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1. Introduction and Outline 

1.1. Brønsted acid catalysis 

„Catalysis is probably one of the most important cultural achievements of humankind, similarly to the 

development of agriculture” as stated by Nobel laureate Benjamin List summarizes the tremendous, 

but typically overlooked influence of catalysis in our daily lives.[1] Catalysis takes a key role in many 

processes and thus is involved in the processing of a majority of manufactured goods[2] and without 

catalysis as a crucial part of nitrogen fixation in the “Haber-Bosch” process the current world popula-

tion would be halved.[3] Catalysis as one of the “12 principles of green chemistry” paves the pathway 

for more atom economic and selective transformations[4] and lays the foundation for asymmetric syn-

thesis of compounds especially targeted in pharmaceutical industry. Besides bio- and metal catalysis, 

organocatalysis has become the third pillar of asymmetric catalysis[5] and features “small organic mol-

ecules, where an inorganic element is not part of the active principle”.[6] Over the last 25 years, or-

ganocatalysis has become an integral part of synthetic chemistry, as highlighted by dedicating the No-

bel prize in chemistry 2021 “for the development of asymmetric organocatalysis” to Benjamin List and 

David McMillan, two pioneers of the field. The long-lasting success story of using acids to promote 

reactivity was incorporated in the field by combining acidic motifs with organic frameworks to induce 

chirality. First examples for Brønsted acid catalysts were given by Jacobsen[7] and Rawal[8] in 1998 and 

2003, but the breakthrough was achieved in 2004 by Akiyama[9] and Terada[10] with the development 

of chiral phosphoric acids (CPA) on the example of asymmetric Mannich reactions (see Figure 1A).  

Figure 1: A) Mannich reactions performed by Akiyama (top) and Terada (bottom). B) Design principle of a chiral phosphoric acid catalysts. 

The C2-symmetric backbone is the origin of chirality, which is transferred onto the substrate inside the binding site by the 3,3’-substituents. 

A Brønsted acidic and basic function allow for dual activation of substrates.  

Featuring a phosphoric acid motif (see Figure 1B), typically substrates with C=X double bounds are 

activated via protonation, resulting in increased electrophilicity by an energetically lowered lowest 

unoccupied molecular orbital (LUMO). The substrate is fixated in the binding site mainly via Coulomb 
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and/or hydrogen bonding interactions, and the stereoinductive environment for subsequent transfor-

mations is created by the combination of the C2-symmetric backbone and 3,3’-substituents.[11–13] Fur-

ther development of the catalysts led to a variety of different backbone frameworks, a plethora of 3,3’-

substituents featuring almost exclusively (substituted) aromatic building blocks and various acidic mo-

tifs.[13] Additionally, current research features catalysts with two linked acids to further confine the 

reaction space[14] or combines Brønsted acid catalysis with metal- or photocatalysis.[15–18] 

The combination of backbone, 3,3’-substituent and acidic motif as modular entities allows to highly 

adapt the Brønsted acid catalyst to each individual synthetic challenge, but makes a sophisticated and 

rational catalyst design indispensable. Exemplarily, Goodman et al. developed a model based on steric 

parametrization of CPAs and reactants to predict and favor the major product stereoisomer (see Figure 

2A).[19–21] Additionally, Sigman et al. demonstrated that a data-driven multivariant linear regression 

approach involving steric and electronic descriptors allows to obtain a general understanding of how 

to optimize the catalyst and reaction conditions (see Figure 2B).[22] 

 

Figure 2: A) Goodmans model for predicting the stereoselective outcome of CPA catalyzed transformations based on steric parametrization 

of the imine residues, the nucleophile and the 3,3’-substituent (proximal and distal bulk). B) Sigmans multivariant linear regression model 

for CPA catalyzed nucleophilic additions to imines. The resulting fit function features various molecular parameters x, reflecting amongst 

others the solvent properties, size of nucleophile and size of 3,3’-substituents. 

However, both approaches rely exclusively on computations and do not necessarily capture unprece-

dented changes of reaction mechanisms. Hence, mechanistic studies to obtain a better and broader 

understanding of Brønsted acid catalyzed transformations, especially regarding mode and degree of 
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activation, structural space and confinement, secondary non-covalent interactions decisive for stere-

oselectivity, association and aggregation of catalyst and reactants and different general reaction path-

ways are indispensable to achieve a holistic approach for rational reaction design. 

 

1.2. Outline 

In the pursue of establishing a holistic understanding of Brønsted acid catalysis, this thesis presents a 

series of detailed experimental studies focusing on NMR-spectroscopy as central analytical tool to shed 

light onto different mechanistic pathways, aggregation, hydrogen bonding and origin of stereoselec-

tivity in the field of asymmetric Brønsted acid catalysis. 

In the third chapter of this thesis, the CPA catalyzed transfer hydrogenation of imines was selected as 

a model system to exemplarily elucidate the structural space of binary CPA/imine reaction intermedi-

ates by low temperature 2D NMR spectroscopy. Building up on previous research regarding one spe-

cific CPA catalyst, 5 more CPAs were selected to cover the whole range of steric properties of the 

catalysts 3,3’-substituent and binary complexes with 7 different imine substrates with varying electro-

static properties were studied. In total, 16 CPA/imine combinations were screened and 8 combinations 

were investigated in detail. Analogous to previous studies, four core structures Type I E, Type II E, 

Type I Z and Type II Z were observed, featuring either the E- or Z- imine in two conformations (Type I 

and II), which differ in the orientation of the imine inside the CPA binding pocket (rotated by ~ 180°).  

While at low temperature (-93 °C), the CPA/E-imine and CPA/Z-imine complexes give separated NMR 

signal sets, only one averaged set of signals is observed for the respective Type I and Type II confor-

mations, as they are fast exchanging on the NMR time scale even at low temperatures. An astonishing 

invariance of these four CPA/imine core structures independent of the 3,3’-substituents properties 

was found in the NOESY NMR studies and corroborated by computations. Additionally, for the first 

time [CPA/imine]2 dimers were observed and analyzed in solution, which feature two stacked imine 

molecules in a shifted face-to-face arrangement in between two catalyst molecules. These 

[CPA/imine]2 dimers are extending the structural space of catalytic intermediates and are expected to 

resemble an off-cycle equilibrium with the monomeric CPA/imine complexes. This chapter was pub-

lished in Chemical Science.  

