to have a bigger AREA (6) value than the other CPAs used here).l"l A
clear steric hinderance can be observed as no observable dimeric species is formed for samples
with AREA (6) of 51 or lower. With all investigated CPAs with an AREA (6) of 62 or higher a big
variety of hydrogen bond species can be observed, in which the dimer can be detected as long as
the signals are not overlapping and make any evaluation impossible.

For investigations on the steric influence of the imine on the dimer formation, several
imines were compared in combination with CPA 1la (see Figure S3.5). Imines 2a, 2f and
2g clearly show the dimeric species as the major populated hydrogen bond species. The
unlabeled imine 2e also showed the dimer as major populated species. For the unlabeled
Imine 2n only the Z-isomer is observed, which is according to previous studies of the

monomeric complex.! Therefore, with all investigated imines the dimeric species was
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identified as long as line broadening and signal overlapping allowed it. Even for such
sterically hindering substituents 2n and aromatic systems as in 2e.
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Figure S 3.5 'H-NMR spectra of systems with 1ain combination with different imines (2a, 2e-g, 2n)
with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM, CD2Clz, 180K, 600MHz). The
dimeric CPA/CPA/imine species is marked in orange while the monomeric CPA/imine species is
marked in green. Imines with different sterically demanding substituents at the ketone-part are
compared in combination with the same CPA 1a. For all systems the dimeric pattern can be clearly
observed. Therefore, steric hinderance on the imine side is not expected for any combination.

3.6.4.2. Electronic Influence

To investigate the electronic influence on dimer formation, several electron-donating and
electron-withdrawing imines/ CPAs were compared with each other. The effect of the
electronic properties of the substrates was analyzed to determine their impact on the
formation of dimeric species (see Figure S3.6). Based on the investigated systems it can
be assumed that 1d, except in combination with 2d, leads to the formation of a variety of
different hydrogen-bonded species that cannot be identified (e.g.1d/2b). Even if the 2:1
dimer does exist in these systems, it would not be favored. This is in contrast to TRIFP
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la systems in which the 2:1 dimer is observed as the major populated species in most
systems. The only exception for TRIFP la being the combination with electron-
withdrawing substituents at the ketone-part of the imine such as 2c and 2d. Based on
these results, dimer formation seems to be favored by electron-withdrawing 3,3"-
substituents such as TRIFP la. For electron-donating CPAs like 1d, the dimer is favored
only in combination with highly electron-withdrawing ketone-part substituents on the
imine (e.g. 1d/2d). Therefore, the assumption can be made that best resolutions,
marginal overlapping and the preference of the 2:1 dimeric species can be observed with
systems in which the 3,3" - substituent of the CPA has the opposite electronic properties
as the substituent at the ketone-part of the imine. However, combining the same
properties on both substrates” substituents leads to a huge variety of hydrogen-bonded
species. Hence, the influence of the imine on the dimer formation is far more significant

than in the previously investigated monomeric species.
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Figure S 3.6 'H-NMR spectra of systems with CPAs 1a, 1d and Imines 2b, 2d in various combinations
with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM, CD2Clz, 180K, 600MHz). The
dimeric CPA/CPA/imine species is marked in orange while the monomeric CPA/imine species is
marked in green. Combinations of the same electronic properties on the ketone-part of the imine
and the 3,3 -substituent of the CPA leads to a huge amount of hydrogen bond species and
therefore, no preference for the dimeric species (1a/2d, top right; 1d/2b, bottom left). In contrast, by
combining the same electronic properties on both substituents a better preference of the dimeric
species can be observed (1a/2b, top left; 1d/2d bottom right).
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3.6.4.3. Ratio between Monomeric and Dimeric Species

The impact of electronic and steric influences on dimer formation can be further
elucidated by analyzing the ratio between the monomeric and dimeric species. This ratio
can be determined by integrating the *H-NMR signal of the PO-H-N hydrogen bond of
both species. To compare the populations of both species, the hydrogen bond signals for
both isomers (E- and Z-imine) for the PO-H-N hydrogen bond were added up for each
species. For imines 2a and 2b, an E-only sample was utilized to obtain the ratios, as
there was less/no signal overlapping. These ratios are given for all systems in which the
hydrogen bond signals were clearly assigned to each species and at least a rough

estimation based on known patterns was possible (see Chapter 6.1.2).

In Chapter 3.4.2., we postulated that the combination of opposing electronic properties
at the 3,3 - substituent of the CPA and at the ketone-part of the imine favors dimer
formation. This assumption is demonstrated by the ratios presented in Table S3.3.
TRIFP 1la shows an approximately 50/50 ratio for imines without electron-donating
substituents on the ketone-part, such as 2a, 2e, and 2f. The combination of opposing
electronic properties on both substrates leads to a significant increase in dimer
population. For TRIFP 1a with imine 2b, the dimeric species is populated to 82 % in
relation to the monomeric species. For the combination of TRIFP la with imine 2i, with
its two methoxy groups, even more dimeric species can be observed (95 %). The same
trend is observed for CPA 1d. While for the combination of 1d and 2b, no dimeric species
can be clearly observed at all and is likely to be low populated in comparison to other
hydrogen bond species, the combination of 1d and 2d leads to a ratio of approximately
58:42 in favor of the dimeric species. Moreover, the p-methoxyphenyl (PMP) group at the
aniline part of the imine (2k, 2I, 2m) also leads to a similar preference for the dimeric
species. For all three investigated substrates, an approximate 80/20 ratio can be
observed. In the case of imine 2| with an electron-donating substituent on both parts,
there is a slightly better preference for the dimeric species in comparison to 2k and 2m.
These results confirm the initial assumption that a combination of electron-withdrawing
and electron-donating properties on both substrates leads to a preference for the dimeric

species.
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Table S 3.3 Investigated CPA/imine systems by NMR measurements in a 2:1 stoichiometry. The PO-
--H-N hydrogen bond of both the monomeric as well as the dimeric species were integrated and the
sum of the integrals was set to 100 to give the percentage of each species.

Entry System Monomeric Dimgric

species species
1 la + 2a E-only 52 48
2 la + 2b E-only 18 82
3 la+2e* 33 67
4 la+ 2f * 55 45
5 la + 2i 5 95
6 la + 2k 21 79
7 la + 2l 16 84
8 la+2m 22 78
9 1d + 2d * 42 58

*Values are estimated based on their PO---H-N hydrogen bond due to overlapping with others signals. The
knowledge of the standard pattern for the dimeric species is also used to recalculate the presumed integral
of the monomeric species if necessary.

3.6.5. DOSY Results

All DOSY measurements were performed with the convection suppressing DSTE (double
stimulated echo) pulse sequence developed by Jerschow and Miller in a pseudo 2D
mode.® Therefore, TMS was added to the sample and used as reference for the H
chemical shifts as well as the viscosity of the solvent. For the measurement a set of 0
dummy scans and 32 scans or 120 dummy scans and 64 scans were used with a
relaxation delay of 2 s. The diffusion time delay was set to 45 ms and the gradient pulse
lengths (p16, SMSQ10.100 pulse shape) were optimized for each species to give a
sigmoidal signal decay for varying gradient strengths between 5 and 95%. Optimal pulse
length of 0.8 ms was found at 300 K for TMS, and an optimal pulse length of 1.1 - 1.3 ms
and 1.35 - 1.4 ms was found for CPA+imine and CPA+*CPA-imine complexes respectively
(at 180 K: 3 ms for TMS, 5.5 - 6.25 and 6.5 — 7.0 for CPA/imine and CPA/CPA/imine).
For each species, twenty spectra with linear varying gradient strength from 5 to 95% were
measured. Either characteristic substituent signals or the methyl-groups of the Imines
were integrated and used for DOSY evaluation. Thereby, no line broadening occurred for
increased gradient strengths.

The signal intensities of these groups were analyzed as a function of the gradient strength
by the in Bruker TopSpin 3.2 included software T1/T2 relaxation package by employing
the Stejskal-Tanner equation.® Based on the obtained translational diffusion coefficients,

the hydrodynamic radii of the analytes rn were estimated following the Stokes-Einstein
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equation (1), with D; = self-diffusion coefficient k = Boltzmann constant, T = temperature,
n = viscosity of the sample, ¢ = correcting factor, F = shape factor:10l

(1) D; = =&~

Fcrmmry

The shape factor F was set to 1 for a spherical shape. The semi-empirical modification
by Chen (2) was used to calculate the correction factor c. Therefore, a from literature

known value for the radius of the corresponding solvent was used (rcp,ci, = 2.46 A1) [12]

6F
T

1+ 0.695 (-522)2:234
G, f)

(2) Cchen =

Viscosity calibration of the derived D; values was performed with literature known values
for the radii of TMS (rrer = 2.96 A, calculated from hard-sphere incrementsl*®) and the
experimentally determined diffusion coefficient Drer of TMS, which is determined

individually for each sample.

2.234
T
kT (1 + 0.695 (M)
( Trer )

67TDTef rref

(3) nlkg/ms] =

After including all correction and calibration equations in the Stokes equation (1), the
equation was rearranged for the hydrodynamic radii ry (4). For easier imagination, the

corresponding volumes Va were calculated with the assumption of a spherical shape.

(4) 0 =D6mnry — kT 0.695 1y, 223% 1,7223% — kT

The resulting self-diffusion coefficients D;, the corresponding hydrodynamic radii r4 and
the average D; values of each species as well as of TMS as reference are depicted in
Table S3.4-3.6. The average D; values were derived by using all baseline separated

signals that were referring to the same species.

For la/la/E-2b and la/E-2b the hydrodynamic volumes at 180 K were determined to
confirm the assignment as dimeric species. For both 1la/la/E-2b and la/E-2b, the para-
methoxy group of the imine was selected as probe signal. The DOSY measurements for
la/E-2b were performed at a 1:1 stoichiometry to receive better signal intensities for the

CPA/imine monomer and to suppress significant exchange contributions from the dimer
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on the diffusion coefficient. To estimate an error, the measurements were performed at

three different pulse field gradient lengths which all gave an appropriate fit curve.

Additionally, comparing the diffusion coefficients D; of samples with a 2:1 stoichiometry
(see Table S3.5) with the diffusion coefficients Di of samples with 1:1 stoichiometry (see
Table S3.6) enables investigations on the formation of higher aggregates for other
systems. By calculating the hydrodynamic radii ry for the E- and Z- configurations of both
imines an unambiguous difference between both stoichiometries can be seen. Samples
with a 2:1 stoichiometry have increased ry in comparison to the 1:1 stoichiometry. This
clearly indicates the formation of higher aggregates than the monomeric species (1:1
stoichiometry) also for these systems. Therefore, it stands to reason that the increase in
r1is here also corresponding to the detected 2:1 dimeric species (2:1 stoichiometry). The
measurements were performed at different stoichiometries at 300 K, as no clear
assignment based on separated signals at low temperature was possible at a 2:1 ratio,

as it was the case for 1a/2b.

Table S 3.4 Measured self-diffusion coefficients and derived molecular radii of 1a/la/E-2b and 1a/E-
2b at 180 K. Entry 1-8: SW =22 Hz, O1P = 10.00 ppm, gradient strength 5-95% linear.

Entry P16 [ms] 3 [ppm] Di[m?/s] ru [A]
1 3.0 0.00 (TMS) 2.16E-11 ---
2 6.5 3.44 4.58E-12 9.68
3 6.75 3.44 4.69E-12 9.66
4 7.0 3.44 4.68E-12 9.62
5 3.0 0.00 (TMS) 2.25E-11 ---
6 55 3.74 6.04E-12 7.94
7 6.0 3.74 6.05E-12 7.92
8 6.25 3.74 5.97E-12 8.03

Based on the hydrodynamic radii, the sphere volume was determined. For the dimeric
species, thus a hydrodynamic volume of 3770 + 27 A3 and for the monomeric one a
volume of 2110 + 36 A3 was determined. The almost doubled hydrodynamic volume

clearly identifies this species as a dimer.
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Table S 3.5 Measured self-diffusion coefficients and derived molecular radii of samples with 2:1
stoichiometry of CPA to imine at 300 K. Entry 1-4: SW = 22 Hz, O1P = 10.00 ppm, gradient strength
5-95% linear. For entry 4 the E and Z values of the radius were averaged as no differentiation was
possible.

_ Averaged D; of
Entry Species p16 | Di onTMS CPAeimine ru E-Imine [A] ra Z-Imine [A]
[ms] | [m?s] A
aggregate[m?/s]

1 TMS 0.8 - -
2 la+E/z-2f | 1.35 | 2.89E-09 8.04E-10 7.696 8.338
3 la+E/Z-2g | 1.4 6.89E-10 1.83E-10 6.933 8.008
4 la+E/Z-2k | 1.4 3.06E-09 7.09E-10 8.59

Table S 3.6 Measured self-diffusion coefficients and derived molecular radii of samples with 1:1
stoichiometry of CPA to imine at 300 K. Entry 1-4: SW = 22 Hz, O1P = 10.00 ppm, gradient strength
5-95% linear. For entry 4 the E- and Z- values of the radius were averaged as no differentiation was
possible.

Entry Species [pn} g] Di[?]:;g\]/ls A\glgeﬁ?n(:ir?é()f i E—[i?mer i Z—[|Z<])mer
aggregate[m?/s]
1 TMS 0.8 - -
2 la + E/Z-2f 1.1 2.60E-09 8.62E-10 6.59 6.76
3 la + E/Z-29g 1.3 2.70E-09 8.36E-10 6.05 6.99
4 la + E/Z-2k 1.1 2.63E-09 2.06E-09 5.82

3.6.6. CPA-Catalyzed Transfer Hydrogenation of Imines

3.6.6.1. General Procedure for CPA-Catalyzed Transfer
Hydrogenation of Imines with Hantzsch-Ester 3 (GP I1)

A Schlenk tube was dried with a heat gun at 400°C under reduced pressure for 10 min.
Imine 2b (0.06 M, 1.0 eq.), TRIFP 1a (0.01-0.2 eq.) and Hantzsch ester 3 (0.084 M, 1.4
eg.) were added into the tube. The tube was then evacuated und flushed with Argon three
times. Afterwards, anhydrous toluene/DCM (1.0 mL) was added under Argon flow. The
reaction was stirred for 1-7 d. 0.1 - 0.2 mL of the crude reaction mixture were taken out
of the Schlenk tube under Argon flow and quenched by the addition to a vial that was
filled with hexane (1.5 mL) and NEts (10 yL, 7.3 pg, 0.072 M, 7.2 — 144 eq. based on the
catalyst). Then the mixture was filtered and analyzed by chiral HPLC. [14-16]

No yields were determined. However, based on the intensities of the product signals in
the HPLC chromatograms relative to others (e.g. imine 2) it is assumed that in general,

most of the educt is converted to the product under the used conditions.
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Table S 3.7 Results for the experiments done with TRIFP 1a, imine 2b (0.06 M, 1.0 eq.) and Hantzsch
ester 3 (0.084 M, 1.4 eq.) according to GP Il. All reaction were run for 3 d. Variable conditions such
as concentration, temperature and catalyst loading are listed, which were investigated on their
influence on the enantiomeric excess (ee). Values marked in red are based on a poor baseline or
low conversion and therefore cannot be interpreted.

Solvent | ¢ [M] TemI[Cz’ecr]a e Iogc?itr?;y[s(’;)] F:iiqalg t[g]n [ANr“ena?’;)] [ANrIZé\?’;)] ee [%]
DCM 0.06 5 1 3 182 | 818 64
DCM 0.06 5 3 3 162 | 838 68
DCM 0.06 5 5 3 164 | 836 67
DCM 0.06 5 10 3 154 | 846 69
DCM 0.06 5 15 3 155 | 845 69
DCM 0.06 5 20 3 150 | 850 70

Toluene | 0.06 5 1 3 136 | 864 73

Toluene | 0.06 5 10 3 113 | 887 77

Toluene | 0.06 5 20 3 112 | 888 78

Toluene | 0.06 5 40 3 112 | 888 78
DCM 0.06 10 1 3 136 | 864 73
DCM 0.06 10 3 3 137 | 863 73
DCM 0.06 10 5 3 140 | 860 72
DCM 0.06 10 10 3 138 | 862 72
DCM 0.06 10 15 3 151 | 849 70
DCM 0.06 10 20 3 146 | 854 71
DCM 0.06 20 1 3 136 | 864 73
DCM 0.06 20 3 133 | 867 73
DCM 0.06 20 5 3 140 | 860 72
DCM 0.06 20 10 3 130 | 87.0 74
DCM 0.06 20 15 3 271 | 729 46
DCM 0.06 20 20 3 155 | 845 69
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Table S 3.8 Results for the experiments done with TRIFP 1a/TRIP 1b (100 mol%), imine 2b (0.06 M,
1.0 eq.) and 3 different Hantzsch ester derivates (0.084 M, 1.4 eq.) according to GP Il. The reaction
was performed over 4 d at -40 °C with a catalyst loading of 100 mol% as a limit test for a potential
dimeric pathway and its influence on enantioselectivity (ee). However, at -40 °C the reaction did not
proceed. Values marked in red are based on apoor baseline or low conversion and therefore cannot
be interpreted.

Et LEt Et JEt Et Et
YU ° YU YU
N N N
1 1 1
H H H
reference unreactive decrease in ee
, Reaction Minor Major o
Solvent c [M] Catalyst HE derivate time [d] [Area%] | [Area%] ee [%]
DCM 0.06 TRIP 1b H 4 6.8 93.2 86
DCM 0.06 TRIP 1b Ph 4 - - -
DCM 0.06 TRIP 1b Bu 4 15.9 84.1 68
Toluene 0.06 TRIP 1b H 4 3.1 97.0 94
Toluene 0.06 TRIP 1b Ph 4 - - -
Toluene 0.06 TRIP 1b ‘Bu 4 24.8 75.2 50
DCM 0.06 TRIFP 1a H 4 10.2 89.8 80
DCM 0.06 TRIFP 1a Ph 4 - - -
DCM 0.06 TRIFP 1a Bu 4 35.1 64.9 30
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Table S 3.9 Results for the experiments done with TRIFP 1a/TRIP 1b, imine 2b (0.06 M, 1.0 eq.) and
3 different Hantzsch ester derivates (0.084 M, 1.4 eq.) according to GP Il. The reaction was
performed over 4 d at -20°C with a catalyst loading of 100 mol% as a limit test for a potential dimeric
pathway and its influence on enantioselectivity (ee).

Ol HoO Oy pno® 0y g0
Et JEt Et JEt Et Et
o ] (o] 0o ] o o ) (o]
N N N
1 1 1
H H H
reference unreactive decrease in ee
: Reaction Minor Major o
Solvent c [M] Catalyst HE derivate time [d] [Area%] | [Area%] ee [%]
DCM 0.06 TRIP 1b H 4 11.7 88.3 77
DCM 0.06 TRIP 1b Ph 4 - - -
DCM 0.06 TRIP 1b ‘Bu 4 34.6 65.4 31
Toluene 0.06 TRIP 1b H 4 4.8 95.2 90
Toluene 0.06 TRIP 1b Ph 4 - - -
Toluene 0.06 TRIP 1b Bu 4 24.4 75.6 51
DCM 0.06 TRIFP 1a H 4 11.8 88.2 76
DCM 0.06 TRIFP 1a Ph 4 - - -
DCM 0.06 TRIFP 1a Bu 4 15.1 84.9 70

Table S 3.10 Results for the experiments done with TRIFP 1a,imine 2b (1.0 eq.) and Hantzsch ester 3
(0.042 - 0.126 M, 1.4 eq.) according to GP Il. The reaction was performed over 3 d at -20 °C with
imine 2b concentrations ranging from 0.03 M to 0.09 M, to investigate the influence of the total
concentration on the enantiomeric excess (ee). Values marked in red are based on a poor baseline
or low conversion and therefore cannot be interpreted.

Solvent ¢ M] Tempoerature Ca_talyst R_eaction Minor Major ee
[°C] loading [%] time [d] [Area%] [Area%] [%0]

DCM 0.03 -20 1 3 16.3 83.7 67
DCM 0.06 -20 1 3 15.7 84.6 69
DCM 0.09 -20 1 3 12.3 88.0 76
DCM 0.03 -20 20 3 22.2 77.8 56
DCM 0.06 -20 20 3 22.1 77.9 56
DCM 0.09 -20 20 3 27.4 72.6 45
Toluene 0.03 -20 20 3 11.8 88.2 76
Toluene 0.06 -20 20 3 11.2 88.8 78
Toluene 0.09 -20 20 3 12.6 87.4 75
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Table S 3.11 Results for the experiments done with TRIFP 1a (20 mol%), imine 2b (0.06 M, 1.0 eq.)
Hantzsch ester 3 (0.084 M, 1.4 eq.) according to GP Il. The reaction was performed over 5d at -10
°Cin DCM. The varied water concentration is listed. Water was added from a stock solution to reveal
a potential water influence on the dimer formation.

Solvent | ¢[M] Teml[?’ecrfl e |o§3it§éy[soi)] Hz0 [M] [A'\\Arg:f%] [Alvrlggg/ro] [(3/(:]
DCM | 0.06 10 20 0 15.3 84.7 69
DCM | 006 10 20 0.003 155 84.5 69
DCM | 006 10 20 0.006 138 86.2 72
DCM | 006 10 20 0.009 14.2 85.8 72
DCM | 006 10 20 0.012 14.4 85.6 71
DCM | 006 10 20 0.024 145 85.5 7
DCM | 006 10 20 0 24.6 75.4 51
DCM | 006 10 20 0.003 19.2 80.8 62
DCM | 006 10 20 0.006 26.1 73.9 48
DCM | 0.06 10 20 0.009 143 85.7 7
DCM | 006 10 20 0.012 22.8 772 54
DCM | 006 10 20 0.024 16.6 83.4 67

Table S 3.12 Results for the experiments done with TRIFP 1a, Imine 2b Hantzsch Ester 3 according
to GP Il with the addition of metal ions via additives. The reaction was performed at -10°C with
20 mol% catalyst loading. Additive was added stoichiometric relative to the CPA to hinder a CPA
deprotonation.

Solvent Additive C CP_A:Additive Minor Major ee

[M] | stoichiometry [Area%] [Area%] [%0]
DCM Ca(OH). | 0.06 1:0.25 20.8 79.2 58
DCM Mg(CH). | 0.06 1:0.25 194 80.6 61
DCM Ba(OH): 0.06 1:0.25 15.6 84.4 69
DCM LiClO4 0.06 1:0.5 27.7 72.3 45
DCM LiClOa4 0.06 1:4 45.6 54.4 9
DCM KOMe 0.06 1:05 18.2 81.8 64
DCM CaH: 0.06 1:0.5 15.3 84.7 69
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Table S 3.13 Results for the experiments done with TRIFP 1a (20 mol%), imine 2b (0.06 M, 1.0 eq.)
and Hantzsch ester 3 (0.084 M, 1.4 eq.) according to GP Il with the addition of metal ions via
additives. The reaction was performed at -10 °C in DCM for 3 d. Additives were added in excess
which resulted in poor/no conversion, most likely due to CPA deprotonation for most additives.
Values marked in red are based on a poor baseline or low conversion and therefore cannot be
interpreted.

Table S 3.14 Results for the experiments done with TRIFP 1a (20 mol%), imine 2b (0.06 M, 1.0 eq.)
and Hantzsch ester 3 (0.084 M, 1.4 eq.) according to GP Il adding a different co-solvent. The reaction

Solvent Additive C CPA:Additive Minor Major ee
[M] | stoichiometry [Area%] [Area%] [%0]

DCM KOMe 0.06 Excess - - -
DCM Cs2C03 0.06 Excess - - -
DCM LiClOa4 0.06 Excess - - -
DCM NaOH 0.06 Excess 81.1 18.9 74
DCM Mg(OH) 2 0.06 Excess 13.2 86.8 66
DCM Ca(OH): 0.06 Excess 16.8 83.2 72
DCM Ba(OH)2 0.06 Excess 14.2 85.8 62
DCM PdClI 0.06 Excess 18.9 8l.1 67
DCM PtNazCle 0.06 Excess 16.6 83.4 72
DCM FeCls* 6 H.O | 0.06 Excess 14.2 85.8 -1
DCM Cu(OH)COs | 0.06 Excess 50.3 49.7 73
DCM NaVvOs 0.06 Excess 13.6 86.4 74

was performed in DCM at -10 °C for 3 d.

" . Minor Major o

Solvent | Additive | c¢[M] | C (Additive) [M] [Area%] [Area%] ee [%]
DCM THF 0.06 0.012 15.652 84.348 69
DCM MeOH 0.06 0.012 21.556 78.444 57

150




Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

3.6.7. HPLC Investigations
General Procedure for Sample Preparation

0.1 - 0.2 mL of the crude reaction mixture were taken out of the Schlenk tube under Argon
flow and quenched by the addition to a vial that was filled with hexane (1.5 mL) and NEts
(10 L, 7.3 pg, 0.072 M, 7.2 — 144 eq. based on the catalyst). Then the mixture was
filtered and analyzed by chiral HPLC.

HPLC Conditions for Amines (GP V)

R, Ra
/©, DCM/MeOH (5:1) /©/
N + NaBH,4 > HN

AN it A

Imine 2 (0.6 M, 1 eq.) and NaBHs (226.9 mg, 6 M, 10 eq.) were added in a
round-bottomed flask. A septum was put on top of the round-bottomed flask and 6 mL of
a mixture of DCM/MeOH (5:1) were added through the septum. The reaction was stirred
at room temperature for 24 h. The reaction was quenched with a saturated aqueous
NaHCOs solution and the aqueous phase was extracted with diethyl ether. The combined
organic phases were dried with Na2SOa, filtered and the solvent was evaporated under

reduced pressure. The resulting amine 4 was used to determine the HPLC conditions.
Characterization of Amines
All NMR spectra match with the literature reports (see citation).

@ 4b: The ee was determined by CSP-HPLC, CHIRALCEL OD-H column,

" eluant n-hexane/i-propanol 98/2, flow 0.6 mL/min, retention times: 11=

HsCO 23.24 min, 12= 25.64 min, column compartment temperature 20°C, A=
280 nm.l

4b
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3.6.8. Appendix

3.6.8.1. NMR Spectroscopy

Investigations on Dimeric Species — *H-NMR of Investigated Systems

A | / LW

1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

H-NMR spectra of an E-only sample of 1a*2b with an extended hydrogen bond area (2:1
stoichiometry, 50mM:25mM, CD2Cl2, 180K, 600MHz). Before adding the imine to a solution of the
CPA in CD2Clz, the solution is cooled down to -60°C which is preventing isomerization. Hence, only
the E-isomer of the imine can be observed.

152



Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

18 17 16 15 14 ppm

A | MLJL

18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

H-NMR spectra of lae2c with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl2, 180K, 600MHz).

1 1 1 1 1 1 1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

H-NMR spectra of 1a*2k (2:1 stoichiometry, 50mM:25mM, CD2Cl>, 180K, 600MHZz).
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18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

'H-NMR spectra of 1a*2h with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl2, 180K, 600MHz).

Jbi
R B M

L) 1 1 1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

H-NMR spectra of 1a+2/ with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl2, 180K, 600MHz).
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18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

H-NMR spectra of 1a*2m with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl2, 180K, 600MHz).

.

. U

18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

IH-NMR spectra of 1be2a with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Clz, 180K, 600MHz).
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18 17 16 15 14 pEm

1 L

1
18 17 1

1 LI |
6 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

H-NMR spectra of 1be2c with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl2, 180K, 600MHz).

LAJL__»L

T T
18 17 16 15 14 ppm

wh ..

18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

IH-NMR spectra of 1ce2a with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Clz, 180K, 600MHz).
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L. b

1 1 1 1 1 1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

H-NMR spectra of 1ce2d with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl3, 180K, 600MHz).

ML_@;L

T
13

Sl M

T T T T T T T T
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

T T T
16 15 14
A A A

H-NMR spectra of 1ce2g with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl2, 180K, 600MHz).
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N

ppm

\ L

T T
15 14

A

1 I 1} ) 1 1 1 1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

'H-NMR spectra of 1ce2h with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl2, 180K, 600MHz).

r T T T T T
18 17 16 15 14 ppm

- AN,

1 I 1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

'H-NMR spectra of 1d+2a with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Clz, 180K, 600MHz).
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f T T T T T
18 17 16 15 14 ppm

1 1 1 1 1 1 1 1 1 1 1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6

5 4 3 2 1 ppm
H-NMR spectra of 1d+2c with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl2, 180K, 600MHz).
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6 15 14 13 12 11 10 9
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8 7 6 5 4

3 2 1 ppm
IH-NMR spectra of 1fe2d with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Clz, 180K, 600MHz).
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H-NMR spectra of 1g+2b with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Cl2, 180K, 600MHz).
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IH-NMR spectra of 1g+2d with an extended hydrogen bond area (2:1 stoichiometry, 50mM:25mM,
CD2Clz, 180K, 600MHz).

Ratio of Monomeric to Dimeric Species
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I VT ¢

1 1 1 1 1 1 1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

'H-NMR spectra of 1as2a E-only sample with an extended hydrogen bond area (2:1 stoichiometry,
50mM:25mM, CD2Clz, 180K, 600MHz).
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Section of the *H-NMR spectra of 1a*2a E-only sample zoomed in on the hydrogen bond are (2:1
stoichiometry, 50mM:25mM, CD2Clz, 180K, 600MHz). The dimeric CPA/CPA/E-imine species is
marked in orange while the monomeric CPA/E-imine species is marked in blue (for pattern see
Chapter 3.4).
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I J'MLLJULJ(

1 1 1 1 1 1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

H-NMR spectra of 1a*2b E-only sample with an extended hydrogen bond area (2:1 stoichiometry,
50mM:25mM, CD2Clz, 180K, 600MHz).

18 17 16 15 14 ppm

18.411
81.589

Section of the *H-NMR spectra of 1a*2b E-only sample zoomed in on the hydrogen bond are (2:1
stoichiometry, 50mM:25mM, CD2Cl2, 180K, 600MHz). The dimeric CPA/CPA/E-imine species is
marked in orange while the monomeric CPA/E-imine species is marked in blue (for pattern see
Chapter 3.4).
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S AJM\UL M)

18 17 16 15 14 13 12 11 10 9 8 '7 6 5 4 3 2 1 ppm

H-NMR spectra of las2e sample with an extended hydrogen bond area (2:1 stoichiometry,
50mM:25mM, CD2Clz, 180K, 600MHz).
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Section of the 'H-NMR spectra of la*2e sample zoomed in on the hydrogen bond are (2:1
stoichiometry, 50mM:25mM, CD2Clz, 180K, 600MHz). The dimeric CPA/CPA/E-imine species is
marked in orange and the dimeric CPA/CPA/Z-imine species is marked in brown. The monomeric
CPA/E-imine species is marked in blue and the monomeric CPA/Z-imine species is marked in light
blue (for pattern see Chapter 3.4).
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'H-NMR spectra of lae2k sample with an extended hydrogen bond area (2:1 stoichiometry,
50mM:25mM, CD2Clz, 180K, 600MHz).
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Section of the 'H-NMR spectra of la*2k sample zoomed in on the hydrogen bond are (2:1
stoichiometry, 50mM:25mM, CD2Clz, 180K, 600MHz). The dimeric CPA/CPA/E-imine species is
marked in orange and the dimeric CPA/CPA/Z-imine species is marked in brown. The monomeric
CPA/E-imine species is marked in blue and the monomeric CPA/Z-imine species is marked in light
blue (for pattern see Chapter 3.4).
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o "l

1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

IH-NMR spectra of lae2f sample with an extended hydrogen bond area (2:1 stoichiometry,
50mM:25mM, CD2Clz, 180K, 600MHz).
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Section of the 'H-NMR spectra of las2f sample zoomed in on the hydrogen bond are (2:1
stoichiometry, 50mM:25mM, CD2Cl2, 180K, 600MHz). The dimeric CPA/CPA/E-imine species is
marked in orange and the dimeric CPA/CPA/Z-imine species is marked in brown. The monomeric
CPA/E-imine species is marked in blue and the monomeric CPA/Z-imine species is marked in light
blue (for pattern see Chapter 3.4).
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18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 ppm

IH-NMR spectra of lae2i sample with an extended hydrogen bond area (2:1 stoichiometry,
50mM:25mM, CD2Clz, 180K, 600MHz).

18 17 16 15 14 ppm

0.590
4.615
5.037
89.758

Section of the 'H-NMR spectra of la<2i sample zoomed in on the hydrogen bond are (2:1
stoichiometry, 50mM:25mM, CD2Clz, 180K, 600MHz). The dimeric CPA/CPA/E-imine species is
marked in orange and the dimeric CPA/CPA/Z-imine species is marked in brown. The monomeric
CPA/E-imine species is marked in blue and the monomeric CPA/Z-imine species is marked in light
blue (for pattern see Chapter 3.4).
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18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

'H-NMR spectra of lae2/ sample with an extended hydrogen bond area (2:1 stoichiometry,
50mM:25mM, CD2Clz, 180K, 600MHz).

18 17 16 15 14 pPrm

3.722
12.503
4.861
79.567

Section of the H-NMR spectra of lae2/ sample zoomed in on the hydrogen bond are (2:1
stoichiometry, 50mM:25mM, CD2Clz, 180K, 600MHz). The dimeric CPA/CPA/E-imine species is
marked in orange and the dimeric CPA/CPA/Z-imine species is marked in brown. The monomeric
CPA/E-imine species is marked in blue and the monomeric CPA/Z-imine species is marked in light
blue (for pattern see Chapter 3.4).
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H-NMR spectra of la*2m sample with an extended hydrogen bond area (2:1 stoichiometry,
50mM:25mM, CD2Clz, 180K, 600MHz).
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10.663
36.658
41.237

Section of the 'H-NMR spectra of la*2m sample zoomed in on the hydrogen bond are (2:1
stoichiometry, 50mM:25mM, CD2Cl2, 180K, 600MHz). The dimeric CPA/CPA/E-imine species is
marked in orange and the dimeric CPA/CPA/Z-imine species is marked in brown. The monomeric
CPA/E-imine species is marked in blue and the monomeric CPA/Z-imine species is marked in light
blue (for pattern see Chapter 3.4).
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1 1 1 1 1 1 1 1
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 ppm

'H-NMR spectra of 1de2d sample with an extended hydrogen bond area (2:1 stoichiometry,
50mM:25mM, CD2Clz, 180K, 600MHz).
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Section of the 'H-NMR spectra of 1de2d sample zoomed in on the hydrogen bond are (2:1
stoichiometry, 50mM:25mM, CD2Clz, 180K, 600MHz). The dimeric CPA/CPA/E-imine species is
marked in orange and the dimeric CPA/CPA/Z-imine species is marked in brown. The monomeric
CPA/E-imine species is marked in blue and the monomeric CPA/Z-imine species is marked in light
blue (for pattern see Chapter 3.4).
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3.6.8.2. HPLC Chromatograms

The conditions for separating major and minor enantiomer were previously established
in our group.lIn this work, major and minor enantiomer were assigned based on the
analogous retention times. Chromatograms are displayed including the UV spectra of the
respective peaks (top right corner) and a zoomed in version of the chromatogram
(bottom).