In the fourth chapter of this thesis, the fast exchange process between the Type I E and Type II E con-

formation of binary CPA/imine intermediates could be accessed by Relaxation Dispersion NMR, allow-

ing to extend the time-frame of observable dynamic processes from the millisecond to the microsec-

ond (nanosecond with additional low temperature) time scale. 1H off-resonance R1 NMR allowed not 

only to determine exchange rates (2500 – 19 000 s-1) between the Type I E and Type II E conformation, 
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but with measurements at different temperatures it was even possible to quantify the populations of 

these intermediates. Analysis of the exchange rates for various systems allowed to obtain detailed 

insights into the exchange mechanisms and their dependency on the steric properties and acidity of 

the CPA catalyst. This chapter was published in the Journal of the American Chemical Society. Further 

investigations explored, if the equilibrium between the fast exchanging Type I E and Type II E confor-

mation can serve as a molecular balance system to quantify interaction energies between catalyst and 

imine. 

The fifth chapter shed light onto the dimerization of CPAs and its impact as alternative dimeric reaction 

channel. On the example of the CPA catalyzed two-fold transfer hydrogenation of quinolines, the cat-

alyst concentration depending competition between monomeric and dimeric reaction channel was 

studied. Kinetic measurements showed that interlocking two CPAs by a catenane scaffold forced the 

system into the dimeric reaction channel, while employing a macrocyclic catalyst suppressed it. For 

acyclic standard CPA catalysts, a non-linear dependency of reaction rate and catalyst loading was found 

and a catalyst order of 1.25 to 1.75 was derived by kinetic measurements depending on the catalyst 

loading. Additionally, a strong dependence of the enantioselectivity on the catalyst loading was ob-

served for acyclic CPAs, demonstrating the competition of monomeric and dimeric channel. Low tem-

perature NMR measurements at a 2:1 ratio of catalyst and quinoline substrate revealed the presence 

of monomeric CPA/quinoline and dimeric CPA/CPA/quinoline intermediates and were corroborated 

by Diffusion Ordered Spectroscopy (DOSY) measurements. This chapter was published in Chemical Sci-

ence. Further investigations translated the findings on respective CPA/imine system, showing the pres-

ence of CPA/CPA/E-imine and CPA/CPA/Z-imine dimers at a 2:1 ratio of catalyst and imine. 

The sixth chapter of this thesis elucidates the structural space, hydrogen bonding and dimerization of 

CPA/imine complexes with a bidentate binding motif enabled by an additional hydrogen bond donor. 

19 binary complex samples of 8 N-(ortho)-hydroxy aryl imines and 8 CPAs were investigated by low 

temperature NMR and revealed an astonishingly broad structural space, although a bidentate binding 

motif was surmised to result in a rigid and well-defined preorganization of catalyst and substrate. DOSY 

NMR measurements characterized the observable species as various [CPA/imine]2 dimers and molec-

ular dynamic (MD) simulations identified different dimeric motifs, all in which two imine molecules 

form each one hydrogen bond to two CPA molecules, effectively bridging two catalysts. Fine-tuning of 

steric and electrostatic properties of the imine and CPA allowed to suppress the dimer formation and 

to access the CPA/imine monomer. The bidentate binding by two hydrogen bonds could be unambig-

uously determined by detection of trans-hydrogen bond scalar coupling. NOESY NMR elucidated the 

CPA/imine monomer structure, in which the imine is placed in between the 3,3’-substituents of the 

catalyst, revealing the origin of stereoselectivity for related transformations: one 3,3’-substituent is 
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shielding one site of the imine, thus enforcing an asymmetric nucleophilic attack. This work is under 

revision in Chemical Science.     

The seventh and eighth chapter of this thesis were done in collaboration with Franziska Pecho from 

the group of Prof. Dr. Thorsten Bach and focused on merging Brønsted acid catalysis with photocatal-

ysis. Employing a photosensitizing thioxanthone unit as 3,3’-substituent allows to activate substrates 

via protonation, to bind them in a stereoinductive environment by hydrogen bonding and facilitates a 

selective energy transfer onto the substrate by the light harvesting thioxanthone antenna upon illumi-

nation with visible light. As a proof of principle, in the seventh chapter this new CPA catalyst was used 

for the asymmetric [2+2] photocycloaddition of β-carboxyl-substituted cyclic enones, yielding enanti-

omeric ratios up to 93:7. Binding of the carboxylic acid to the CPA catalyst was proven by low temper-

ature NMR studies via NOESY and DOSY NMR experiments. Variable temperature NMR experiments 

allowed to derive temperature coefficients for the chemical shift of the hydrogen bonded proton sig-

nals and revealed the presence of monomeric and dimeric/oligomeric CPA/substrate species. This 

chapter was published in Chemistry – A European Journal. Following up on this proof-of-principle 

study, the thioxanthone substituted CPA was employed in the asymmetric [2+2] photocycloaddition of 

cyclic N,O-acetals as described in the eighth chapter of this thesis. Upon protonation by the catalyst, 

the open iminium ion form is generated and the now unprotected hydroxy-group forms an additional 

hydrogen bond to the catalyst. Cycloaddition products with various olefins were received in yields up 

to 96% and enantiomeric ratios up to 99:1 and even higher diastereoselectivities were obtained. Low 

temperature NMR measurements confirmed the cyclic N,O-acetal opening and bidentate binding of 

catalyst and imine substrate via hydrogen bonding. The CPA/imine intermediate was characterized as 

hydrogen bond assisted ion pair and two different substrate conformations were identified, differing 

in the arrangement of the substrate backbone. This chapter was published in the Journal of the Amer-

ican Chemical Society. Further investigations explored the reaction mechanism under visible light illu-

mination with the thioxanthone CPA and standard CPAs in combination with transition metal photo-

catalysts.  

The ninth chapter of this thesis focuses on secondary non-covalent interactions which are decisive for 

the enantioselectivities in CPA catalyzed transformations, resulting in a conceptual approach on ex-

ploiting London dispersion interactions to systematically enhance stereoselectivities. The CPA cata-

lyzed transfer hydrogenation of (E)- or (Z)-N-phenyl ketimines was selected as suitable model reaction. 