Amine 4b; racemic

DAD1 D, 51g=2080,4 Ref=off (E11C5_Dsts. 12139_metsls_10C_ODH_98_2_062024-02-15 130648 WFra134-13510)
ma 8

DAD1, 23.058 (1246 mAU, - ) Ref=22.718 & 25.012 of MFRAL... | = || & |[ 53]

a00-|

a00°

100-

# Width __Area%

Time area Height Symmetry
[L] 2325 T tessas [ sz21 [ ose26 [490%2 [ 0377 |
2 | 25643 18559.1 4673 0.583 | 50008 | 0.36%

Amine 4b; GP Il (5°C); 1 mol% TRIFP 1a

A =
3000 b
=1
|
2500 \
2000 \
= \
\
\
1000 =
500 - -
0
o 2 30 @ 50 min
TG 9
8
: 8
350 &
300 \
250 \

‘» 1 \
- il /L e
0 — ¥—,_~
# Time Area Height Width Area% Symmetry
1 23.422 2342.7 52.8 0.4341 18.246 0.778
2 25.055 10496.8 335.8 0.4787 81.754 0.64
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Amine 4b; GP Il (5°C); 3 mol% TRIFP 1a
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22.

5

2

245

255

2

mAJ

3000~

2500

2000

1500

265

800

800~

400~

200~

# Time Area Height Width Area% Symmeltry
1 23.087 3762.3 133.6 0.3827 16.205 1.102
2 24,653 19453.8 634.1 0.4719 83.795 0.607
Amine 4b; GP 1l (5°C); 5 mol% TRIFP la
i/ \
-
= \
|
o \\_/v\\\
' N
\ TN
| A&
g
N
# Time Area Height Width Area% Symmetry
1 22.849 5303.3 188.4 0.4444 16.425 0.762
2 24,378 26984.2 520.1 0.4952 83.575 0.513
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP 1l (10°C); 1 mol% TRIFP 1a

1500 § \\ .
500 | E . ) ) ) )
| k A | |
# Time Area Height Width Area% Symmetry
1 22,927 8144.6 289.4 0.4484 15.374 0.706
2 24,393 44830.6 1308.2 0.5178 84.626 0.431
\
Lot 3
7 A
i :
# Time Area Height Width Area% Symmetry
1 22.867 7899.8 280.7 0.4343 15.462 0,693
2 24,342 43192.8 1286.4 0.4972 54.538 0.442

172




Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (5°C); 20 mol% TRIFP 1a

L

23.480

24918

i
20

1800

1200~
1000
800

600

200

23,400

24918

T
25

)

# Time Area Height Width Area% Symmeltry
1 23.46 8505.8 309 0.3885 15.008 0,799
2 24,918 48169.2 1410.7 0.5204 54,992 0.524
Amine 4b; GP 1l (-10°C); 1 mol% TRIFP la
1000~ = ‘\\‘_ = e sl
| g

- g
# Time Area Height Width Area% Symmetry
1 23,453 3774 136.8 0.4278 13,597 0.752
2 25.027 23982.4 745.5 0.4893 86.403 0.534
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-10°C); 3 mol% TRIFP la

.
2000

2500

— : - \
1800~ \\\
2 i
10 20 2 @ 50 |
= A
100 E i \\‘
# Time Area Height Width Area% Symmetry
1 23,288 4434 148.1 0.399 13,702 1077
2 24.891 27925.2 812.3 0.4691 86,298 0.716
Amine 4b; GP 1l (-10°C); 5 mol% TRIFP la
800 5
&
T 23 S 24 I — 26 S T 7"“\“
# Time Area Height Width Area% Symmetry
1 23.792 3668.6 119.3 0.46858 13,958 0.747
2 25.483 22614.9 663.7 0.5235 86,042 0.617
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-10°C); 10 mol% TRIFP la

a \
# Time Area Height Width Area% Symmetry
1 22.99 1704 57.8 0.4202 13.774 0.783
2 24.71 10667.8 348.8 0.4748 86.226 0.779
Amine 4b; GP 1l (-10°C); 15 mol% TRIFP la
2500 E ‘\
1500 .
= - S— e — e e
1000 -
10 20 30 40 5‘0 mn
# Time Area Height Width Area% Symmetry
1 22,931 1240.9 42.2 0.4447 15.133 0.798
2 24.674 6958.6 217.2 0.4897 84.867 0.687
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-10°C); 20 mol% TRIFP la

289

Yar

Time

Area

Height

Width

Area% Symmetry

22.847

402.2

15.5

0.4005

14.600

0.943

24.597

2352.8

82.4

0.4449

85,400

0.818

Amine 4b; GP 1l (-20°C); 1 mol% TRIFP la

SRTE 33T 4

|

2000-|

=T

A0

176

Time

Area

Height

Width

Area% Symmetry

23.438

2586.9

91

0.4294

13.599

0.893

25.419

16436.6

S02.6

0.4976

86,401

0.586




Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 3 mol% TRIFP la

DAD? €, 5g=220 4 Ref-off (7C5_Data._2_1

LAE

2600~

33_20°C_5°C_ODH_98,

_3_06202401-26 1630-10WAFra 1311331

7.0)

# Time

24

Area

Height

25

Width

2 27 min

Area% Symmetry

—

23,533

1980.9

65.6

0.4782

13.331

0.82

2 25,554

12878.6

412.7

0.45801

86.669

0.621

Amine 4b; GP Il (-20°C); 5 mol% TRIFP la

AT E Sgais < Remen £ 5 _buin. 5133 J0°C_ 4°C_ 00N 90 300 B014 5136 16351 60FR 11313 5

® »

GADY . 59-376.4 RaTeali (5 1C3_Dwin. 3_133_30°C_4°C_OOW_98_3_06 30340136 1630 10w 131 13319

4 LJ\ i)\

Width Area% Sy try
0.4389 [ 13.963 | 0.716 |
0.4986 | 86.037 | 0.655 |

Area Height
1501.5 | 52 |
9251.4 | 277.7 |

Time
| 23414 |
| 25502 |

#
1
2

[
L
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 10 mol% TRIFP la

BAGT & Sge335 4 Ratea¥ [ \C3_Guia 3_133_30°C_8°C_GOH_9_3_08 30340138 18361609 13113331 5)

.
2000

2500

&# Time Area Height Width Area% Symmeltry
1 23.628 6858 26.7 0.3825 12.999 0.896
& 25.755 4604.9 142.4 0.4912 87.001 0.728

Amine 4b; GP 1l (-20°C); 15 mol% TRIFP la

[ BAGTE 750 R e T 191 SO R 0TS AR S TR

§1

2 / N
= / \
\
- / \
» [\
s ¥
i ol ———— _———
# Time Area Height Width Area% Symmetry
[ 1 [ 23678 | 1035.9 [ 20.5 | 06928 | 27123 | 1.867 |
| 2 | 25942 | 2783.3 | 80.5 | 05254 | 72877 | 0.837 |
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 20 mol% TRIFP la

i
2000
20

200

DAD £ 52304 Ron (E9CH_Duia3_133_30°C_5°C_OOW 943 0030340138 1650 1OMFAS1 138380

\ . 1
— V\V_’L - i\ ; ,;‘\ ST
R —
@ / ‘\\\
= \
/ \
- \
. ‘/ \
// \
# Time Area Height Width Area% Symmetry
1 23.488 254 8.6 0.4187 15.483 0.956
2 25.798 1386.7 42.8 0,4435 84.517 1.012
Amine 4b; GP 1l (-20°C); 1 mol% TRIFP 1a, 0.03 M
I,
2500 ‘.\l
D A d2
# Time Area Height Width Area% Symmeltry
1 22,926 267.9 10.6 0.3936 16.255 0.813
2 24,677 1380 46 0.4597 83.745 0.724
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 20 mol% TRIFP 1a, 0.03 M

- \ A & 5 J’\
K*,J\ NS /\ \
- /
= //
/
100 /
# Time Area Height Width Area% Symmetry
1 23.317 2814.8 103.3 0.4178 22,124 0,898
2 24.991 9908.3 331.3 0.461 77.876 0.703

Amine 4b; GP Il (-20°C); 1 mol% TRIFP 1a, 0.09 M

DADI D, Sig=280,4 Ref<of (E\CS_Dsts._2_133_20°C_5°C_ODH_98_2_06 2024-01-26 16-30-10WFm 13113313 0)

180

I DADT O, S280,4 Refeoff (1G5 _Dats. 2_133_20°C_5'C_ODH_55_2_06 2024126 16:30-100F R 13113313 0 =
i "
= N .~ W—
# Time Area Height Width Area% Symmetry
1 23.425 96.6 3 0.389 12,318 0.725
2 25.623 687.3 20.6 0.4715 87.682 0.787




Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 20 mol% TRIFP 1a, 0.09 M

DADTE, 5+220.4 RaFeofi (€05 _Data. 32_133_20°C_5°C_ODH_38_3_06 20240126 1630-10WF 1314337.0)

. . " o = g - . .
10 20 30 @ 5 min

DADY £, Sig=220,4 Ref=off (£-\CS_Data_32_133_20°C_5"C_ODH_98_2_002024-01-20 16-30-10We 131-1337.0)

g 8 &
s1a
/
/
%3
/’
y,
7

# Time Area Height Width Area% Symmeltry
1 23.314 4319.3 150.3 0.4434 27.376 0.738
2 25.069 11458.3 353.9 0.4899 72.624 0.641

Amine 4b; GP 1l (-20°C); 1 mol% TRIFP 1a, 0.06 M, toluene

2 » = B -

# Time Area Height Width Area% Symmetry
1
2

| 23611 | 8844 | 27.6 | 0a4s6 | 13639 [ 0869 |
| 25764 | 55995 | 180 | 04769 [ 86361 | 0717 |
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 10 mol% TRIFP 1a, 0.06 M, toluene

[ DAD1 E, Sig=220.4 Ref=off (E:\CS_Data. 2_133_-20°C_5"C_ODH_98_2_06 2024-01-26 16-30-10WFa 131-13333.0)
A

2500

1500

1000~

1 U

10 0 E) © 50 min

DADI E. 5g=220,4 Ref=off (£:CS_Data..2_133_20'C_5'C_ODH_98_2_06202401-26 16-30-10WFra131-13333.0)

n
g
T
23344

# Time

Area

Height

Width

Area% Symmeltry

—

23.344

3754.4

137.4

0.4148

11,318

0.787

2 25,336

29417.6

848.8

0.5184

88,682

0.478

Amine 4b; GP 1l (-20°C); 20 mol% TRIFP 1a, 0.06 M, toluene

DAD1 E. 5g+220.4 Refeoff (£\CS_Data_2_133_20°C_5'C_ODH_98_2_06202401-26 1630-10Wem131-13335.0)

2500

2000

1500

8-
2
3

10 20 £

DAD! E. 5ig=220.4 Refeofl(E:\CS_Data.2_133_20°C_5"C_ODH_98_2_06 20240126 16-30-10WeFm 131.13335.0)

il
1500~

£
1250~ 5

]

=N
1000 \

# Time Area Height Width Area% Symmetry
1 23.29 4836.7 162.2 0.4662 11.158 0.755
2 25,276 38509.1 1101.9 0.5277 88,842 0.473
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 40 mol% TRIFP 1a, 0.06 M, toluene

DADI E, 5g=220.4 Ref=off (£/\CS_Data...2_133_20°C_5"C_ODH_98_2_062024-01-26 16-30-10WIFm 131-13327.0)

mAJ
1750

10

20

DAD1 E. 5ig=220.4 Ref=off (E:\CS_Dsta...2_133_20°C_3'C_ODH_88_2_062024-01-26 16-30-10WFra 131-13327.0)

23534

i !

2

25

2

27

Time

Area

Height

Width

Area% Symmeltry

—

23.534

6395.2

222.8

0.439

11.218

0.744

25.434

50614

1374

0.5372

88.782

0.403

Amine 4b; GP 1l (-20°C); 20 mol% TRIFP 1a, 0.03 M, toluene

f\
| n
(| | §
| \ I
I \ | I
L | C— [ T 3 R S
I
/
/ \
/ \
/
# Time Area Height Width Area% Symmetry
[1 ] 23209 [ 26258 | 39.5 | 04462 [ 11797 [ 074 |
[ 2 | 25402 | 196316 | 5454 | 05559 | 88.203 | 0571 |
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 20 mol% TRIFP 1a, 0.09 M, toluene

OAD 0 5-290.4 ReP=of (£1C3_Owia3_133_30°C_8'C_OOH_S8_2_06 30340136 16-36 10WW 13113828 0)

8 g

o /i N
[\
| \
| \
o / \\
—~ /’
//
# Time Area Height Width Area% Symmetry
1 23.551 2012.7 68 0.4525 12.631 0.844
2 25.443 13921.1 380.2 0.5432 87,369 0,398

Amine 4b; GP Il (-40°C); 100 mol% TRIP 1b, DCM, HE

97330 4 Ruteoll £ 'C3_Dain._4_138_100_OCH_ oL OOW_99_3_96 30340130 1716 4ARa 134-1383 O

20g |
§
T 3 \
A \,, \L S J \ B oan. 1N I S
r DADTE Sge330 4 Rateol (£ C5_Dwia_ 4_735_100_ 00N 7o 00H_91 108 20340128 171643 WFm 361383 O
S S
7 S
i /[ \
= / Y
/ \
° /
H /
= i - /L\xr e
i S e B e
# Time Area Height Width Area% Symmetry
1 23.446 226.1 8.2 0.4179 6.822 0.651
2 25.848 3088.4 92.5 0.5054 93.178 0,755
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-40°C); 100 mol% TRIP 1b, DCM, Ph-HE

DADI D, Sig=280.4 Ref=off (E:\CS_Data.. 4_135_100_DCM_Tol_ODH_98_2_06 2024-01-28 17-16-43\MFra134-1354.0)

600

500

300~

200

Amine 4b; GP Il (-40°C); 100 mol% TRIP 1b, DCM, tBu-HE

DADI E, 5ig=220,4 Ref=off (£/\CS_Data..4_135_100_DCM_Tol_ODH_98_2_06 2024-01-29 17-16-49WIF134-1356.0)

2500

2000~

1500

1000

500

-

h

N U

> 23874
25,950

10

20

T
50

DADI E. 5g=220.4 Ref=off (E/CS_Dats.

4_135_100_DCM_Tol_ODH_98_2_062024-01-29 17-16-48\MFra 134-1356.0)

.

300~

23074

Time

Area

Height

Width

265

Area% Symmetry

27

23.874

3452.4

100.9

0.473

15.865

0.734

A 3

25,956

18309.3

550.7

0.5079

84.135

0.535
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Amine 4b; GP 1l (-40°C); 100 mol% TRIP 1b, toluene, HE

Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

. \ h \
|
L\ e ||
\‘ | \’i\ ‘\
| e o b St N
\\
| “\
| \
[ \
| \
|
|
/
“© ‘/\’
B = = = L S
# Time Area Height Width Area% Symmetry
1 23,665 171.2 6.5 0,3228 3.050 1.209
2 25.775 5441.3 159.9 0.5151 96,950 0.581

Amine 4b; GP 1l (-40°C); 100 mol% TRIP 1b, toluene, Ph-HE

800~

800

400

DAD1 D, 5g=280.4 Refeoff (E1C5_Daia _135_100_DCM_To_(ODH_S8_2_06 20240129 17-1649WFa134-13810.0)
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Amine 4b; GP Il (-40°C); 100 mol% TRIP 1b, toluene, tBu-HE

Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

DY 6 BgeiE 4 e (£CA_ w130 160_GC_ Yo GO 943 50 305491 39 1710400 5413815 60

N J\
# Time Area Height Width Area% Sy try
[+ ] 23676 [ 31738 | 1061 | 04549 [ 24.83¢ [ 0.609 |
[ 2] 25738 | 96063 | 2607 | 05438 | 75.166 | 0.44 |

Amine 4b; GP Il (-40°C); 100 mol% TRIFP 1a, DCM, HE

-\
o |
- \ \
\ ik
2l e J 4 J L
5 g /i SR
& _ — ./ S o - e “'\7‘77
# Time Area Height Width Area% Symmetry
1 23,422 123.8 4.7 0.3433 10,208 0.873
2 25.564 1089.4 30.8 0.5287 89.792 0.683
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-40°C); 100 mol% TRIFP 1a, DCM, Ph-HE

] DAD! D, 515+260.4 Rafeoff [£1C5_Data.._135_100_DCM_ToL ODH_98_2_06 20240123 17-16-49Fra 134-13616.0)

Amine 4b; GP Il (-40°C); 100 mol% TRIFP 1a, DCM, tBu-HE

T GADT 5, 54 +280.4 Refeof] (£1C5_Daia._135_100_DCH_ 7o GOM_98 2 06 20340128 171643 F 13413518 0
w0

2000~

1780
1500~

1280 N

10 20 20 « 50 min

T RDY €. Sg-720 4 Ref=of (E1CS_Daa_135_ 100 _OCH_To_ODH_98 308 20340138 17648 WFm A 13578 0]

T T T T r
22 22 24 25 2 27 min

# Time Area Height Width Area% Symmetry
1 23.202 5919.4 187.3 0.4934 35.123 0,537
2 25,396 10934.1 299.6 0.5478 64,877 0.421
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 100 mol% TRIP 1b, DCM, HE

g —_— =
i

[ UV Apex spectrum of Peak 23527 of MFra134-13520 | = || @ || 28

“DAD1, 25.815 (331 AU, -} Ref=26.182 & 27 149 of MFRA134-1352.0
800 “DAD1, 23.529 (412 mA! { MFRA134-1352.0

U, -) Ret=22 362 & 24.643 of MFRA134-135:

g
cssaspgfd
| I—

e Rans R T T
220 240 260 280 300 320 340 360 380 nm

200

26815

a0 /
g
&

# Time Area Height Width Area% Symmetry

23.527 255.8 7.5 0.4581 11,736 0.729
2 25,815 1924.2 57.4 0.5228 88.264 0.763

—

Amine 4b; GP Il (-20°C); 100 mol% TRIP 1b, DCM, Ph-HE

¢

8 8.8 88

°
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 100 mol% TRIP 1b, DCM, tBu-HE

o (e - s
Dwﬂo"rpémmafﬂeﬁ?ZBI'JofMFrﬂ?l-BSﬁU e @R

[

220 200 200 200 300 330 340 360 300 em

# Time Area Height Width Area% Symmetry
1 23,389 6475 219.6 0.4539 34.635 0.585
& 25.537 12219.7 328.4 0,5581 65,365 0.414

Amine 4b; GP 1l (-20°C); 100 mol% TRIP 1b, toluene, HE

4 2
1400 | 60 Rete ctrumial s Ocinal CRE]

of Peak 4610 MFRBA-BSED | o [ I3 | |

3 AU, -} Refe34 775 & 37 338 of WERAT 341350 O

H
¥ 888EET |
-

L_J i
i
1)
s \\Ai_j\,_/b
- H
- 7
. E 7\
; - / o C—
# Time Area Height Width Area% Symmetry
1 23,661 443 13.9 0.4536 4,793 0.741
2 25.685 §799.2 234.8 0.5753 95,207 0.484
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP 1l (-20°C); 100 mol% TRIP 1b, toluene, Ph-HE

Amine 4b; GP 1l (-20°C); 100 mol% TRIP 1b, toluene, tBu-HE

1000

800

L A 0 ) 0 0 P S P2
220 240 260 280 300 320 340 360 380 nm

may
fum £ L &)=
1800 [E) UV Apex spectrum of Peak 23.866 of MFra134-135120 | = (@ | 82| [—
“DAD1. 26.916 {1522 mAU. -) Ref=25.390 & 27.476 of MFRA134-13512.0
“DADY. 23,863 (562 mAU, -) Refe18.363 & 28.343 of MFRA134-13812.0
1400-
1200

300 i
# Time Area Height Width Area% Symmetry
1 23,866 3274 100.4 0.5004 24,367 0,719
2 25.917 10162.4 278.6 0.5515 75.633 0.432

191



Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

Amine 4b; GP Il (-20°C); 100 mol% TRIFP 1a, DCM, HE

o [ e Dot ==
[E UV Apex spectrum of Peak 23.764 of MFra134-135140 | o |[@ |82 ] [—

[ *DAD1, 25.933 (719 mAU. -) Refe25.353 & 27.366 of MFRA134-13514.0
e || A1 23768 105 maU..) Rale22 998 & 24 398 o NERA134.13514.0

. 5¥8838 83t

23764

o
! > 26934

T
10 2 a0 a 50 min
AU
3s0°
300
250~
200~
T
S 3
2
150 &
100
] 2
3
50~ &
= &
o -
] " v
2 24 25 2 2 min

# Time Area Height Width Area% Symmetry
23.764 589.4 18.3 0.4697 11.821 0.795
2 25,934 4396.5 127.1 0.5156 88.179 0.545

—

Amine 4b; GP Il (-20°C); 100 mol% TRIFP 1a, DCM, Ph-HE

File

LC-File [MFra134-13516.0 Ll # Time Area Height Width  Area% Symmetry
File Path |E:\CS Data\Maxi\MFral36_137_-20_100_ODH_98 2 06 2024-01-

Date |01-Feb-24, 00:53:51 ol
Sample | MFra137_TRIFP_PhHE_DCM_98 2 06
Sample Info
Barcode
Operator |SYSTEM
Method |Ludwig_98_2_0.6ml_20C_60min.M
Reference
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Amine 4b; GP Il (-20°C); 100 mol% TRIFP 1a, DCM, tBu-HE

Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

=V ~

Quininal cnackninlsl

[E) UV Apex spectrum of Peak 23575 of MFral34-13518D | &

1| F
30 380 om

W e & —— e
# Time Area Height Width Area% Symmetry
1 23.575 1638.7 Sl 0.4749 15,140 0.789
2 25.614 9185.2 254.5 0.535 84.860 0.455

Amine 4b; GP 1l (-10°C); 20 mol% TRIFP l1a, Ba(OH)2 (Excess)

\
[
\
|
‘i
| e
|
| |
[ \
| \
H\ " g J :\
N L ) L \ . —
,vi
\
\
\
/ \
[ \
/ \
/ \
4 /J
/
# Time Area Height Width Area% Symmetry
1 24.018 626.5 17.3 0.605 18.874 0,781
2 26,192 2693.1 82.5 0.4967 81.126 0.704
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500

200

200

[ 0
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Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

# Time

Area

Width

Area% Symmetry

Amine 4b; GP 1l (-10°C); 20 mol% TRIFP 1a, Ca(OH)2 (Excess)

1 23,958

4195.4

0.4949

14,199

0.988

2 25.934

25350.8

0.5361

85,801

0.509

Amine 4b; GP 1l (-10°C); 20 mol% TRIFP 1a, Mg(OH)2 (Excess)

e e e

/

"‘ \

|

|

/‘,‘
# Time Area Height Width Area% Symmetry
[ 1 23724 | 113159 [ 328 | 04549 [ 16776 | 0.649 |
[2 ] 2566 | s61354 | 14234 | 05861 | 83.224 | 0.389 |
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3000

2000

2000

1000

Dimeric Pathway in Chiral Phosphoric Acid Catalysis — A General Feature?

-

Amine 4b; GP Il (-10°C

); 20 mol% TRIFP 1a, NaOH (Excess)

135_matais_-10C_OOH_98_2_08 20240245

\J\;“\_, A iA_\ J \;77 B e m—— -
\
\
\
\
\
\
/ \
/ ‘\
// \\
/ \
8 / \
/’» / \
e y. 2
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Amine 4b; GP 1l (-10°C); 20 mol% TRIFP 1a, CUOHCOs3 (Excess)
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Amine 4b; GP Il (-10°C); 20 mol% TRIFP 1a, KOMe (Excess)
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Amine 4b; GP 1l (-10°C); 20 mol% TRIFP l1a, NaVOs (Excess)
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Amine 4b; GP 1l (-10°C); 20 mol% TRIFP 1a, Ca(OH)2 (3 mM)
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Amine 4b; GP Il (-10°C); 20 mol% TRIFP 1a, CaH2 (6 mM)
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Amine 4b; GP Il (-10°C); 20 mol% TRIFP 1a, LiClO4 (6 mM)
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Amine 4b; GP Il (-10°C); 20 mol% TRIFP 1a, DCM with MeOH (12 mM)
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Amine 4b; GP Il (-10°C); 20 mol% TRIFP 1a, DCM with H20 (0 mM)
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Amine 4b; GP Il (-10°C); 20 mol% TRIFP 1a, DCM with H20 (6 mM)
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Amine 4b; GP Il (-10°C); 20 mol% TRIFP 1a, DCM with H20 (12 mM)
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Amine 4b; GP Il (-10°C); 20 mol% TRIFP 1a, DCM with H20 (24 mM)
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4.1. Abstract

Free ions in apolar organic solvents are expected to be highly reactive. However, the
formation of unreactive ion pairs at concentrations relevant for synthesis has prevented
the success of this concept so far. On the example of highly nucleophilic pyridinamide
phosphonium salts in dichloromethane we show that asymmetric aggregation offers a
solution to this general problem. A combination of conductivity, diffusion-ordered NMR
(DOSY), and kinetic measurements utilizing an ionic strength-controlled benzhydrylium
ion methodology enables us to uniquely link insight about the number of ions with their
aggregation/association state and nucleophilicity. This approach reveals that
pyridinamide tetraphenylphosphonium salts aggregate in dichloromethane solution
asymmetrically to a sandwich-type cation (composed of cations and anions in a 2:1 ratio)
and a free anion. The nucleophilicity of this free anion exceeds that of the well-established
reference nucleophile 9-azajulolidine (TCAP) by a factor of 38. Based on these results
we suggest that asymmetric aggregation in apolar organic solvents might be a general
pathway to boost the reactivity of anionic nucleophiles.
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4.2. Introduction

Lewis basic pyridines, such as 4-(dimethylamino)pyridine (DMAP, 1)1 or the more
reactive 9-azajulolidine (TCAP, 2),l?l are frequently used catalysts for group transfer
reactions such as acylations,®-%! esterifications,!*®! alkylations,[”l and silylations (Scheme
4.1).189 The nucleophilicity of these catalysts has, together with other donor-substituted
pyridines, been quantified using Mayr's benzhydrylium ion method.[%-13 Even higher
nucleophilicities and possibly also higher catalytic activities in Lewis base-mediated
reactions may be expected for anionic Lewis bases. Given that anionic reagents
unavoidably require a counter-cation, such salts tend to form ion pairs when dissolved in
organic solvents of low polarity, such as dichloromethane.[*41% This ion clustering has
beneficially been used in ion pair catalysis,!'%18 which extends from classical cationic
phase-transfer (PT) catalysis!!® to applications in asymmetric synthesis.[16:20-221 Recently,
the Zipse group introduced Lewis basic pyridinamide ion pair catalysts, which
outperformed TCAP and other neutral organocatalysts in selected catalytic benchmark

reactions.[23.24]

The pyridinamide phosphonium salts (such as 3a and 4a in Scheme 4.1) investigated so
far show the general usefulness of the concept of anionic nucleophilic organocatalysis,
whose development tails that of neutral systems.[?>271 In order to minimize ion pairing
effects, most kinetic studies aiming at the quantification of the reactivity of anionic
nucleophiles are performed in highly polar solvents (water, DMSO, etc.), often in
combination with crown ether additives to further reduce the interactions between metal
counter-ions and the reacting anion.[?®l In solvents of low polarity, the intrinsic
nucleophilicity of a free anion should be by far higher. However, the reactivity of anions
is expected to depend on ion pair formation, which gives rise to non-linear effects and,
thus, complicates systematic kinetic studies in apolar organic solvents (dichloromethane

(DCM), THF, toluene etc.) commonly employed in organocatalysis.

In order to elucidate the underlying principles responsible for the high nucleophilicity of
ion pairs such as 3a and 4a, we report here a combination of conductivity measurements,
diffusion-ordered NMR (DOSY) measurements at very low concentrations, and
photometric kinetic measurements by utilizing an ionic strength-controlled benzhydrylium

methodology. This combination of physicochemical methods is expected to be generally
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applicable to ion pair chemistry and catalysis and may help to uncover the full potential
of this field.
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Scheme 4.1 Structures of neutral organocatalysts DMAP (1) and TCAP (2), and of pyridinamide ion
pair catalyst 3a.
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4.3. Results and Discussion

4.3.1. Conductivity

Conductivity measurements have frequently been employed to quantify ion pairing
effects.l29-32 This method was therefore applied to determine the association of the
cationic and anionic components of phosphonium salt 3a selected here as a reference
system in DCM and acetonitrile (MeCN). In both solvents 3a is expected to be more
reactive towards electrophiles than DMAP (1). Conductivity measurements were
performed for concentrations ranging from 0.02 mM to 1.0 mM as this appears to
represent the onset of ion pair formation from free ions. At low electrolyte concentrations
and for the case of non-interacting ions the experimentally determined conductivity k
depends on the specific molar conductivity Am and the ion concentration [A] as expressed

in Equation (1).

K= Am[A]
(1)

In the polar aprotic solvent MeCN the ions of 3a are well stabilized and exist mainly as
free ions as indicated by a nearly perfect linear increase of conductivity with [3a]. In the
less polar solvent DCM the situation is more complex and two different domains can be
seen in Figure 4.1B: (a) At low 3a concentrations (region |, blue background) the
conductivity k correlates linearly with [3a] and (b) a non-linear part Il at higher
concentrations of 3a (see Figure 4.1B beige background). While linear region | is
assumed to represent the behavior of free anions (3) and cations (a), two ion association
models were tested for non-linear region Il. The first corresponds to the formation of ion
pair 3a (purple box in Figure 4.1A), while the second model involves formation of
"sandwich cation" a3a together with free anion 3 (grey box in Figure 4.1A). The latter
model was originally proposed to account for the properties of tetraalkyl ammonium salts
in apolar solution,® and subsequently employed for a variety of systems in organic
solvents.*4371 In order to compare both models on equal footing, the respective
equilibrium constants Kip and Kcac are defined relative to two equivalents each of free

cation a and free anion 3.

The 1:1 ion pair model retains the specific molar conductivity Am derived from the linear

region | and adds the effects of reducing the number of conducting species through
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formation of overall neutral (and thus inactive) ion pairs 3a. Fitting this model to the
observed conductivities up to an overall concentration of 1.0 mM yields ion pair formation
constant Kip = 6.86 x 10> M2 with good accuracy. The second model involves formation
of sandwich cation a3a together with one equivalent of free anion 3 (grey box in Figure
4.1A), again combined with the specific molar conductivity Am value obtained from linear
region I. This model fits the observed conductivity values in the region up to 1.0 mM with
sandwich association constant Kcac = 6.38 x 108 M2 with equally good accuracy. This is
also true for a third model involving formation of sandwich anion 3a3 (blue box in Figure
4.1A), whose optimized association constant is actually identical at Kaca = 6.38 x 108 M2,
The measured conductivity values together with the model predictions are depicted in
Figure 4.1B (grey line for the a3a sandwich model, blue line for the 3a3 sandwich model,
and purple dotted line for the 1:1 ion pair), which illustrates that all models fit the
experimental conductivity curve perfectly well as indicated by largely similar RMSE
values of RMSE(Kcac) = 0.17, RMSE(Kaca) = 0.17, and RMSE(Kip)= 0.30, respectively.

4.3.2. DOSY NMR

Since conductivity measurements alone cannot provide direct information on the size of
the contributing ions, DOSY-NMR measurements of 3a were performed in DCM-d2 for
concentrations ranging from 0.001 mM to 1.0 mM (see Figure 4.1C). To enable DOSY
measurements at these low concentrations, a 600 MHz spectrometer with a helium cryo
probe and measurement times up to 12 h per sample were employed. The DOSY results
were compared to calculated volumes of cation a (362 A3), anion 3 (215 A3), and contact
ion pair 3a (570 A3), which are based on the van der Waals cavities employed in the SMD
continuum solvation model at the SMD(DCM)/B3LYP-D3/6-31+G(d) level of theory and
indicated through the horizontal dashed lines in Figure 4.1C. At [3a] = 0.005 mM as the
lowest concentration accessible for DOSY measurements we determined volumes of
367 A3 for cation a and 192 A3 for anion 3, both of which agree closely with the SMD-
derived volumes volumes for cation a and anion 3. At any concentration of 3a > 0.005
mM
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Figure 4.1 (A) 1:1ion pair 3a, sandwich cation a3a, and sandwich anion 3a3 as potential association
models for anion 3 and cation a together with SMD-derived molecular volumes; (B) conductivity
profile for 3a in DCM fits to the calculated conductivity data for the 1:1 association model (purple
dotted/dashed line), and the two sandwich association models (grey and blue line); (C) DOSY-
derived ion volumes [A®] compared to SMD-derived volumes (dashed horizontal lines) for single
anion 3, single cation a, ion pair 3a, cation sandwich a3a, and anion sandwich 3a3.

Considerably larger cation and anion volumes were observed already in region I. In the

1:1 association model shown in the purple box in Figure 4.1A, the volumes of both

species are expected to converge to the SMD-derived value of 570 A3 for the 1:1 ion pair
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3a. Instead, we persistently detected substantially different effective volumes for cation a
and anion 3 also at higher concentrations (region Il), and also note that the DOSY -derived

volume for cation a exceeds that calculated for the 1:1 ion pair 3a.

This latter observation can be rationalized with the sandwich ion models, where the
DOSY-derived cation volume is expected to approach that of the a3a sandwich cation of
925 A3. Combining the SMD-derived molecular volumes of ions with the equilibrium
constants obtained from conductivity measurements allows us to predict concentration-
dependent effective cation and anion volumes. These are shown in Figure 4.1C as a
green line for anion and an orange line for cation volumes. Comparing experimentally
derived with theoretically predicted volumes shows these to coincide quite well between
0.4 mM and 1.0 mM for the cation sandwich model.[38 In contrast, the 1:1 model predicts
volumes for both ions which are significantly lower as the experimental values (by more
than 200 A3 for the cation and >100 A3 for the anion, see SI). This is also true for the 3a3
anion sandwich model that predicts larger anion than cation volumes. The agreement
between experimentally determined DOSY volumes and model predictions can be further
improved by combining the two limiting sandwich models considered here. In practice
this requires optimization of the two scaling factors o and  shown in Figure 4.1A such
that the agreement with the conductivity data and the DOSY volumes is optimized. Best
agreement for ion pair 3a is found for o = 0.44 and § = 0.21, while the mixing coefficients
are different for ion pair 4a with oo = 0.12 and = 0.61 (see Sl). The performance of these
"mixed sandwich" models is quite satisfactory in concentration region Il, but less so in
region | with tis rapid increase of ion volumes with salt concentration. It is an intriguing
aspect of the formation of sandwich cation a3a that it generates one equivalent of free
anion 3 as the counterion. This may, in part, be due to the hydrogen bonding (and thus
anion-stabilizing) properties of DCM. The concentration of free anion 3 will quite
obviously impact the efficiency of pyridinamide-anion based catalytic systems, where free

anion 3 is expected to account for most of the observed activity.