The equilibrium between the low populated Z-imine (~1%) and major populated E-imine (~99%) could 

be accessed by Chemical Exchange Saturation Transfer (CEST) NMR experiments. Implementing tert-

butyl groups as dispersion energy donor (DED) residues in the imine framework resulted in a stabiliza-

tion of the Z-imine by London dispersion up to 4.5 kJ/mol. NMR studies revealed that this additional 
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stabilization is transferred onto the structurally confined reaction intermediates (binary CPA/imine and 

ternary CPA/imine/nucleophile complex), while the steric bulk of the DED residues has no significant 

effect on the structures of the intermediates. It was even possible to read out the effect of the disper-

sion stabilization in the obtained stereoselectivities, resulting in a clear correlation between London 

dispersion stabilization and enantioselectivity. This approach allowed to convert moderate-good to 

good-excellent enantioselectivities under dispersion control, exceeding the typical enantiomeric ratios 

for standard imine substrates. This work is accepted for publication in the Journal of the American 

Chemical Society. Additional studies explored the applicability of the approach for a different nucleo-

phile. 

In summary, this thesis presents a series of NMR-spectroscopic studies corroborated by synthetic and 

computational investigations to shed light onto various mechanistic aspects of catalysis with chiral 

phosphoric acid catalysts bearing a 1,1’-bi-2-naphthol (BINOL) backbone. Central research aims were 

i) elucidation of substrate activation by protonation and binding by hydrogen bonding, especially re-

garding bidentate binding with additional hydrogen bond donors, ii) extension of the structural space 

of CPA/substrate complexes resembling mechanistic intermediates, especially focusing on the for-

mation of higher aggregates such as CPA/CPA/substrate and bridged/non-bridged [CPA/imine]2 di-

mers, iii) revelation of dynamic behavior and exchange processes within catalytic intermediates as well 

as iv) conceptualization of new approaches to increase stereoselectivities, especially by implementa-

tion of London dispersion interactions. The presented work significantly extends the previous mecha-

nistic knowledge about asymmetric catalysis with Brønsted acid organocatalysts and contributes to 

establish a holistic understanding of this catalysis, allowing for a better, more rational and more so-

phisticated reaction design in the future.  
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2. General remarks 

2.1. Structure of this work 

The main part of this thesis is divided into seven chapters, six of them are published or accepted for 

publication in a scientific journal and one is currently under revision for publication. At the beginning 

of each chapter the contributions of each author are listed in detail. Each chapter is organized into 

abstract, introduction, results and discussion, conclusion, references, supporting information and (if 

applicable) additional findings. In the subchapters supporting information, only parts of the published 

versions are given. This includes additional discussions and experimental details of the contribution of 

Johannes Gramüller. Experimental details of the work of co-authors are not given unless necessary and 

computational results are omitted. For each chapter, the full version of the supporting information is 

available online free of charge. Each chapter has an individual numbering of molecules, figures, 

schemes and tables, starting at 1 for each chapter. If in the supporting information only parts of the 

published version are given, the numbering of figures and schemes is not changed and therefore can 

start not at 1. References are numbered individually for each chapter and within each chapter individ-

ually for abstract to conclusion, supporting information and additional findings, starting at 1 for each 

chapter.  

 

2.2. List of publications 

The following publications are integrated in this work (chapters 3-9). The individual contributions of 

each author are given in the beginning of the respective chapter. Chapter 6 is currently under revision 

for publication. 

Chapter 3: M. Melikian, J. Gramüller, J. Hioe, J. Greindl, R.M. Gschwind, Brønsted acid catalysis – the 

effect of 3,3′-substituents on the structural space and the stabilization of imine/phosphoric acid com-

plexes. Chemical Science 2019, 10, 5226-5234. (shared first author) 

Chapter 4: N. Lokesh, J. Hioe, J. Gramüller, R.M. Gschwind, Relaxation Dispersion NMR to Reveal Fast 

Dynamics in Brønsted Acid Catalysis: Influence of Sterics and H-Bond Strength on Conformations and 

Substrate Hopping. Journal of the American Chemical Society 2019, 141, 16398-16407. 

Chapter 5: D. Jansen, J. Gramüller, F. Niemeyer, T. Schaller, M.C. Letzel, S. Grimme, H. Zhu, R.M. 

Gschwind, J. Niemeyer, What is the role of acid–acid interactions in asymmetric phosphoric acid or-

ganocatalysis? A detailed mechanistic study using interlocked and non-interlocked catalysts. Chemical 

Science 2020, 11, 4381-4390. 



2. General remarks 
 

9 
 

Chapter 6: J. Gramüller, P. Dullinger, D. Horinek, R. M. Gschwind, Bidentate Substrate Binding in 

Brønsted Acid Catalysis: Structural Space, Hydrogen Bonding and Dimerization. Chemical Science 2022, 

13, 14366-14372. 

Chapter 7: F. Pecho, Y. Zou, J. Gramüller, T. Mori, S.M. Huber, A. Bauer, R.M. Gschwind, T. Bach, A 

Thioxanthone Sensitizer with a Chiral Phosphoric Acid Binding Site: Properties and Applications in Vis-

ible Light-Mediated Cycloadditions. Chemistry – A European Journal 2020, 26, 5190-5194. 

Chapter 8: F. Pecho, Y. Sempere, J. Gramüller, F.M. Hörmann, R.M. Gschwind, T. Bach, Enantioselective 

[2 + 2] Photocycloaddition via Iminium Ions: Catalysis by a Sensitizing Chiral Brønsted Acid. Journal of 

the American Chemical Society 2021, 143, 9350-9354. 

Chapter 9: J. Gramüller, M. Franta, R. M. Gschwind, Tilting the Balance: London Dispersion Systemati-

cally Enhances Enantioselectivities in Brønsted Acid Catalyzed Transfer Hydrogenation of Imines. Jour-

nal of the American Chemical Society 2022, 144, 19861-19871. 

 

In addition to these, during the PhD studies leading to this work contributions to several other publi-

cations were made. These are not included as chapters in the presented PhD thesis to keep the general 

topic of this thesis concise and because the own work was not a major part of the final project/publi-

cation. Hence, only an overview is given and the contribution to the work is noted. 

1) K. Rothermel, M. Melikian, J. Hioe, J. Greindl, J. Gramüller, M. Žabka, N. Sorgenfrei, T. Hausler, F. 

Morana, R.M. Gschwind, Internal acidity scale and reactivity evaluation of chiral phosphoric acids with 

different 3,3′-substituents in Brønsted acid catalysis. Chemical Science 2019, 10, 10025-10034.  

In this work, the hydrogen bonding of binary CPA/imine complexes was studied by low temperature 

NMR spectroscopy. The hydrogen bond strength was characterized by 1H and 15N chemical shifts and 
1hJHN coupling constants. Comparison of these values for different CPAs and imines allowed to qualita-

tively assess the internal acidity of different catalysts. In combination with NMR isomerization kinetics, 

it was suggested that the rate determining step of the reaction is a balance between the ternary 

CPA/imine/Hantzsch ester formation and the imine isomerization. 

All NMR measurements with the TRIM catalyst 1d (with 3 imines; E and Z complexes) were performed 

by Johannes Gramüller. This includes acquisition of the 1H and 15N chemical shifts, 1JNH coupling con-

stants, experiments to validate fast formation of the binary CPA/imine complex and reactivity experi-

ments with TRIM/imine complex and Hantzsch Ester at 180 K and 220 K. Johannes Gramüller assisted 

in interpretation of experimental data and the writing of the manuscript.  
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2) R. R. Annapureddy, F. Burg, J. Gramüller, T. P. Golub, C. Merten, S. M. Huber, T. Bach, Silver-Cata-

lyzed Enantioselective Sulfimidation Mediated by Hydrogen Bonding Interactions. Angew. Chem. Int. 

Ed. 2021, 60, 7920-7926.  

In this work, 3-thiosubstituted 2-quinolines and 2-pyridones were subjugated to enantioselective sulf-

imidation using a nitrene source and Ag+ as catalyst. 1,10-phenanthroline and a chiral phenanthroline 

derivative bearing a lactam hydrogen bonding site for substrate recognition were used as ligands. 

Mechanistic investigations featuring DFT calculations, ESI mass spectrometry and a Hammett analysis 

revealed that the active catalyst is a heteroleptic silver complex featuring one chiral and one achiral 

phenanthroline ligand. 

The Diffusion Ordered Spectroscopy (DOSY) NMR measurements on homo- and heteroleptic silver 

complexes with achiral and chiral phenanthroline ligands were performed by Johannes Gramüller. All 

results are discussed in chapter 4 of the supporting information. 

3) R. Yadav, M. Weber, A. K. Singh, L. Münzfeld, J. Gramüller, R. M. Gschwind, M. Scheer, P. W. Roesky, 

A Structural Diversity of Molecular Alkaline-Earth-Metal Polyphosphides: From Supramolecular Wheel 

to Zintl Ion. Chemistry – A European Journal, 2021, 27, 14128-14137.   

In this work, a series of polyphosphides was synthesized by activating polyphosphorus sources with 

group 2 reagents such as organo-magnesium. The formation of a tetrameric supramolecular wheel was 

observed by X-ray crystallography and in solution with NMR spectroscopy (spin system and diffusion 

coefficients).   

The Diffusion Ordered Spectroscopy (DOSY) NMR measurements and interpretation of the results were 

performed by Johannes Gramüller. All results are discussed in chapter 4 of the supporting information. 

4) J. Kelly, J. Gramüller, R. M. Gschwind, R. Wolf, Low-oxidation state cobalt–magnesium complexes: 

ion-pairing and reactivity. Dalton Transactions, 2021, 50, 13985-13992.  

In this work, a series of magnesium cobaltates (Ligand1)MgCo(Ligand2)2 was synthesized. Diffusion Or-

dered Spectroscopy (DOSY) NMR measurements, X-ray crystallography and DFT calculations showed 

that these magnesium cobaltates form contact ion-pairs in toluene and solvent separated ion-pairs in 

THF. The effect of ion-pairing on the reactivity was studied with a phosphorus nucleophile, yielding 

either heteroleptic or homoleptic product complexes. 

The Diffusion Ordered Spectroscopy (DOSY) NMR measurements and interpretation of the results were 

performed by Johannes Gramüller. All results are discussed in chapter 3 of the supporting information 

(starting from Figure S35). 
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5) P. Degot, V. Huber, A. E. Maangar, J. Gramüller, L. Rohr, D. Tourad, T. Zemb, R. M. Gschwind, W. 

Kunz, Triple role of sodium salicylate in solubilization, extraction, and stabilization of curcumin from 

Curcuma longa. Journal of Molecular Liquids 2021, 329, 115538. 

For summary of the publication and contribution see 6). 

6) Asmae El Maangar, Johannes Gramüller, Verena Huber, Pierre Degot, Didier Touraud, Ruth M. 

Gschwind, Werner Kunz, Thomas Zemb, Solubilisation-microstructure relationship of trivalent salts in 

hydrotropic ternary systems, to be submitted. 

In publications 5 and 6, a ternary phase system consisting of water, ethyl acetate and sodium salicylate 

was used for the extraction of curcumin from Curcuma longa and its potential for the solubilization/ex-

traction of rare earth metals such as lanthanum was investigated. The ternary phase system was stud-

ied and characterized by a variety of different techniques, including Diffusion Ordered Spectroscopy 

(DOSY) NMR measurements and Small- and Wide-Angle X-Ray Scattering (SWAXS) experiments. 

All Diffusion Ordered Spectroscopy (DOSY) NMR measurements were performed by Johannes Gramül-

ler, including additional reference measurements not included in the publications. Overall, more than 

200 DOSY NMR measurements on over 60 samples were performed. 
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3.1. Abstract 

BINOL derived chiral phosphoric acids (CPAs) are widely known for their high selectivity. Numerous 

3,3’ substituents are used for a variety of stereoselective reactions and theoretical models of their 

effects are provided. However, experimental data about the structural space of CPA complexes in so-

lution is extremely rare and so far restricted to NMR investigations of binary TRIP/imine complexes 

featuring two E- and two Z-imine conformations. Therefore, in this paper the structural space of 16 

CPA/imine binary complexes is screened and 8 of them are investigated in detail by NMR. For the first 

time dimers of CPA/imine complexes in solution were experimentally identified, which show an imine 

position similar to the transition state in transfer hydrogenations. Furthermore, our experimental and 

computational data revealed an astonishing invariance of the four core structures regardless of the 

different steric and electronic properties of the 3,3’-substituent. However, a significant variation of 