4.3.3. Kinetics

To characterize the nucleophilic reactivity of ion pairs 3a and 4a we used Mayr's
benzhydrylium ion method. This methodology has repeatedly demonstrated its utility to
describe the reactivity of a wide range of carbon-, nitrogen, oxygen-, sulfur-, and

phosphor-based nucleophiles in different solvents,*? including DMAP (1) and TCAP
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(2).[10.11.40] |n short, the benzhydrylium ion method involves the photometric monitoring of
the reactions of colored benzhydrylium salts, such as 5a-5c (Table 4.1) whose
electrophilic reactivities are characterized by the solvent-independent parameters E, with
nucleophiles used in excess concentration to achieve kinetics under pseudo-first order
conditions. The first-order rate constants kobs (s™) can then be obtained by fitting a mono-
exponential decay function to the decreasing absorption of 5 during the reaction with 3.
The conductivity measurements had shown that ion pairs 3a and 4a fully dissociate into
anions and cations when dissolved in MeCN. Accordingly, a linear increase of pseudo-
first order rate constants kobs With nucleophile concentrations [3] (or [3a]) was observed

in the kinetics of reactions of 3a with 5 [Equation (2)].

Kobs = k2[3]
(2)

log k2 = sn(N + E)
3)

Equation (2) thus yields the second-order rate constants k2 (M~ s™1) for the reactions of
3 with 5a-5c¢ in acetonitrile (Table 4.1). The rate constants k2 for 3 are approx. three times
larger than those for analogous reactions of 5 with DMAP (1) and quite similar to those
for reactions with TCAP (2). Analyzing the kinetic data with the Mayr-Patz Equation (3)
yields the nucleophilicity N = 16.38 (sn = 0.60) of 3 in MeCN. Following exactly the same
approach for ion pair 4a yields N(4a) = 17.28 (sn = 0.65), in full agreement with the results

obtained for these two systems in selected catalytic transformations. 2]

The kinetics of reactions of 3a with the reference electrophiles 5 in DCM solution,
however, showed a more complex dependence of kobs On [3a] in the concentration range
from 0.01 to 1.0mM (blue diamonds in Figure 4.2). In analogy to the conductivity
measurements, an initial region | with linear kobs vs. [3a]o relation was observed (Figure
4.2, blue background, experimental values marked in red). At higher [3a] values this is
followed by non-linear region Il (beige background in Figure 4.2), where the observed
rate constants deviate negatively from the linear correlation extrapolated from region I.
The degree of deviation reflects the fraction of anion 3 captured in the (presumably)

unreactive sandwich cation a3a and the (possibly also) less reactive sandwich anion 3a3.
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(li |)20H+ (5a) ul),CH* (5b) (ind),CH* (5¢)
E=-10.04 E—-945 E=-8.76

Table 4.1 Second-order rate constants k2 for the reactions of DMAP (1), TCAP (2), and pyridinamide
salts 3a and 4a with reference electrophiles 5a, 5b, and 5c in MeCN (at 20 °C) analyzed by equation
(3) to give the nucleophile-specific reactivity parameters N (and sn).

k2 [M1 5]
Cat N (sn) N (sw)
5a 5b 5c
118 2.11 x 103 5.30 x 103 1.29 x 104 15.51 (0.62)€
201 6.30 x 103 — 4.17 x 10* 15.60 (0.68)L!
3 7.16 x 103 1.53 x 104 4.13 x 104 16.38 (0.60)
4l 5.11 x 10* 1.36 x 10° 3.47 x 10° 17.28 (0.65)

[a] Second-order rate constants ky from ref. [10]. [b] Second-order rate constants k. from ref. [11]. [c]
Assuming that [3] = [3a]o. [d] Assuming that [4] = [4a]o. [e] Additional k, values from refs. [10,11] were used
to determine N (and sy).

Analysis of the kinetic data in region 1 (0.01 — 0.03 mM) is straightforward as conductivity
measurements in combination with the sandwich association models indicate almost
complete (> 97%) dissociation into separate ions 3 and a, that is [3] = [3a]o. Application
of eq. (2) then yields kz2(5a) = 1.84 x 106 M s as indicated by the dotted line in Figure
4.2.

In synthetic applications, the concentration of ion pair catalysts is usually 1.0 mM or
higher, which is far into the non-linear region Il. Increasing ion concentrations may impact
the reaction rates not only through shifting the association equilibrium towards a higher
fraction of ion aggregates, but also through non-specific polarity effects. To assess the
influence of the high salt concentration on the solvent polarity, we determined Reichardt’s
E1(30) values in DCM solutions with increasing concentrations of pyridinamide salt 3a
and additive PhsP*BF4~ (6). We observed insignificant changes of the E1(30) values even
at total salt concentrations of up to 6.0 mM (see Sl). We conclude, therefore, that addition
of 6 to a reaction mixture of 3a and 5a-c does not change the overall polarity of the solvent
system and only affects the position of the ion pairing equilibrium shown in Figure 4.2,
where higher concentrations of Ph4P* (= a) give rise to an increase of [a3a]. To further
investigate the effect of the PhsP*BF4~ (6) additive, the ion volumes of selected 3a + 6
mixtures were determined by DOSY measurements. The DOSY experiments show that
the volumes of the cation and anion determined for 3a + 6 mixtures at an ionic strength

of | = 1.0 mM are in the same region as the volumes obtained for a pure 3a solution at
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[3a] = 1.0 mM (for details see Sl). The kinetics of the reaction of 3a + 5a were
subsequently studied at constant ionic strength (I) of | = 1.0 mM as this represents the
highest concentration of 3a in this study. At [3a] < 1.0 mM, the ionic strength of the DCM
solution was adjusted by addition of 6 such that in each kinetic measurement the

condition [3a] + [6] + [5a] = 1.0 mM is fulfilled.
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Figure 4.2 (A) Benzhydrylium ion reaction applied for the quantification of nucleophilicities. (B)
Correlation of kobs for the reaction of 5a with 3a for salt concentrations [3a] from 0.01 — 1.0 mM in
DCM at 20°C (blue diamonds), and in the presence of additive PPh4BF4 (6) (turquoise dots).

By maintaining | = 1.0 mM, the rate constants kobs for 3a + 5a reactions in DCM correlated

linearly with [3a] in the entire concentration range from 0.01 to 1.0 mM (turquoise points

in Figure 4.2). When we account for the fact that variable fractions of anion 3 are caught
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in unreactive sandwich cation a3a (and to a smaller extend also in anion sandwich 3a3),
and also consider the effect of additive 6 on [PhsP*], we obtain kz2(5a) =5.38 x 10°M* s
1 for the reaction of 3 with 5a, which is by a factor of 3.5 smaller than k2 obtained in the
low-concentration region (Table 4.2). Analogous kinetic measurements at | = 1.0 mM
were performed for reactions of 3a with the more reactive benzhydryl salts 5b and 5c
(Table 4.2).

Table 4.2 Second-order rate constants kz of the reactions of DMAP (1), TCAP (2), and pyridinamide
salt 3a with the reference electrophiles 5a, 5b, and 5c¢c in DCM (at 20 °C).

ka M7 57
Cat 5a 5b 5a
1@ 6.45 x 10° 10l 6.45 x 10°
201 1.42 x 10° 2] 1.42 x 10°
30 1.84 x 106 (LC) 30 1.84 x 10° (LC)
30 5.42 x 105 (mix) 30 5.42 x 105 (mix)
4] 1.69 x 10° (mix) 4F] 1.69 x 10° (mix)

[a] Second-order rate constants k, from ref. [10a]. [b] This work, see Supporting Information for details of
the kinetic experiments. [c] Determined at [3] < 0.03 mM, that is, in the low concentration (LC) region |
(Figure 4.2), by assuming [3] = [3a]o. [d] Determined over a concentration range [3a] = 0.1 to 0.3 mM at
constant ionic strength | = 1.0 mM (kept by addition of salt 6) by assuming a mixed sandwich association
model which generates a3a as the counter-cation of the nucleophilic anion 3. [e] Determined over a
concentration range [3a] = 0.04 to 0.1 mM at constant ionic strength | = 1.0 mM (kept by addition of salt 6)
by assuming a mixed sandwich association model.

In DCM as the solvent, we note a moderate increase in the bimolecular rate constants k2
when going from DMAP (1) to TCAP (2), but a significantly larger increase of the kz values
for 3a (Table 4.2). The k2 values for reaction of 3a with 5a-5¢ in DCM in the low
concentration (LC) region | (as defined in Figure 4.2) exceed those for 2 by approx. two
orders of magnitude. Analyzing the LC kinetic data by the Mayr-Patz equation (3) gives
N =17.78 (sn = 0.81) for 3a. Rate constants kz for reactions of 3 with all three benzhydryl
cations 5a-5c decrease slightly (by a factor of 3.5-4.5) under conditions of constant ion
strength (I = 1.0 mM). The resulting N-parameter for 3 is, however, hardly changed at N
=17.88 (sn = 0.73). Following the same mode of analysis for ion pair 4a under reactions
conditions where | = 1.0 mM, we find that anion 4 exceeds the nucleophilicity of 3 by a
factor of 3.0+£0.5 in its reaction with benzhydryl cations 5a-5c as is also reflected in the
respective N-parameter of N(4) = 19.63 (sn = 0.65).

These measurements thus establish 3a and 4a as potent and exceedingly nucleophilic
pyridine derivatives in solvents of low polarity (Figure 4.3). That 4a is more nucleophilic
than 3a is in full agreement with the results for selected organocatalytic transformations

performed in CDCIs as the solvent.[?3] The combined methodology developed here thus
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allows for a gquantitative assessment of catalyst nucleophilicity at synthetically relevant

concentrations.

Nucleophilicity N
19 T in MeCN in DCM
(at /=1.0 mM)
®N.802Ani
o —
N=17.28 ﬁ PhP "~ N = 1963
18 —+ SN=0.65 ”/' N 4a SN:O.65
— ,-80:CFs -
1 N=17.88
17 N = 16.38 = Ph4P® -
c=060 .- L sn = 0.73
N ’_;"' N" 33
16 + N = 15.60 N N =15.41
sy = 0.68 | S sy =0.76
_---"'—-__‘ N/ 2 “.‘\__ﬁ’:”,
NMe; L T
N = 15.51 = "~ N=1580
15 + sy = 0.62 N 1 sy = 0.66

Figure 4.3 Mayr nucleophilicities N (and sn) of DMAP (1), TCAP (2), and the pyridinamide anion 3
and 4 in MeCN and DCM.
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4.4. Conclusion

Employing a combination of conductivity and DOSY measurements, we have deciphered
the asymmetric association behavior of pyridinamide ion pair 3a in the apolar solvent
DCM. Through the combination of well soluble anions with less soluble cations, sandwich
cation complexes of the general type of cation/anion/cation are formed, leaving a free
anion to act as highly reactive nucleophile. This association competes favorably with
alternative sandwich anion species and thus overcomes the drawback of ionic
compounds associating into poorly reactive 1:1 adducts in apolar solvents. Without the
combination of conductivity and DOSY measurements this result could not have been
achieved since conductivity alone does not give insight into the type of charged species
that are being measured. The reactivity of the super-nucleophilic anions was quantified
with the benzhydrylium ion method, which facilitates the comparison of 3a and 4a with
neutral nucleophilic catalysts, such as DMAP or TCAP. In DCM, we were able to evaluate
kinetic data not only at low ion pair concentrations, but also at synthetically relevant higher
concentrations by keeping the ionic strength constant throughout the measurement to
prevent the interference of ion association. The direct comparison of k2 values for
reactions with cationic reference electrophiles reveals nucleophilicity values of
pyridinamide anions 3 and 4 (at high concentration) that are 39 and 90 times higher than
that of TCAP (2). One might expect that the higher nucleophilicity of 3 and 4 in
comparison to neutral nucleophilic catalysts, which was determined by using cationic
reference electrophiles, may not be comparably effective for reactions with neutral
electrophiles (typically used substrates in acylations, alkylations, or esterifications) in low
polarity media (toluene, alkanes, THF, Et20). However, recent results showed that a
significant fraction of the superior reactivity of pyridinamide anions is also found in

reactions with neutral substrates.[19.34
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4.6.  Supporting Information

4.6.1. NMR Spectroscopy

Diffusion ordered NMR spectroscopy (DOSY) experiments were performed using a
Bruker® Avance Il 600 MHz operating at 600.25 MHz for protons, equipped with a 5-mm
high-resolution TCI cryoprobe and with pulsed gradient units, capable of producing
magnetic field pulsed gradients in the z-direction of 0.64 T.m™. All measurements were
performed at 298 K. Temperature was certified by internal NMR calibration samples from
Bruker®. NMR Data was processed, evaluated, and plotted with TopSpin 3.2 software.
Further analysis of the measurements was performed with Microsoft Excel (Version
16.0.10359.20023 64 Bit).

4.6.1.1. Sample Preparation for NMR Spectroscopy

For the sample preparation 1.0 mL stock solutions with a concentration of 1/5 mM were
prepared of ion pair 3a in freshly distilled deuterated solvents (CD2Clz2, CD3CN). These
stock solutions were then diluted to the respective concentrations. Thereafter the stock
solution was put in an ultrasonic bath for 1 minute before it was used. Before the addition
of the stock solutions, the NMR tubes were evacuated and flushed with Argon three times.
Then the stock solution was added to the NMR tube under Argon flow. Tetramethyl
silane (TMS) was added as a reference by withdrawing 0.5 mL from the atmosphere of
the TMS bottle, just above the surface of the liquid. Afterwards, the NMR tube was sealed

and again put in an ultrasonic bath for 1 minute before use.

4.6.1.2. Diffusion Ordered Spectroscopy (DOSY)

All DOSY measurements were performed with the convection suppressing DSTE (double
stimulated echo) pulse sequence developed by Jerschow and Mdller in a pseudo 2D
mode.!Y Therefore, TMS was added to the sample and used as reference for the H
chemical shifts and for temperature as well as the viscosity of the solvent. For the
measurement a set of 4 dummy scans and 32 scans was used for samples with
concentration = 0.5 mM of the ion pair. A set of 4 dummy scans and 64 scans were used
for samples with concentrations = 0.1 mM of the ion pair. A set of 4 dummy scans and
256 scans was used for samples with less than 0.05 mM of the ion pair. A relaxation

delay of 3.5 s was used for all samples. The diffusion time delay was set to 40 ms and
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the gradient pulse lengths (p30, SINE.100 pulse shape) were optimized for each species
to give a sigmoidal signal decay for varying gradient strengths between 5% and 95%.
Optimal pulse lengths of 1.12 — 1.3 ms were used at 298 K for TMS and ion pairs. For
each species, twenty spectra with linear varying gradient strength from 5% to 95% were
measured. Thereby, no line broadening occurred for increased gradient strengths. For

integration the corresponding signals of 3a were used except if there was an overlap with

another signal (see Figure S4.1).

\\ CF3 @\Q
N
T 20

N

A I

84 83 82 81 80 79 78 7.7 76 75 74 73 72 71 7.0 69 6.8 6.7 ppm

Figure S4.1 Signals used for DOSY evaluation of 3a. Anion signals are marked in green, cation
signals are marked in orange. All corresponding signals were used for DOSY evaluation and
averaged for each ion.

In general, the transformation of diffusion coefficients into hydrodynamic radii via the
Stejskal-Tanner equation is applicable for neutral molecules. In the case of ions, the
additional electrostatic interactions between counter ions should be included and are
expected to reduce the mobility of the ions at higher concentrations. In this manuscript
extremely low concentrations of ions between 0.001 mM and 1.0 mM are applied,
therefore the electrostatic interactions should be negligible. Indeed, DOSY/Steijskal-
Tanner/Stokes-Einstein approach for measurements at extremely low concentrations
were in good agreement with the calculated volumes of the free ions. Furthermore, upon
concentration increase the DOSY data don’t show any direct correlation to the
concentration but a concentration dependence which in combination with the conductivity
data and the nucleophilicity data is only consistent with the sandwich formation (see main
text). In addition, for the interpretation mainly the relative values of cations and anions
i.e. the offset is important, and this shouldn’t be affected by the electrostatic interactions.
Therefore, the signal intensities of these groups in the DOSY spectra were classically
analyzed as a function of the gradient strength by the in Bruker TopSpin 3.2 included

software T1/T2 relaxation package by employing the Stejskal-Tanner equation.l?l Based
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on the obtained translational diffusion coefficients, the hydrodynamic radii of the analytes
r. were estimated following the Stokes-Einstein equation (S1), with D;i = self-diffusion
coefficient k = Boltzmann constant, T = temperature, n = viscosity of the sample, ¢ =

correcting factor, F = shape factor:[!

kT

Di= Fcmry

(S1)

The shape factor F was set to 1 for a spherical shape. The semi-empirical modification
by Chen (S2) was used to calculate the correction factor c. Therefore, a from literature
known value for the radius of the corresponding solvent was used (rco,c, = 2.46 A,
reo,en = 2.86 Al 6]

6F
T s2)
1 + 0.695 (1solr)2.234 (
(Tref)

Cchen =

Viscosity calibration of the derived D; values was performed with literature known values
for the radii of TMS (ref = 2.96 A, calculated from hard-sphere incrementsl) and the
experimentally determined diffusion coefficient Drer of TMS, which is determined

individually for each sample.