E/Z-ratios is observed, demonstrating a strong influence of the 3,3’-substituents on the stabilization of 

the imine in the complexes. These experimental E/Z-ratios cannot be reproduced by calculations com-

monly applied for mechanistic studies, despite extensive conformational scans and treatment of the 

electronic structure at a high level of theory with various implicit solvent corrections. Thus, these first 

detailed experimental data about the structural space and influence of the 3,3’ substituent on the 

energetics of CPA/imine complexes can serve as basis to validate and improve theoretical predictive 

models.  
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3.2. Introduction 

In the field of Brønsted acid catalysis1,2 a variety of different catalyst classes have emerged in recent 

years, one of the most famous being BINOL (1,1’-bi-2-naphthol) derived chiral phosphoric acids 

(CPAs).3,4 CPAs have been successfully applied in various enantioselective syntheses such as transfer 

hydrogenations (see Figure 1a),5,6 reductive aminations,7,8 Mannich type reactions,9–11 Strecker reac-

tions,12 and enantioselective additions.13,14 The main difference between these BINOL derived CPAs are 

the 3,3’ substituents, which significantly influence not only yields, but especially the stereoselectivity 

of these reactions. Typical 3,3’ substituents successfully employed are e.g. 2,4,6-triisopropylphenyl 

groups in the Brønsted acid catalyst TRIP, 3,5-bis(trifluoromethyl) groups in TRIFP, or triphenylsilyl 

groups in TiPSY (see Figure 1b).5,6,15 When the bulkiness of the 3,3’ substituents is increased, the cited 

transfer hydrogenations and the reductive amination generally show an increase in enantiomeric ex-

cess, but also a sudden drop in yield and enantioselectivity when using extended aromatic systems 

such as naphthyl, or 4-biphenyl groups.5–7 The reason for these differences is for most of these reac-

tions largely unexplored and vary from reaction to reaction.16 As a result many synthetic methods using 

BINOL derived CPAs had to be developed via trial and error or screening methods.17,18 

 

Figure 1. a) Catalytic cycle of the transfer hydrogenation of imines with a chiral phosphoric acid catalyst and a Hantzsch ester as reducing 

agent. The binary complexed highlighted in grey is the focus of this work; b) Brønsted acid catalysts with different 3,3’ groups. 

To shed light on the involved structures and to reveal the key interactions of reactivity and stereose-

lectivity so far mainly theoretical calculations and multivariant linear regression models have been ap-

plied.19,20 Thus, Goodman et al. linked the enantioselectivity to structural parameters of CPAs, such as 

the rotational barrier of the 3,3’-substituent describing the steric bulk close to the hydrogen bond and 

the cone angle AREA(Θ) of the substrate binding pocket, reflecting remote steric bulk.21 Furthermore, 

combining that with a steric classification of electrophiles and nucleophiles Goodman et al. developed 
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a webtool for predicting suitable CPA catalysts based on reactant structures.22–24 Parallel to that, Sig-

man et al. demonstrated how a data-driven approach can be capable of revealing nonintuitive insights 

about interactions involved in stereoselectivity determination by analysing the dependence of ee on 

steric and electronic molecular descriptors.20,25–27 

In contrast to the theoretical studies the information about the structures of CPAs/imine complexes 

based on experimental data is rather limited so far. To our knowledge, only two crystal structures were 

provided from the groups of MacMillan7 and Schneider28 with strongly deviating structural features 

(see Figure 2 for structures and Figure 1 for substituents). While a TiPSY/imine complex adopts core 

structure Type II E proposed by theoretical calculations (see Figure 2a and c)29 the second crystal struc-

ture of a TeBuP/imine complex exhibits an intermediate position of structures Type I E and Type II E 

(see Figure 2b and c). 

 

Figure 2. a) Structure similarity of a crystal structure of a TiPSY/imine complex7 (green) and structure Type II E of a TRIP/imine complex 

identified in our previous work29 (black). b) structure deviation of the crystal structure of a TeBuP/imine complex28 (green) vs both Type I E 

(black above) and Type II E (black below) of a TRIP/imine complex. The imine shows an intermediate position of Type I E and Type II E. c) The 

four core structures of the binary complex identified in our previous work.29 The red arrows mark some of the identified NOE interactions. 
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In solution the experimental data base is similarly sparse. While two remarkable studies provided some 

NMR data about a ternary CPA complex30 and a CPA reaction intermediate31 the first comprehensive 

insight about the structural space of CPA imine complexes and their hydrogen bond properties in so-

lution was provided by our group on the example of TRIP/imine complexes.29,32 In depth NMR investi-

gations revealed ionic complexes with extremely strong and highly covalent hydrogen bonds32 and a 

structural space covering the four core structures (Type I/II E/Z, shown in Figure 2c),29 which were 

previously already predicted for ternary CPA/imine/nucleophile complexes by theoretical calcula-

tions.33 However, the effect of varying 3,3’-substituents on the structure of CPA/imine complexes as 

well as on their population has so far remained elusive.  

Therefore, in this report we present the first experimental data about the influence of different 

3,3’-substituents on the structures and E/Z populations of complexes between chiral phosphoric acids 

and imines. A screening covering 16 binary complexes with 5 different chiral phosphoric acids and 7 

imines and in depths structural investigations on selected examples reveal an astonishing invariance 

of the four main structures Type I E, Type II E, Type I Z and Type II Z. Moreover, for the first time dimeric 

CPA/imine complexes in solution were characterised, hence extending the structural space of those 

complexes in solution and forming a bridge to the dimeric crystal structure. In addition, comprehensive 

data about the E/Z population of these complexes are provided, which deviate significantly from the 

calculated values (e.g. for TRIP/5: experimental Grel E/Z = 2.0 kJ/mol; theoretical Grel E/Z = 9.3 kJ/mol).29 

This indicates a strong influence of refined dispersion interactions and/or solvent interactions not re-

flected by the commonly applied solvent models and offers the possibility to validate energetic results 

for theoretical prediction models in ion pairing catalysis. 

 

3.3. Results and Discussion 

3.3.1. Investigated complexes and their NMR properties 

In order to investigate the influence of different 3,3’- substituents of CPAs as well as different substit-

uents of the imines on the structures of CPA/imine complexes and their E/Z populations, we selected 

several CPA catalysts and imines (see Figure 3) used in synthesis34 and screened their NMR properties. 