2.234
T
kT (1 + 0.695 (M)
( Trer )

67TD‘r'ef rref

(S3)

n lkg/ms] =

After including all correction and calibration equations in the Stokes equation (S1), the
equation was rearranged for the hydrodynamic radii r4 (S4). For easier imagination, the

corresponding volumes Vawere calculated with the assumption of a spherical shape.

kT (1 + 0.695 (Tsﬂ)z'm)
rref (84)

D =

6mnry
The experimental self-diffusion coefficients D, the viscosity corrected hydrodynamic radii
ra and the resulting volumes Va of all samples are depicted in Table S4.1 and Table S4.2.
TMS was used as viscosity reference in each sample separately with the variation in its
experimental diffusion coefficients reflecting the different viscosities depending on the ion
pair concentration (see Table S4.1-4.3). The average D values were derived by using all

baseline separated signals that were referring to the same species. As stated above the
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hydrodynamic values and the volumes are viscosity corrected and therefore the only

values, which can be directly compared with each other.

Table S4.1 Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii ru
and resulting volumes Va of ion pair 3a in varying concentrations. TMS was used as viscosity
reference for the experimental self-diffusion coefficients Di to allow for a comparison of
hydrodynamic radii ry and resulting volumes Va. The corresponding self-diffusion coefficients Dj of
TMS are given for each sample. Entry 1-17: SW = 22 Hz, O1P = 10.0 ppm, gradient strength 5-95%

linear. Samples were measured at room temperature.

Sample | Solvent | Species | Concen- | Diffusion Standard Hydrodynamic | Volume
inside tration | coefficient deviation radius Va (A3) R?
sample (mM) Di(m2s™) Di(m2.s™) ru (A)

1 CD2Clz | 3aAnion 0.005 1.81 x 10° 5.52 x 101 3.59 192 0.992
3a Cation 0.005 1.33 x 10°° 1.30 x 10°1* 4.44 367 0.997

T™MS 2.47 x 10°
2 CD2Cl2 3a Anion 0.01 1.66 x 10°° 2.56 x 101! 3.64 203 0.998
3a Cation 0.01 1.29 x 10° 8.22 x 1012 4.34 342 0.998

T™MS 2.31 x10°
3 CD2Cl2 3a Anion 0.05 1.32 x 10°° 1.21 x 101! 4.51 383 0.999
3a Cation 0.05 1.18 x 10° 3.69 x 1012 4.93 500 0.999

TMS 2.49 x 10°
4 CD2Cl2 3a Anion 0.1 1.29 x 10° 7.59 x 101 4.59 405 0.999
3a Cation 0.1 1.16 x 10° 2.44 x 1012 4.97 515 0.999

TMS 2.49 x 10°°
5 CD2Clz 3a Anion 0.2 1.26 x 10° 6.54 x 1012 4.62 413 0.999
3a Cation 0.2 1.13 x 10° 1.22 x 10'*? 5.04 537 0.999

TMS 2.46 x 10°
6 CD2Cl2 | 3a Anion 0.4 1.21 x 10° 5.13 x 1012 4.81 466 0.999
3a Cation 0.4 1.10 x 10° 1.08 x 102 5.19 587 0.999

TMS 2.49 x 10°°
7 CD2Clz 3a Anion 0.6 1.19 x 10°° 4.48 x 1012 4.84 477 0.999
3a Cation 0.6 1.08 x 10-° 2.16 x 1012 5.23 598 0.999

T™MS 2.47 x 10°
8 CD2Cl2 3a Anion 0.8 1.17 x 10° 5.75 x 1012 4.92 497 0.999
3a Cation 0.8 1.08 x 10°° 2.50 x 1012 5.24 603 0.999

TMS 2.48 x 10°°
9 CD2Clz 3a Anion 1.0 1.20 x 10°° 4.51 x 1012 4.85 477 0.999
3a Cation 1.0 1.07 x 10°° 5.09 x 1012 5.32 629 0.999

TMS 2.49 x 10°
10 CD2Cl2 3a Anion 1.0 1.18 x 10° 5.22 x 1012 498 517 0.999
3a Cation 1.0 1.07 x 10° 1.38 x 102 5.36 645 0.999

TMS 2.52 x 10°
11 CD2Cl2 3a Anion 1.0 1.19 x 10° 5.39 x 1012 4.92 497 0.999
3a Cation 1.0 1.07 x 10°° 3.89 x 1012 5.36 643 0.999

TMS 2.51 x 10°
12 CD2Cl2 3a Anion 1.0 1.18 x 10° 4,96 x 1012 5.01 527 0.999
3a Cation 1.0 1.08 x 10° 4.53 x 1012 5.37 649 0.999

TMS 2.55 x10°°
13 CD2Clz 3a Anion 2.0 1.31x 10° 7.98 x 1011 4.85 478 0.998
3a Cation 2.0 1.14 x 10° 3.74 x 101! 5.42 667 0.997

T™MS 2.72 x10°
14 CD2Cl2 3a Anion 3.0 1.11 x 10°° 1.83 x 101! 5.19 587 0.999
3a Cation 3.0 1.01 x 10°° 9.89 x 1012 5.61 739 0.999

TMS 2.52 x 10°°
15 CD2Clz 3a Anion 5.0 1.06 x 10° 6.93 x 101° 5.47 687 0.999
3a Cation 5.0 1.02 x 10°° 9.42 x 1012 5.52 703 0.999

TMS 2.47 x 10°
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16 CDsCN 3a Anion 0.5 1.89 x 10° 1.03x 10 4.33 340 0.998
3a Cation 0.5 1.69 x 10° 2.05x 10710 4.79 461 0.999

TMS 3.23x10°
17 CDsCN 3a Anion 5.0 2.09 x 10° 9.12 x 1011 4.21 313 0.999
3a Cation 5.0 1.51 x 10°° 6.09 x 1012 5.48 689 0.999

TMS 3.43 x 10°

Table S4.2. Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii ru
and resulting volumes Va of ion pair 4a in varying concentrations. TMS was used as viscosity
reference for the experimental self-diffusion coefficients Di to allow for a comparison of
hydrodynamic radii rh and resulting volumes Va. The corresponding self-diffusion coefficients D; of
TMS are given for each sample. Entry 18-26: SW = 22 Hz, O1P = 10.0 ppm, gradient strength 5-95%

linear. Samples were measured at room temperature.

Sample | Solvent | Species | Concen- | Diffusion Standard Hydrodynamic | Volume
inside tration | coefficient deviation radius Va (A3) R?
sample (mM) Di(m2.s™) Di(m2s™) ru (A)
4a Anion 0.005 1.41 x 10° 1.79 x 1010 4.13 296 0.996
18 CD2Cl2 | 4a Cation 0.005 1.22 x 10°° 1.27 x 1011 4.59 404 0.998
TMS 2.36 x 10-°
4a Anion 0.01 1.37 x 10° 1.62 x 10° 4.49 379 0.987
19 CD2Cl2 4a Cation 0.01 1.24 x 10°° 8.24 x 1011 4.87 482 0.998
TMS 2.58 x 10-°
4a Anion 0.05 1.17 x 10° 1.14 x 10°1° 5.00 525 0.998
20 CD2Cl2 | 4a Cation 0.05 1.17 x 10°° 3.43 x 1012 5.02 529 0.999
TMS 2.53 x 10°
4a Anion 0.1 1.09 x 10° 1.18 x 101 5.29 619 0.999
21 CD2Cl2 4a Cation 0.1 1.14 x 10° 3.03 x 1012 5.09 553 0.999
TMS 2.52 x 10°°
4a Anion 0.2 1.06 x 10° 3.94 x 1012 5.44 672 0.999
22 CD2Cl2 4a Cation 0.2 1.11 x 10° 2.75 x 1012 5.24 602 0.999
TMS 2.53 x 10°
4a Anion 04 1.02 x 10° 474 x 1012 5.49 692 0.999
23 CD2Cl2 4a Cation 04 1.08 x 10° 2.87 x 1012 5.28 615 0.999
TMS 2.48 x 10°
4a Anion 0.6 1.00 x 10° 2.99 x 10t 5.58 729 0.999
24 CD2Cl2 | 4a Cation 0.6 1.05 x 10°° 2.64 x 1012 5.38 653 0.999
TMS 2.49 x 10°
4a Anion 0.8 9.90 x 1010 2.11 x 1012 5.71 778 0.999
25 CD2Cl2 | 4a Cation 0.8 1.04 x 10° 3.87 x 1012 5.50 698 0.999
TMS 2.52 x 10°
4a Anion 1.0 9.84 x 1010 4.43 x 1012 5.67 765 0.999
26 CD2Cl2 4a Cation 1.0 1.03 x 10° 2.92 x 1011 5.46 682 0.994
TMS 2.49 x 10°
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Table S4.3. Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii ru
and resulting volumes Va of ion pair 3a/4b while fixing the overall ion concentrations at 1.0 mM.
PPhisBFswas chosen as additive (Add) to keep the ion concentration at 1.0 mM. The ratio of 3a/Add
is given in percentage. TMS was used as viscosity reference for the experimental self-diffusion
coefficients Dj to allow for a comparison of hydrodynamic radii rs and resulting volumes Va. The
corresponding self-diffusion coefficients Di of TMS are given for each sample. Entry 27-32: SW = 22
Hz, O1P = 10.0 ppm, gradient strength 5-95% linear. Samples were measured at room temperature.

Sample | Solvent | Species | Concen- | Diffusion Standard Hydrodynamic | Volume
inside tration | coefficient deviation radius Va (A3) R?
sample (mM) Di(m2.s™) Di(m2.s™) ru (A)
3a Anion 1.0 20% 3a 1.16 x 10° 1.78 x 1012 4.98 519
27 CD2Cl2 | 3a Cation 1.0 80% Add 1.07 x 10° 1.09 x 1012 5.32 631
TMS 249 x 10°
3a Anion 1.0 50% 3a 1.21 x10° 3.35x 101 5.03 528
28 CD2Clz | 3a Cation 1.0 50% Add 1.09 x 10° 1.23 x 10 5.44 673
T™MS 2.62 x 10°
3a Anion 1.0 80% 3a 1.13 x 10°° 3.16 x 1012 5.03 535
29 CD2Cl> | 3a Cation 1.0 20% Add 1.04 x 10°° 6.97 x 1012 5.39 656
T™MS 2.46 x 10°
4a Anion 1.0 20% 4a 1.15x 1010 7.39 x 102 5.16 576
30 CD2Clz | 4a Cation 1.0 80% Add 1.07 x 10° 3.81x 1012 5.50 698
TMS 2.59 x 10°
4a Anion 1.0 50% 4a 1.01 x 10° 1.20 x 1010 5.57 725
31 CD2Clz | 4a Cation 1.0 50% Add 1.06 x 10°° 2.20 x 1012 5.36 646
TMS 2.50 x 10°
4a Anion 1.0 80% 4a 1.00 x 10° 2.27 x 1012 5.71 780
32 CD2Clz | 4a Cation 1.0 20% Add 1.06 x 10° 151 x 102 5.46 680
T™MS 2.56 x 10°
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4.6.1.3. CAC Sandwich-Model

The resulting DOSY volumes for 3a of Table S4.1 were plotted against the used
concentration for both cation and anion (see Figure S4.2). First, for the lowest
concentration 0.005 mM and 0.01 mM we were able to determine volumes close to the
ones which were calculated for the free ions (cation: 362 A3 and anion: 215 A3, for
calculation see Table S4.4). In a 1:1 association model, as the concentration is increased,
the volumes of both ions should rise and gradually converge until they are identical at
higher concentrations. Thereby, the anion volume would have to grow more rapidly with
higher concentrations than the cation volume to result in an equal volume, as expected

for a 1:1 aggregation.

Despite a clear increase of the volumes for both the cation a as well as of the anion 3 can
at concentration higher than 0.01 mM, a large offset between the cation a and the anion
3 volume is observed. Notably, the cation a volume increases more than the anion 3
volume leading to an increasing offset between the two, which is the reverse of the
expected behavior for a 1:1 model. These observations are in contrast to the initially
assumed 1:1 association model the volumes of anion and cation should converge and
approach 570 A3 for a monomeric ion pair 3a. Additionally, in the concentration range of
0.4-1.0 mM a stagnation of the cation volume can be seen at a volume that even
significantly exceeds the calculated volume for the 1:1 monomeric ion pair 3a (649 A3
versus 570 A3). All these observations led to the assumption of another species that must

be involved.
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Figure S4.2. All sample concentrations with the corresponding calculated volumes based on DOSY
for the cation and anion of 3a are displayed. The purple dotted line indicates the calculated volume
for the 1:1 monomeric ion pair. The orange dotted line indicates the calculated volume for the free
cation. The green dotted line indicates the calculated volume for the free anion. DOSY derived
cation volumes are displayed as orange “+” symbols and anion volumes as green “-“ symbols.

To explain this deviation, we established a “sandwich association” model. In this model
two cations a and one anion 3 form a “sandwich-cation” a3a (calculated volume of 925
A3, for calculation see Table S4.4) with an additional free anion 3 (calculated volume of
215 A3, for calculation see below). With this sandwich cation the increasing offset
between cation a and anion 3 upon ion pair formation can be explained. The significantly
smaller increase of the volume of anion 3 is in agreement with the additional free anion
reducing the averaged DOSY volume. In addition, the significantly higher volumes of 642
A3 at higher concentrations can be explained by the formation of CAC cations which are
included in the average volume of all cation species derived by DOSY. Furthermore,
solvation effects were considered. According to the study of Hunterl”l DCM is a better
hydrogen donor than acceptor (H-bond donor: a=1.9, H-bond acceptor: p=1.1).
Therefore, the anion 3 should be better dissolved than the cation a in DCM. This agrees
with the sandwich model assuming that an aggregated cation reduces the solvent-cation
interactions. Furthermore, a considerable amount of free dissolved anion 3 will be in

solution which is in accordance with the Hunter parameters.

In addition, the theoretical volumes of both free ions, the 1:1 monomeric ion pair 3a as
well as the sandwich model were calculated. These calculations were performed based
on the van der Waals cavity used in the SMD solvation model at the B3LYP-D3/6-31+G(d)
level of theory (see Table S4.4).
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Table S4.4. Calculated volumes of all proposed species based on the van der Waals cavity used in
the SMD solvation model at the B3LYP-D3/6-31+G(d) level of theory.

Species Volume (A3)
Anion 3 215
Anion 4 285
Cation a 362
1:1 ion pair 3a 570
Cation sandwich a3a 925
Anion sandwich 3a3 782
1:1 ion pair 4a 641
Cation sandwich ada 995
Anion sandwich 4a4 920

Based on these values we set up a two variable equation system which only considers
an equilibrium between free ions (3/a) and the sandwich model a3a+3 (S5). Using the
calculated volumes of the free ions and the average measured volume of the cation in
the concentration range between 0.4-1.0 mM leads to a ratio of 68:32 of free ions to
sandwich cation/free anion.

[C]

1 =——X 362
VOleat = Tpp7, o 2% F <

2 x [CAC]
[IP] tot

l.., = x 215 + [CAC]
VOlan = T1p] o [IPlcoc

Besides this assumption, we also set up a three variable equation system which

> X 925 (S5a)

[A] )
X 925 (S5b)

considers an equilibrium between free ions (3/a), monomeric 1:1 ion pair 3a and the
sandwich model a3a+3 (S6). Due to this system being a three variable two equation
system, a clear ratio cannot be determined only based on DOSY. Nevertheless, various
solutions are possible for this model (e. g. 20% free cation, 34% sandwich cation, 46%
1:1 ion pair). Hence, both models are fitting to the observed volumes while the 3 point-

model system is slightly closer to the observed volumes.

(2% ((362*x+2%x925xy+ 570 *2))/3 = 642 (S6a)

(2% (215%xx+925xy + 215y + 570 * z))/3 = 505 (S6b)
The population of the free anion and free cation at a given overall salt concentration was
calculated with the aid of the conductivity data. Based on the calculated populations of

the respective free ion, the theoretical DOSY volumes were simulated (see Figure S4.3).
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Figure S4.3. All sample concentrations with the corresponding calculated volumes based on DOSY
for the cation and anion of 3a are displayed. Cation volumes are displayed as orange “+” symbols.
Anion volumes are displayed as green “-“symbols. The calculated trend for the 1:1 model is
indicated as an orange dotted-dashed line for the cation. The calculated trend for the cation
sandwich model is indicated as an orange line for the cation. The calculated trend for the 1:1 model
is indicated as a green dotted-dashed line for the anion. The calculated trend for the cation
sandwich model is indicated as a green line for the anion.

For both ions, the calculated trend for a 1:1 ion aggregation model leads to far lower
volumes than observed by the DOSY model with discrepancies of up to 250 A3 (see
Figure S4.3). In contrast, by the addition of the sandwich cation the calculated curves fit
far better to the observed trends in volume (see Figure S4.3-4.7). Hence, the volumes
cannot be explained by a single 1:1 aggregation but other species like in the sandwich

model must be considered.
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Figure S4.4. All sample concentrations with the corresponding calculated volumes based on DOSY
for the anion of 3a are displayed. Anion volumes are displayed as green “-“symbols. The calculated
trend for the 1:1 model is indicated as a purple dotted-dashed line for the anion. The calculated
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trend for the cationic sandwich model is indicated as a grey line for the anion. The free anion volume
is marked as a light green dotted line.
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Figure S4.5. All sample concentrations with the corresponding calculated volumes based on DOSY
for the cation of 3a are displayed. Cation volumes are displayed as orange “+“ symbols. The
calculated trend for the 1.1 model is indicated as an purple dotted-dashed line for the cation. The
calculated trend for the cationic sandwich model is indicated as an grey line for the cation. The free
cation volume is marked as a light orange dotted line.
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Figure S4.6. All sample concentrations with the corresponding calculated volumes based on DOSY
for the cation and anion of 3a are displayed. Cation volumes are displayed as orange “+” symbols.
Anion volumes are displayed as green “-“symbols. The purple dotted line indicates the calculated
volume for the 1:1 monomeric ion pair. The orange dotted line indicates the calculated volume for
the free cation. The green dotted line indicates the calculated volume for the free anion. In addition,
the calculated trends for an assumed 1:1 aggregation model are included as dash-dotted orange
and green lines for the cation and anion respectively.
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Figure S4.7. All sample concentrations with the corresponding calculated volumes based on DOSY
for the cation and anion of 3a are displayed. Cation volumes are displayed as orange “+” symbols.
Anion volumes are displayed as green “—* symbols. The purple dotted line indicates the calculated
volume for the 1:1 monomeric ion pair. The orange dotted line indicates the calculated volume for
the free cation. The green dotted line indicates the calculated volume for the free anion. In addition,
the calculated trends for the proposed sandwich model are included as orange and green lines for
the cation and anion respectively.
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4.6.1.4. ACA Sandwich-Model

Furthermore, when plotting the DOSY volumes for 4a against the concentration a
different trend is observed which is also indicating the presence of another species. Here,
contrary to 3a the anion 4 volume is increasing significantly more than the cation a volume
while increasing the concentration up to the point that the anion 4 volume surpasses the
cation a volume. Again, at a concentration of 0.005 mM the volumes determined for
cation a (403 A%) and anion 4 (296 A3) are close to the calculated volumes of the free
ions (cation: 360 A3 and anion: 285 A3, for calculation see Table S4.2). Upon increasing
the concentration both the volumes of anion 4 and cation a increase but the anion 4
volume increases more in comparison to the cation a. This leads to a crossing point of
cation a and anion 4 at a concentration of 0.05 mM were both volumes are nearly identical
before the anion 4 volume surpasses the volume of the cation a (4: 765 A3; a: 682 A3).
Regardless of the different increase in volume of both ions, the calculated volume for a
1:1 ion pair 4a (641 A3) is exceeded for both anion 4 as well as cation a (see S4.8). These
observed results cannot be explained by a 1:1 ion pair nor by a CAC sandwich formation.

Thus, for this ion pair a different aggregate has to be formed.

Due to the contrary observed trends for the ion volumes, a different higher aggregate
must be responsible for this observation. Considering the formation of the CAC sandwich
for 3a a similar higher aggregate in form of an ACA sandwich is likely for 4a including two
anions 4 and one cation a (4a4) with a free cation a. This ACA sandwich model correlates
with all observations. First, the increase of the anion 4 volume above the cation a volume
and the resulting crossing point can be explained due to the formed higher aggregate
which includes two anions a. In addition, this model also gives an explanation for the
cation a volume exceeding the calculated volume of the 1:1 ion pair 4a as the respective

DOSY volumes display an average of all cation a species within the sample.
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Figure S4.8. All sample concentrations with the corresponding calculated volumes based on DOSY
for the cation and anion of 4a are displayed. Cation a volumes are displayed as orange “+” symbols.
Anion 4 volumes are displayed as green “-“symbols. The calculated volume for the 1:1 ion pair 4a
isindicated as apurple dotted. The calculated volume for the free cation ais indicated as an orange
dotted. The calculated volume for the free anion 4 is indicated as a green dotted.

Additionally, experiments with a fixed cation concentration at 1.0 mM were performed.
Three different ion pair 4a concentrations (0.2 mM, 0.5 mM, 0.8 mM) were investigated
using additive 5 to maintain the ion concentration at 1.0 mM. Here, for an ACA sandwich
model the volume of the anion should decrease with increasing additive fraction as the
ACA sandwich is less likely formed. Indeed, with increasing fraction of the additive the
volume of the anion significantly decreases (780 A3 to 576 A3) while the cation volume
nearly stays the same (680 A3 698 A3) again leading to a crossing point in which the
cation volume exceeds the anion volume (see Figure S4.9). Thus, these experiments
also support the ACA sandwich model.
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Figure S4.9. Measured cation and anion volumes for 4a/additive 5 mixtures with increasing additive
5 amount. Cation a volumes are displayed as orange “+” symbols. Anion 4 volumes are displayed

as green “-“symbols. The calculated volume for the 1:1 ion pair 4a is indicated as a purple dotted.

The calculated volume for the free cation ais indicated as an orange dotted. The calculated volume
for the free anion 4 is indicated as a green dotted line. The calculated volume for cation sandwich
ada is indicated as a grey dotted line. The calculated volume for anion sandwich 4a4 is indicated
as a blue dotted line.

Furthermore, computations were conducted including the CAC sandwich model, the ACA
sandwich model, the 1:1 ion pair formation model and a mixed model (CAC, ACA, IP).
The calculations of these four models were compared to the DOSY data (see Figure
S4.10-4.12). Here, the ACA sandwich model and the mixed model showed the best
correlation to the DOSY data. In contrast, the CAC sandwich model differed the most.
Thus, the computations also support an ACA model, but a mixed model is likely in which

all species coexist with the ACA sandwich being the most populated.
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Figure S4.10. All sample concentrations with the corresponding calculated volumes based on
DOSY for the cation and anion of 4a are displayed. Cation a volumes are displayed as orange “+”
symbols. Anion 4 volumes are displayed as green “-“symbols. The calculated volume for the 1:1
ion pair 4ais indicated as a purple dotted. The calculated volume for the free cation a is indicated
as an orange dotted. The calculated volume for the free anion 4 is indicated as a green dotted. The
calculated volume for the CAC sandwich ada is indicated as a grey dotted. The calculated volume
for the ACA sandwich 4a4 is indicated as a blue dotted. The orange long dash line displays the
calculated volumes for the cation a with the mixed model. The green long dash line displays the
calculated volumes for the anion 4 with the mixed model.
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Figure S4.11. All sample concentrations with the corresponding calculated volumes based on
DOSY for cation a. Cation a volumes are displayed as orange “+” symbols. The calculated volume
for the free cation a is indicated as an orange dotted. The brown shortly dashed line displays the
calculated volumes for the cation a with the mixed model. The blue longish dashed line displays
the calculated volumes for the cation a with the ACA sandwich model. The orange line displays the
calculated volumes for the cation a with the CAC sandwich model. The purple shortly dotted-
dashed line displays the calculated volumes for the cation a with the IP sandwich model.
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Figure S4.12. All sample concentrations with the corresponding calculated volumes based on
DOSY for anion 4. Anion 4 volumes are displayed as green “-” symbols. The calculated volume for
the free anion 4 is indicated as a green dotted. The brown longish dash line displays the calculated
volumes for the anion 4 with the mixed model. The blue shortly dash line displays the calculated
volumes for the anion 4 with the ACA sandwich model. The green line displays the calculated
volumes for the anion 4 with the CAC sandwich model. The purple dashed-dotted line displays the
calculated volumes for the anion 4 with the IP sandwich model.

4.6.1.5. Importance of the Ultrasonic Bath during NMR Sample
Preparation

During initial investigations the NMR samples were prepared without using an ultrasonic
bath. DOSY measurements of these samples showed high volumes for both cation and
anion even at very low concentrations of 3a (see Figure S4.13, Table S4.1). For a
concentration of 0.001 mM volumes similar to the calculated free ions were determined
for both cation a (392 A3) and anion 3 (239 A%). However, starting from 0.00166 mM a
sudden increase of the cation volume to 528 A3 was observed. In addition, the derived
volumes in a concentration range of 0.2 — 1.0 mM were varying significantly, especially

for anion 3.

Considering that the samples were prepared by diluting a stock solution starting from a
concentration of 1.0 — 5.0 mM 3a, we assumed that some ion pair aggregates formed at
this concentration remain even after dilution. Hence, the resulting volume was depending
on the starting concentration of the stock solutions, explaining the variance in the

concentration range of 0.2 — 1.0 mM as well as the high volumes at low concentrations.
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Indeed, repeating the measurements with a sample preparation that includes an
ultrasonic bath during dilution solved both problems (see Figure S4.3). Thus, for a valid
interpretation of the DOSY results for these pyridinamide ion pairs the usage of an

ultrasonic bath for the preparation of samples is essential.
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Figure S4.13. All sample concentrations with the corresponding calculated volumes based on
DOSY for the cation and anion of 3a are displayed when preparing samples without an ultrasonic
bath. Cation volumes are displayed as orange “+” symbols. Anion volumes are displayed as green
“-“symbols. The purple dotted line indicates the calculated volume for the 1:1 monomeric ion pair
3a. The orange dotted line indicates the calculated volume for the cation a. The green dotted line
indicates the calculated volume for the anion 3. In addition, the calculated trends for the proposed
cation sandwich model are included as orange and green lines for the cation and anion
respectively.
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Table S4.5. Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii ru
and resulting volumes Va of ion pair 3a when preparing the samples without an ultrasonic bath.
TMS was used as viscosity reference for the experimental self-diffusion coefficients Di to allow for
a comparison of hydrodynamic radii rs and resulting volumes Va. The corresponding self-diffusion
coefficients Di of TMS are given for each sample. Entry 1-15: SW = 22 Hz, O1P =10.0 ppm, gradient
strength 5-95% linear. Samples were measured at room temperature.

Sample | Solvent | Species | Concen- | Diffusion Standard Hydrodynamic | Volume
inside tration | coefficient deviation radius Va (A3) R?
sample (mM) Di(m2s™) Di(m2.s™) ru (A)
3a Anion 0.001 1.65 x 10° 2.08E-11 3.85 239 0.997
1 CD2Cl2 | 3a Cation 0.001 1.31 x 10° 4.33E-11 454 392 0.999
TMS 2.49 x 10°
3a Anion 0.00166 | 1.53 x10° 1.94E-11 411 290 0.995
2 CD2Cl2 | 3aCation | 0.00166 | 1.17 x 10°° 4.13E-11 5.01 528 0.999
T™MS 2.54 x 10°°
3a Anion 0.005 1.47 x 10-° 6.37E-11 4.24 319 0.995
3 CD2Clz | 3a Cation 0.005 1.17 x 10°° 1.86E-11 5.03 532 0.999
T™MS 2.55 x 10°
3a Anion 0.01 1.56 x 10°° 1.76E-11 4.07 282 0.996
4 CD2Clz | 3a Cation 0.01 1.20 x 10° 3.63E-11 4.94 505 0.999
TMS 2.55 x 10°
3a Anion 0.02 1.37 x 10° 1.49E-12 4.41 360 0.993
5 CD2Cl2 | 3a Cation 0.02 1.17 x 10° 1.06E-11 4.99 521 0.999
TMS 3.50x 10°
3a Anion 0.025 1.41 x 10° 8.62E-11 4.37 349 0.988
6 CD2Clz | 3a Cation 0.025 1.15x 10° 7.14E-12 5.09 552 0.998
TMS 2.53 x 10°
3a Anion 0.04 1.28 x 10° 1.80E-11 4.61 411 0.995
7 CD2Clz | 3a Cation 0.04 1.14 x 10° 5.93E-12 5.02 530 0.999
T™MS 2.48 x 10°
3a Anion 0.05 1.27 x 10° 1.22E-10 4.59 406 0.999
8 CD2Clz | 3a Cation 0.05 1.13x 10° 9.88E-12 5.06 543 0.999
TMS 2.46 x 10°°
3a Anion 0.1 1.29 x 10-° 1.09E-10 4.66 425 0.999
9 CD2Clz | 3a Cation 0.1 1.14 x 10° 2.85E-11 5.13 565 0.999
T™MS 2.54 x 10°
3a Anion 0.2 1.30 x 10° 7.57E-11 4.65 421 0.999
10 CD2Clz | 3a Cation 0.2 1.11 x 10° 1.47E-11 5.27 613 0.999
TMS 2.56 x 10°
3a Anion 0.3 1.45 x 10° 5.53E-11 4.32 338 0.998
11 CD2Clz 3a Cation 0.3 1.13 x 10° 2.13E-11 5.24 601 0.999
TMS 2.59 x 10°
3a Anion 0.5 1.21 x10° 5.40E-12 4.89 490 0.999
12 CD2Cl2 | 3a Cation 0.5 1.09 x 10°° 1.12E-11 5.28 616 0.999
TMS 2.53 x 10°
3a Anion 0.6 1.30 x 10° 7.70E-11 4.62 413 0.999
13 CD2Clz | 3a Cation 0.6 1.11 x 10° 2.60E-11 5.21 593 0.999
T™MS 2.53 x 10°
3a Anion 0.8 1.24 x 10°° 3.98E-11 4.78 459 0.999
14 CD2Clz | 3a Cation 0.8 1.07 x 10° 1.05E-11 5.36 645 0.999
TMS 2.52 x 10°°
3a Anion 1.0 1.13 x 10° 8.36E-11 5.15 573 0.999
15 CD2Clz | 3a Cation 1.0 1.04 x 10° 2.71E-11 5.51 700 0.999
T™MS 2.53 x 10°
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4.7.  Additional Findings
4.7.1. Model Systems

After elucidating the aggregation behavior for two pyridinamide based ion pair catalysts,
we aimed to explore if these findings are transferable to other pyridinamide based ion
pair catalysts which could be used for catalyst design. Therefore, Veronika Burger
synthesized four additional pyridinamide ion pair catalyst (see Figure A4.1). Catalysts la-
d were selected for modulation of the cation. Catalyst 2b and 4b were selected for the
modulation of the anion. Additionally, solvent effects were investigated for
dichloromethane (DCM), chloroform, tetrahydrofuran and acetonitrile. Again the
combination of conductivity, nucleophilicity and DOSY was used to gather information
about the aggregation trends. Veronika Burger performed conductivity and nucleophilicity
measurements as described in the publication shown above (chapter 4), which are
referred to in the following evaluation of the additional DOSY measurements.
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Figure A 4.1 Overview of the selected pyridinamide based ion pair catalysts.
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4.7.2. Aggregation Trends

To elucidate the aggregation trends of ion pairs 1la-d, 2b, 3b and 4b in CD2Clz, samples
with a concentration range of 0.05 mM to 5.0 mM of the respective ion pair were
investigated by DOSY measurements. Based on our prior study (see Chapter 4.1-4.4),
two aggregation types were observed. On the one hand a cation sandwich aggregation
(CAC) with a free anion for 1b and on the other hand an anionic sandwich aggregation
(ACA) with a free cation for 3b. These two association types were further investigated
with the additional ion pair catalysts. Especially, the cation and anion influence on the
formation of the CAC/ACA sandwich were studied to establish design principles for future
pyridinamide ion pair catalysts.

Here, a clear trend was observed for the preference of either CAC or ACA sandwich
model. The concentration-DOSY plots of ion pair catalysts 1a, 1¢ and 1d showed a similar
curve as detected for 1b (see Figure A4.2 - 4.4, 1b for comparison see chapter 4.6.1.3).
For all three catalysts, the cation volume increases more relative to the anion volume with
rising concentration. Simultaneously, the anion volume does not exceed the cation
volume at any point which would be the case for an ACA aggregation. Hence, for all
investigated ion pairs containing anion 1 the CAC model is the predominant association

type.
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Figure A 4.2 Plot of concentration against DOSY derived volumes for 1lain CDcCl.. Calculated values
for free anion/cation, 1:1 ion pair (IP) and CAC are depicted. Cation a is displayed as blue dots,
Anion 1is displayed as orange dots.
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Figure A 4.3 Plot of concentration against DOSY derived volumes for 1c in CDcCl.. Calculated values
for free anion/cation, 1:1 ion pair (IP) and CAC are depicted. Cation c is displayed as blue dots,
Anion 1is displayed as orange dots.
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Figure A 4.4 Plot of concentration against DOSY derived volumes for 1d in CDcCl.. Calculated
values for free anion/cation, 1:1 ion pair (IP) and CAC are depicted. Cation d is displayed as blue
dots, Anion 1 is displayed as orange dots.
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Contrary, changing the anion to 2 or 4 leads to a similar observation as for 3b in prior
studies (see Figure A4.5 - 4.6, 3b for comparison see chapter 4.6.1.4). Here, a crossing
point in which the anion volume exceeds the cation volume is observed, clearly indicating
the formation of the sandwich anion ACA. This behavior is also observed at higher

concentration (5.0 mM).
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Figure A 4.5 Plot of concentration against DOSY derived volumes for 2b in CDcCl2. Calculated
values for free anion/cation, 1:1 ion pair (IP) and CAC are depicted. Cation b is displayed as blue
dots, Anion 2 is displayed as orange dots.
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Figure A 4.6 Plot of concentration against DOSY derived volumes for 4b in CD¢Clz. Calculated
values for free anion/cation, 1:1 ion pair (IP) and CAC are depicted. Cation b is displayed as blue
dots, Anion 4 is displayed as orange dots.

Thus, for both association types CAC and ACA a clear distinction is observed between
la-d and 2-4b. Based on DOSY observations, the preference of either ACA or CAC
sandwich association seems to be depending on the anion. Especially, larger anions such
as 2, 3 and 4 with their extended sulfonamide group seem to favor the ACA over the CAC
sandwich association. Hence, these observations could be applied for future

pyridinamide ion pair catalyst designs.
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Table A 4.1 Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii ru and
resulting volumes Va of the ion pair 1ain varying concentrations. TMS was used as viscosity reference for the
experimental self-diffusion coefficients Di to allow for a comparison of hydrodynamic radii ru and resulting
volumes Va. The corresponding self-diffusion coefficients Di of TMS are given for each sample. Entry 1-3:

SW =22 Hz, O1P = 10.0 ppm, gradient strength 5-95% linear. Samples were measured at room temperature.