Dichloromethane was used as solvent, since it gave small signal linewidths and the highest achievable 

signal dispersion at low temperatures.29 Furthermore, temperatures between 170 K and 200 K were 

needed to sufficiently slow down exchange processes in solution and most of the structural investiga-

tions were performed at 180 K unless otherwise noted. 
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Figure 3. Chiral phosphoric acids and imines with different functional groups that were used for the NMR-spectroscopic investigations of 

CPA/imine complexes (PMP = p-methoxyphenyl). All screened CPA/imine combinations are shown in the table. A bold X marks complexes, 

which could be investigated in detail. For all systems, a 1:1 ratio of CPA and imine was used. 

In principle, CPA/imine complexes with TiPSY and TRIFP produced basic signal pattern very similar to 

TRIP (see Figure 4). The spectra showed highly overcrowded aromatic regions and two well separated 

hydrogen bond signals for the E and Z complexes. Thus, quantification of E and Z complexes is straight-

forward by integration of the H-bond protons. The access to a detailed structural analysis however 

depended individually on the overlap of key signals and their linewidths. For TiPSY complexes a struc-

tural analysis could be completed despite the significantly higher signal overlap in the aromatic region 

compared to TRIP. For TRIFP complexes line width factors and chemical shift overlap of key signals 

prevented any further structural analysis. 
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Figure 4. Spectral resolution of the 1H spectra of complexes between catalysts TRIP, TiPSY and TRIFP and imine 2 at 180 K in CD2Cl2; in all 

cases well separated signals of the hydrogen bonds indicate the E/Z populations, while deviations in linewidths and chemical shift overlap of 

key signals allow the structural investigations via NOE analysis only for complexes with TIPSY. 

For complexes with TRIM, 9-Phen, and 1-Naph as catalyst additional signals in the hydrogen bond re-

gion appeared at slightly lower chemical shifts (12.0 - 14.0 ppm) indicating an extended structural 

space for these complexes (see Figure 5). The detailed structural investigations of TRIM complexes (see 

below,) and dilution experiments for TRIM, 9-phen and 1-naph (see Supplementary S1-3) identified 

these species as dimers, most probably enabled by attractive interactions between the 3,3’- substitu-

ents of TRIM, 9-Phen, and 1-Naph and the imines. For 9-Phen and even more pronounced for 1-Naph, 

a plethora of additional signals appeared in the hydrogen bond region of the 1H spectrum at 180 K. 

Given the asymmetry of the 3,3’-substituents of these catalysts and a rotational barrier of 

≈ 14 kcal/mol,21 at least two slow exchanging rotational isomers of these catalyst are expected at 

180 K, causing a signal splitting of the E and Z complexes, hence revealing the whole conformational 

space of these binary complexes. 
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Figure 5 1H spectra of the H-bond region of catalysts TRIM, 9-Phen and 1-Naph at 180 K in CD2Cl2 reveal the extended structural space of 

these catalysts including dimeric complexes and additional conformations due to asymmetric 3,3’ substituents in 9-Phen and 1-Naph. 

Based on this NMR screening and initial 2D assignments, binary complexes with TiPSY and imines 1, 2, 

3, 4 and 5 as well as TRIM and imines 5, 6, 7 were selected for the in detail structural investigations 

described in the following. 

 

3.3.2. Structural space of TiPSY/imine complexes 

For complexes providing such degree of signal overlap as shown in the aromatic region in Figure 4, 

there are quite a few NMR spectroscopic techniques that are typically used to improve signal disper-

sion. These are mainly 3D experiments such as 3D-15N NOESY HSQC35 or 3D 13C NOESY HSQC36 or pure 

shift techniques.37–39 Especially the multidimensional approach40–42 is broadly applied in biochemistry 

and requires the use of specific labelling strategies.43–45 Due to the limited possibilities to include iso-

tope labelling via different synthetic strategies into the catalyst or the imine, the chemical exchange 

even at low temperatures29 and the lowered solubility at the required temperatures, all of these more 

advanced techniques proved to be too insensitive to provide structural information in our case. Instead 

we focused mainly on the most sensitive one- and two-dimensional NMR methods (1H,1H / 1H,13C 2D 

spectra for assignments and selective 1D NOESY46–48/ 2D NOESY/ 1H,19F HOESY49,50 spectra for structural 

investigations). 
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Table 1. Experimental E/Z ratios of the investigated CPA/imine complexes in CD2Cl2 at 180 K. Due to linewidth and signal overlap, a general 

error of 5% is expected. 

 1 2 3 4 5 6 7 

TRIP n.d. 62:38 n.d. n.d. 67:33 77:23 86:14 

TiPSY 45:55 53:47 51:49 68:32 56:44 70:30 71:29 

TRIFP n.d. n.d. n.d. 83:17 70:30 81:19 69:30 

TRIM n.d. n.d. n.d. n.d. 47:53 49:51 55:45 

In TiPSY/imine mixtures (1:1) at 180 K varying E/Z complex ratios were found with a trend to higher Z 

amounts compared to TRIP/imine and TRIFP/imine complexes (see Table 1). A similar trend can be 

observed for TRIM/imine complexes. In TiPSY/4, the E/Z ratio reached 68:32, in TiPSY/2 53:47 and in 

TiPSY/3 51:49. For TiPSY/1 even a 45:55 E/Z ratio was found, a rare example with higher Z-imine con-

centration (see Supplementary S4-5 for spectra). A complete assignment of the TiPSY/imine complexes 

was done for imines 1, 2, 3 and 4 at 180 K (for spectra see Supplementary S6-S28). Despite a severe 

signal overlap in the crowded aromatic region, most of the signals were unambiguously assigned. The 

assignment of the E Type core structures of the TiPSY/imine complexes (Type I E, Type II E) is shown 

exemplarily on imine 4. With the help of 19F spectroscopy the spectral resolution can be vastly im-

proved by reducing the complexity of the obtained spectra.51–53 Orientation Type I E was identified in 

a 2D 1H 19F HOESY experiment. A total of four HOE cross-peaks were found between the fluorine atom 

of imine 4 and the BINOL backbone of the catalyst (Figure 6). 
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Figure 6. Section of a 1H,19F 2D HOESY spectrum of TiPSY/4 at 180 K in CD2Cl2 at 600 MHz; Red dashed lines correspond to the intermolecular 

HOEs identifying complex structure Type I E (for detailed NMR parameters see Supplementary S19. 