L . Diffusion | Hydrodynamic
Sample | Solvent Species inside | Concentration coefficient radius Volume R2
sample [mM] i Va [A3]
Di[m2.s?] ru [A]
1a Anion 0.05 1.30 x 10° 4.70 434 0.999
1 CD.Cl, la Cation 0.05 1.11 x 10° 5.32 630 0.997
T™S 2.58 x 10°°
1a Anion 1.0 1.14 x 10° 5.15 571 0.998
2 CD.Cl, la Cation 1.0 1.07 x 10° 5.4 660 0.998
T™S 2.55 x 10°
1la Anion 5.0 1.05 x 10° 5.34 640 0.999
3 CD,Cl, la Cation 5.0 1.04 x 10° 5.34 651 0.999
T™S 2.46 x 10°

Table A 4.2 Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii rs and
resulting volumes Va of the ion pair 1c in varying concentrations. TMS was used as viscosity reference for the
experimental self-diffusion coefficients Di to allow for a comparison of hydrodynamic radii ru and resulting
volumes Va. The corresponding self-diffusion coefficients Di of TMS are given for each sample. Entry 4-7:

SW =22 Hz, O1P = 10.0 ppm, gradient strength 5-95% linear. Samples were measured at room temperature.

L : Diffusion | Hydrodynamic
Sample | Solvent Species inside | Concentration coefficient radius Volume R2
sample [mM] . Va [A3]
Di[m2s?] ru [A]
1c Anion 0.05 1.45 x 10° 4.32 337 0.998
4 CD,Cl, 1c Cation 0.05 9.82 x 100 5.88 850 0.999
TMS 2.59 x 10°
1c Anion 0.5 1.25 x 10° 4.74 447 0.998
5 CD,Cl, 1c Cation 0.5 9.24 x 10%° 6.05 927 0.999
TMS 2.52 x10°
1c Anion 1.0 1.22 x 10° 4.83 473 0.999
6 CD.Cl, 1c Cation 1.0 9.18 x 10%° 6.09 944 0.999
TMS 2.52 x10°
1c Anion 5.0 1.11 x 10° 5.16 577 0.999
7 CD.Cl, 1c Cation 5.0 8.99 x 10'° 6.14 969 0.999
TMS 2.49 x 10°
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Table A 4.3 Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii rs and
resulting volumes Va of the ion pair 1d in varying concentrations. TMS was used as viscosity reference for the
experimental self-diffusion coefficients Di to allow for a comparison of hydrodynamic radii ru and resulting
volumes Va. The corresponding self-diffusion coefficients Di of TMS are given for each sample. Entry 8-12:
SW =22 Hz, O1P = 10.0 ppm, gradient strength 5-95% linear. Samples were measured at room temperature.

L . Diffusion | Hydrodynamic
Sample | Solvent Species inside | Concentration coefficient radius Volume R2
sample [mM] . Va [A3]
Di[m2s?] ru [A]
1d Anion 0.05 1.00 x 10°° 5.85 497 0.999
8 CD.Cl, 1d Cation 0.05 1.03 x 10°° 5.71 603 0.999
T™S 2.63x 10°
1d Anion 0.1 1.24 x 10° 4.85 479 0.998
9 CD,Cl, 1d Cation 0.1 1.08 x 10°° 5.42 668 0.999
TMS 2.58 x 10°
1d Anion 0.5 1.15 x 10°° 5.14 569 0.999
10 CD,Cl, 1d Cation 0.5 1.06 x 10°° 5.49 694 0.999
T™MS 2.57 x 10°
1d Anion 1.0 1.09 x 10° 5.29 621 0.999
11 CD.Cl, 1d Cation 1.0 1.05 x 10° 5.47 684 0.999
TMS 2.53x 10°
1d Anion 5.0 1.04 x 10° 5.34 639 0.999
12 CD:Cl; 1d Cation 5.0 1.01 x 10°° 5.50 696 0.999
T™S 2.45 x 10°

Table A 4.4 Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii rs and
resulting volumes Va of the ion pair 2b in varying concentrations. TMS was used as viscosity reference for the
experimental self-diffusion coefficients Di to allow for a comparison of hydrodynamic radii rs and resulting
volumes Va. The corresponding self-diffusion coefficients Di of TMS are given for each sample. Entry 13-16:
SW =22 Hz, O1P = 10.0 ppm, gradient strength 5-95% linear. Samples were measured at room temperature.

L . Diffusion | Hydrodynamic
Species inside | Concentration S " Volume 2
Sample | Solvent samble [mM] coefficient radius Va [A3] R
P Di[mZ2.s7] ru [A] A
2b Anion 0.05 1.18 x 10° 4.99 519 0.999
13 CD.Cl; 2b Cation 0.05 1.22 x 10° 4.87 485 0.997
TMS 2.54 x 10°
2b Anion 0.5 1.04 x 10° 5.46 681 0.999
14 CD.Cl, 2b Cation 0.5 1.06 x 10° 5.36 643 0.999
T™MS 2.50 x 10°
2b Anion 1.0 1.00 x 10° 5.58 727 0.999
15 CD.Cl, 2b Cation 1.0 1.05 x 10° 4.38 652 0.999
TMS 2.49 x 10°
2b Anion 5.0 9.31x 1070 5.96 888 0.999
16 CD.Cl, 2b Cation 5.0 9.95 x 10'%° 5.64 753 0.999
T™S 2.50 x 10°°
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Table A4.5 Experimental self-diffusion coefficients Dj, viscosity corrected hydrodynamic radii r4 and resulting
volumes Va of the ion pair 4b in varying concentrations. TMS was used as viscosity reference for the
experimental self-diffusion coefficients Di to allow for a comparison of hydrodynamic radii ru and resulting
volumes Va. The corresponding self-diffusion coefficients Di of TMS are given for each sample. Entry 17-20:
SW =22 Hz, O1P = 10.0 ppm, gradient strength 5-95% linear. Samples were measured at room temperature.

L . Diffusion | Hydrodynamic
Sample | Solvent Species inside | Concentration coefficient radius Volume R2
sample [mM] . Va [A3]
Di[m2.s?] ru [A]
4b Anion 0.05 1.19 x 10°° 3.87 243 0.999
17 CD.Cl, 4b Cation 0.05 1.10 x 10° 4.09 286 0.999
TMS 1.81 x 10°°
4b Anion 0.5 1.03 x 10° 5.36 646 0.999
18 CD,Cl, 4b Cation 0.5 1.06 x 10°° 5.21 594 0.999
TMS 2.42 x 10°
4b Anion 1.0 1.01 x 10° 5.69 772 0.999
19 CD,Cl, 4b Cation 1.0 1.04 x 10°° 5.54 714 0.999
TMS 2.55x 10°
4b Anion 5.0 9.66 x 101° 5.86 841 0.999
20 CD.Cl, 4b Cation 5.0 1.00 x 10° 5.68 769 0.999
T™MS 2.54 x 10°

254




Highly Nucleophilic Pyridinamide Anions in Apolar Organic Solvents due to
Asymmetric lon Pair Association

4.7.3. Solvent Effects

Additionally, the influence of four solvents (CD2Clz, CDCls, THF-ds, CD3CN) on the ion
association of 1b was investigated by DOSY screening (see Table A4.6). In CDClIs
identical DOSY values for cation and anion are already observed at 0.05 mM, indicating
a 1:1 ion pair aggregation. As described in chapter 4, in CD2Cl> nearly identical values
for both ions are detected at 5.0 mM. In CD3CN no approximation of the diffusion values
of cation and anion was observed up to 5 mM indicating mainly free ions. In summary,
the DOSY data confirm the conductivity measurements for weakly coordinating solvents
(ion pair formation in the order: CD3CN < CD2Cl> < CDCls).

For THF-dsg, deviations in the diffusion coefficients between the anion and cation persist
up to a concentration of 5.0 mM. However, the measured volume of the cation at 0.05
mM is by far larger than the calculated volume for cation b. Our hypothesis for this
observation is that the cation interacts with THF-ds leading to a solvent shell which
influences the diffusion coefficient and hence the calculated volume. Therefore, no clear
interpretation based solely on DOSY is feasible and further studies must be conducted

to investigate this phenomenon.
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Table A 4.6 Experimental self-diffusion coefficients Di, viscosity corrected hydrodynamic radii ru and
resulting volumes Va of the ion pairs in varying concentrations and solvents (CDCls, CD3:CN, THF-ds). TMS was
used as viscosity reference for the experimental self-diffusion coefficients Di to allow for a comparison of
hydrodynamic radii ru and resulting volumes Va. The corresponding self-diffusion coefficients Di of TMS are
given for each sample. Entry 21-28: SW = 22 Hz, O1P = 10.0 ppm, gradient strength 5-95% linear. Samples were
measured at room temperature.

L . Diffusion | Hydrodynamic
Sample | Solvent Species inside | Concentration coefficient radius Vqun;e
sample [mM] Di[m?.s] o [A] Va [A3]
1b Anion 0.05 7.59e-10 6.13 963
21 CDCl3 1b Cation 0.05 7.59e-10 6.13 963
T™MS 2.19e-09 - -
1b Anion 0.1 8.03e-10 5.89 857
22 CDCls 1b Cation 0.1 7.91e-10 5.96 886
T™S 2.2e-09 - -
1b Anion 5.0 9.1e-10 5.74 791
23 CDCls 1b Cation 5.0 9.1e-10 5.74 791
T™MS 2.42e-09 - -
1b Anion 0.05 1.89e-09 4.33 340
24 CDsCN 1b Cation 0.05 1.69e-09 4.79 461
T™S 3.23e-09 - -
1b Anion 5.0 2.09e-09 4.21 313
25 CDsCN 1b Cation 5.0 1.51e-09 5.48 689
T™MS 3.43e-09 - -
1b Anion 0.05 1.41e-09 4.05 278
26 THF-dg 1b Cation 0.05 9.57e-10 5.30 622
T™S 2.33e-09 - -
1b Anion 1.0 1.11e-0 4.94 505
27 THF-dg 1b Cation 1.0 9.5e-10 5.58 727
T™MS 2.35e-09 - -
1b Anion 5.0 9.28e-10 5.62 742
28 THF- dg 1b Cation 5.0 8.45e-10 6.06 934
T™S 2.31e-09 - -
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4.7.4. NMR Spectroscopy

NMR spectrometer

lon pairs 1a, 1c, 1d, 2b, 4b in CD2Clz: Diffusion ordered NMR spectroscopy (DOSY)
experiments were performed using a Bruker® Avance Ill 600 MHz operating at 600.25
MHz for protons, equipped with a 5-mm high-resolution TCI cryoprobe and with pulsed
gradient units, capable of producing magnetic field pulsed gradients in the z-direction of
0.64 T.m™. All measurements were performed at 298 K. Temperature was certified by
internal NMR calibration samples from Bruker®. NMR Data was processed, evaluated,
and plotted with TopSpin 3.2 software. Further analysis of the measurements was
performed with Microsoft Excel (Version 16.0.10359.20023 64 Bit). For the
measurements a set of 4 dummy scans and 32 scans was used for samples with
concentration 2 0.5 mM of the ion pair. A set of 4 dummy scans and 64 scans were used
for samples with concentrations = 0.1 mM of the ion pair. A set of 4 dummy scans and

256 scans was used for samples with less than 0.05 mM of the ion pair.

Solvent screening of 1b: DOSY experiments were performed on Bruker Avance Ill HD
600 MHz spectrometer, equipped with a 5 mm CPPBBO BB-1H/19F. All measurements
were performed at 298 K and temperature was controlled by BVT 3000. NMR Data was
processed, evaluated, and plotted with TopSpin 3.2 software. Further analysis of the
measurements was performed with Microsoft Excel (Version 16.0.10359.20023 64 Bit).
For the screening a set of 4 dummy scans and 16-64 scans was used.

Diffusion-Ordered Spectroscopy (DOSY)

Sample preparation was conducted as described in chapter 4.6.1.1. DOSY evaluation

and calculation was performed as described in chapter 4.6.1.2.

For the semi-empirical modification by Chen, a from literature known value for the radius
of the corresponding solvent was used (rco,ci, = 2.46 AlY, reocr, = 2.65 A, rriFg, = 2.72
A2l rep,en = 2.86 Al2) 1B
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Conclusion

5. Conclusion

In the last decades, ion pairs in catalysis have facilitated a range of transformations with
reactivities and selectivities that were previously unthinkable of. Just recently,
pyridinamide based ion pair catalysts were discovered which outperform pioneer
organocatalysts in their field. On the other hand, the BINOL-derived chiral phosphoric
acids represent a long-lasting success story in organocatalysis with continuous
advancements persisting even to the present day. Due to their significant achievements,
ion pairs became of huge interest for mechanistic studies. Especially, the aggregation
trends and resulting structures are a focus of such investigations due to their impact on
the reaction outcome. Therefore, in this thesis the mechanism of the CPA-catalyzed
transfer hydrogenation of imines was further investigated regarding potential secondary
pathways and later reaction intermediates. These new revelations should lead to a better
general understanding of CPAs and could be used for reaction design. In addition,
pyridinamide based ion pairs are studied in regard of their aggregation to give first

mechanistic insights into this new catalyst class.

In chapter two, the first experimental structural and conformational analysis of the ternary
complex of chiral phosphoric acids (CPAs) was conducted. Additionaly, the experimental
access of the ternary complex was also transferred to a study of London-Dispersion
interactions and their influence on stereoselectivity.! This was possible by utilizing a
Hantzsch Ester derivate with improved solubility, even at the required 180 K for the
detection of hydrogen bonds by NMR spectroscopy. NMR investigations revealed an
extensive structural and conformational space. Notably, besides the ternary complex, a
yet unknown [3:3] dimeric species consisting of two ternary complexes was discovered.
This complex has not been considered in prior theoretical calculations, but its potential
influence on reaction outcomes and prediction models cannot be excluded. Furthermore,
the 2:1:1 ternary complex of the dimeric species was identified for the first time by NMR
spectroscopy. This finding confirmed the proposed structural arrangement, where the HE
binds to one CPA and the imine binds to the second CPA within the dimer. In addition,

1J. Gramdiller, M. Franta, R. M. Gschwind, J. Am. Chem. Soc. 2022, 144, 19861-19871.
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theoretical calculations were performed to obtain conformers of the 1:1:1 ternary complex
of CPAs, which were analyzed by NMR data. For the analysis of the conformers, Bio-
NMR pulse sequences were applied to small molecules to provide in-depth data,
necessary for a conformational analysis. Thereby, three distinct conformers for the
ternary complexes were revealed and validated by NMR spectroscopy. Two of these
conformers could lead to a reactive transition state, with the lowest energy conformer
closely resembling the previously calculated transition states, providing experimental
evidence of the transition states for the first time. Consequently, NMR investigations
revealed a broad structural and confromational space indicating that the 3,3'-substituents
of the CPAs do not hinder structural freedom in late reaction intermediates. Furthermore,
this study provided easy access to the ternary complexes of CPAs which enables further
studies in regard of a possible correlation between late intermediates and

stereoselectivity.

In chapter three, the CPA catalyzed transfer hydrogenation of imines was investigated
for a potential dimeric pathway similar to the transfer hydrogenation of quinolines. Low
temperature NMR investigations revealed a hydrogen bond bridged CPA/CPA/imine
dimer and in combination with DFT calculations structural insights and cooperativity
effects were revealed. Furthermore, NMR studies revealed that dimer formation is
favored when combining opposite electronic properties on CPA and substrate. Despite
NMR studies proving the existence of a dimeric 2:1 species at 180 K, no change in
stereoselectivity was observed when varying catalyst loading, temperature or total
concentration. Thus, the with quinolines observed dimeric pathway is no general feature

of CPA catalysis but has to be considered depending on the substrate.

In chapter four, DOSY measurements were key to understand the reactivity of
pyridinamide ion pair catalysts. Initially, the formation of unreactive 1:1 ion pairs in
solution was assumed which would lead to a significant reduction in reactivity. However,
the data of conductivity measurments did not align with a 1:1 ion pair model.
Consequently, DOSY experiments were conducted revealing an aggregation of two
cations and one anion (CAC) or two anions and one cation (ACA) into a so-called
“sandwich”-complex. For the CAC complex, this asymmetric association results in the
release of a highly reactive anion which would explain the observed conductivity data.
On the other hand, the ACA sandwich itself seems to be be highly reactive, as the

pyridinamide-based ion pairs remain highly reactive despite the formation of this
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sandwich complex. Noteably, screening 7 ion pairs demonstrated that the formation of
either CAC or ACA can be controlled by the size of the ions, paving the way for model
design of this catalyst class. Therefore, DOSY results were key to correctly interpret the
data provided by conducitivity and nucleophilicity measurements and demonstrated the
influence of higher ionic aggregates on the reactivity of this catalyst class. Furthermore,
the combination of nucleophilicity, conductometric, calculations and DOSY
measurements allowed unprecedent insights into ion pair formation and also showcased

its general potential for future mechanistic studies.

In summary, it was shown that higher aggregates are a common feature in ion pair
catalysis and in some cases have a severe impact on the reaction outcome. In CPA
studies, an approach for accessing and simplifying the study of late reaction
intermediates was established. First in-depth insights of the ternary complex of CPAs
were achieved, which revealed a broad structural and conformational space. Thus,
demonstrating that the sterically demanding 3,3 -substituent do not lead to a limited
structural arrangement. In addition, the with quinolines observed dimeric species was
also identified by NMR spectroscopy with imines. However, the same effect in ee as with
qguinolines was not observed, ruling out a dimeric pathway as a general feature in CPA
catalysis and suggesting it is instead a substrate dependent feature. In addition, in the
field of pyridinamide catalysts, “sandwich”-complexes were detected which is responsible
for the high reactivities of this catalyst class and showcased the relevance of higher
aggregates in ion pair catalysis.
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