The presence of these HOE cross-peaks between imine 4 and the protons 3, 4 and 5 of the TIPSY back-

bone in combination with the hydrogen bond confirm the existence of the Type I E structure. Due to a 

dissociation, rotation and re-association of the TiPSY/imine complexes (Figure 7), HOEs are also ob-

served between the fluorine atom of 4 and the opposite naphthyl moiety of the catalyst (Figure 6, HOE 

to proton 4’). This exchange is slow on the NMR timescale compared to the tilting mechanism that 

leads to an exchange between structures Type I E and Type II E (Figure 7). A rotation of the E-imine 

inside the complex can be excluded, since the rotational barrier for this process would be by far too 

high due to the steric hindrance of imine inside the complex. Orientation Type II E in the TiPSY/4 com-

plex was similarly identified by using selective 1D NOESY experiments with saturation on proton 6 (see 

Supplementary S20) Similar NOE patterns for conformations Type I E and Type II E were observed for 

TiPSY complexes with the imines 1, 2 and 3 (Supplementary S14-S18). 

In contrast to the TiPSY/E-imine structures, only one set of signals is observed for the BINOL backbone 

of the catalyst in the TiPSY Z-imine complexes. This can be explained by the reduced steric hindrance 

of the Z-imine enabling an exchange between orientation Type I Z and Type II Z via rotation of the imine 

around the hydrogen bond (Figure 7). This exchange pathway in addition to the exchange via tilting of 

the imine (see TiPSY/E-imine), results in only one average set of 1H signals for the BINOL backbone of 

the catalyst.29 
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Figure 7. Complex exchange processes in TiPSY/imine complexes; an exchange via tilting of the imine is observed between structures Type I 

E and Type II E as well as a disassociation and association process of the TiPSY/E-imine complexes; the exchange via tilting is fast on the NMR 

time-scale and leads to a different interaction pattern for each half of the catalyst; the dissociation and association process is slow on the 

NMR time-scale and leads to exchange peaks between the catalyst halves; in addition to an exchange via tilting of the imine, the reduced 

steric hindrance of the Z-imine enables an additional fast exchange between structures Type I Z and Type II Z via rotation, leading to a different 

signal pattern. 

Both orientations Type I Z and Type II Z were detected for the TiPSY/Z-imine complexes. Complex 

TiPSY/3 is used exemplarily for the assignment of Type I Z (Figure 8). In the 1H NOESY spectrum, two 

specific intermolecular NOEs between the α-methyl group of the imine and the BINOL backbone of the 

catalyst were found. This interaction, in combination with the strong hydrogen bond between catalyst 

and imine shows the existence of orientation Type I Z in solution. Similarly, orientation Type II Z could 

be confirmed in selective 1D NOESY spectra (Supplementary S26) and the same NOE pattern were 

observed for all investigated complexes TiPSY/1,2,3,4 (Supplementary S21-S28). 

Thus, despite significantly deviating 3,3’ substituent/imine interactions causing different E/Z ratios in 

TiPSY/imine complexes (see Table 1), for all TiPSY/imine complexes studied in detail the structures 

Type I E and Type II E as well as Type I Z and Type II Z could be elucidated by NMR. 
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Figure 8. Excerpt of the 2D NOESY spectrum of TiPSY/3 at 180 K in CD2Cl2 at 600 MHz; intermolecular cross-peaks (red numbers) detail the 

interaction between α-methyl group of 3 (blue spin 4) and BINOL backbone of the catalyst (for detailed parameters see Supplementary S25). 

 

3.3.3. Structural space of TRIM/imine complexes and dimerization trends of 

CPAs 

For TRIM complexes with imines 5, 6, and 7 the same four core structures Type I/II E/Z were experi-

mentally identified by NOE analysis (for assignment and spectra see Supplementary S33-42). In con-

trast to TRIP and TiPSY only one set of catalyst signals for both Type I/II E structures even at 180 K is 

observed, which can be explained by an additional exchange pathway. This pathway is potentially en-

abled via facilitated rotation like it is the case for Type I/II Z and/or an enhanced dissociation-associa-

tion process of the complex. (for detailed explanation see Supplementary S43).21  

Furthermore, the additional hydrogen bonded signals as discussed above (see Figure 5) were identified 

as [TRIM/E-imine]2 dimers and were in detail investigated on complex TRIM/7.‡1 Chemical exchange 

between TRIM/7E and [TRIM/7E]2 was identified by EXSY signals and dilution of the sample lead to a 

complete shift of the monomer-dimer equilibrium towards the monomers (see Supplementary S1-3). 

In addition, DOSY measurements corroborated the assignment as a dimer (see Supplementary S44). 

Theoretical calculations supported by distinct changes of the measured chemical shifts (see Figure 9) 

confirm the observed dimer structures to be similar to the reported crystal structure of Schneider28 

(see Figure 11 below). 
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Figure 9. a) Theoretically calculated dimer structure model on the example of the [TRIM/5E]2 complex reveals the steric proximity of the 

protons A-C to phenyl entities which causes paratropic shielding effects and induces severe highfield shifts. b) Excerpt of the 1H spectrum of 

TRIM/7 at 180 K in CD2Cl2 at 600 MHz highlighting the highfield shift of proton A (red) and B (blue) of the dimer compared to the monomer. 

The significant highfield shifts of A-C compared to the monomeric structure (A: 1.10 ppm, B: 0.89 ppm, C: 1.56 ppm) experimentally corrob-

orate the computed structure and indicate CH-π and π-π interactions 

The 3,3’-substituent dependent formation of CPA/imine dimers gave rise to the question, which 3,3’-

substituent properties enable or restrict dimer formation. Remarkably, all catalysts forming dimers 

possess medium rotational barriers of the 3,3’-substituent (13.63-21.58 kcal/mol) as described by 

Goodman.21 This hints at the influence of putative van der Waals interactions between the catalyst 

3,3’-substituent and the imine on the energetic interaction profile supporting dimer formation. The 

presence of such interactions is indicated for [TRIM/7E]2 by a strong highfield shift of proton A (Figure 

9), caused by steric proximity to a phenyl entity of the imine. For TRIFP and TiPSY a low rotational 

barrier (2.02 and 1.35 kcal/mol respectively)21 points out the lack of moieties capable of such interac-

tions, while the high rotational barrier of TRIP (28.40 kcal/mol)21 potentially indicates steric repulsion 
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overwriting attractive interactions. Furthermore, putative CH-π interactions between the α-Methyl 

group of the imine and the phenyl entities of the 3,3’-substituent (Interaction B in Figure 9 a) as well 

as π-π interactions between the two imines (Interaction C in Figure 9 a) might compensate the loss of 

interactions between the imine and BINOL-backbone present in the monomeric structures.29 Moreo-

ver, other 3,3’-substituent properties such as electrostatic repulsion, e.g. due to the CF3-groups in a 

hypothetic TRIFP dimer, or severe entropic penalties upon dimerization for catalysts with a high degree 

of conformational freedom of the 3,3’-substituents such as TiPSY and TRIP‡2  might also affect dimeri-

zation trends. 

It was reported that interlocked CPA catalysts can form P=O···(HO)P hydrogen bonded pseudo-dimers 

which provide significantly higher stereoselectivity as their non-interlocked analogues.54 However, for 

synthetic applications CPA/imine dimers are not expected to have any influence as their population 

diminishes when approaching catalyst concentrations used in synthesis.6,7,55 

Hence, the existence of a dimer in the crystal structure of TeBuP and in the NMR spectra of TRIM, 9-

Phen, and 1-Naph corroborates our previous assumption29 that attractive interactions between 3,3’-

substituent and imine play a key role in the energetics of CPA complexes. Thus, the dimerization trend 

might be tentatively proposed as a qualitative measure for steric properties and polarizability of the 

3,3’-substituent. 

 

3.3.4. Effect of substituents on enantioselectivity in the transfer hydrogenation 

of ketimines 

After ensuring the analogy of all catalytic relevant and NMR accessible structures, the influence of the 

3,3’-substituents on the enantioselectivity was investigated. Therefore, the ee values for the transfer 

hydrogenation of imines 5, 6 and 7 with ethyl Hantzsch ester catalyzed by TRIP, TiPSY, TRIFP, TRIM, 1-

naph and 9-phen were determined (see Supplementary S45). As anticipated based on earlier work of 

Rueping,5 List6 and MacMillan7  and on the webtool BINOPtimal developed by Goodman,24 TiPSY (90-

95 % ee) gave the highest enantiomeric excess, followed by TRIP (83-86 % ee) and TRIFP (74-91 % ee), 

while TRIM (56-70%), 1-naph (46-56%) and 9-phen (47-59%) gave lower enantioselectivities. While 

imine 5 and 6 gave almost identical ee values for all investigated catalysts, the CF3 substituted imine 7 

deviated up to ±15 % for TRIFP, TRIM, 1-naph, and 9-phen. Since imines 5, 6 and 7 have a similar steric 

bulk this deviation suggests that steric interactions are not the only key factor, but that also electro-

static interactions can significantly modulate the enantioselective outcome. Next, linear correlations 

between the observed enantioselectivities and steric descriptors (AREA( or rotational barrier) of the 

3,3´ substituents as previously postulated by Goodman21 were tested. However, neither with area  
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nor with the rotational barrier a linear correlation was found for our data. (see Supplementary S46). 

Moreover, the enantioselectivities also showed no correlation with the E/Z ratios of the binary com-

plexes (see Supplementary S46). This shows that a single parameter derived from catalyst alone or 

binary complex is not sufficient to adequately predict the stereoselective outcome at least of the in-

vestigated reaction. Rather multiple factors seem to affect the energetics of the reaction pathway, 

which will be subject of further investigations. 

 

3.3.5. Theoretical model structures and structure comparison 

The above mentioned experimentally identified dimeric structures seem to be stabilized by attractive 

interactions, often associated with London dispersion forces. The presence of such interaction modes 

was already investigated and proven for TRIP/imine complexes in the previous theoretical structural 

studies utilizing NCI analysis and NOE analysis.29,32 The binary complex is mainly anchored by a strong 

hydrogen bond,32 however equally important, it is also bolstered by numerous weak attractive inter-

actions between the imine and the catalyst’s backbone as well as the bulky 3,3’-substituents.29 These 

interactions are also pervasive in other catalysts with different 3,3’ motives.  

Our theoretical calculations of TRIP, TiPSY, TRIFP, TRIM/5-7 confirm the general existence of the four 

core structures (Type I/II E/Z) (for computational details and data on additional CPAs, see Supplemen-

tary S49) in accordance with previous results for similar complexes.29 Each of the E- and Z-imine com-

plexes features two different orientations of the imine (Figure 10). In the Type I orientation, the ketone 

moiety is located in close proximity to the BINOL backbone of the catalyst. In the Type II orientation, 

the imine is rotated around the hydrogen bond by ~180° and the aniline moiety is located close to the 

BINOL backbone. 
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Figure 10. Theoretical calculations of the TiPSY, TRIP, TRIFP, TRIM/5 complex show the invariance of four core structures. Despite that, the 

E/Z ratios and the tendency towards dimerization vary strongly within the CPA/imine complexes. Moreover, quantum chemical calculations 

of E/Z-ratio showed a significant offset to the experimental values. Colour code: TiPSY red, TRIP blue, TRIFP orange, TRIM green. 

Geometrical comparison of the four core structures from the calculation revealed a high degree of 

invariance in the CPA/imine complexes, which is, to our surprise, retained despite significant variation 

of 3,3’-substituent of the catalyst (Figure 10). As in TRIP/imine complexes29 the two orientations of the 

E- and Z-imine are obtained in TiPSY, TRIFP, TRIM/5-7 binary complexes. Furthermore, similar van der 

Waals interaction types (-, CH-) are clearly recognizable from the structural analysis. In accordance 

with the previous studies,32 the acidic proton is located closer to the imine in TiPSY and TRIFP binary 

complexes, which indicates a strong predominant zwitter ionic, but also partly covalent character (POH 

angle ≈ 110° - 120°). Due to the high degree of invariance of the core structures, the E/Z-ratio in the 

binary complexes is altered due to the difference in stabilization of E- and Z-imine by the 3,3’-substit-

uent. It is noteworthy to mention that despite a good agreement between experimentally and theo-

retically determined structures, the theoretical E/Z-ratio deviates significantly from the measured E/Z-

ratio (Table 2).  

Mostly, only the qualitative trend could be predicted correctly with exception of TRIM-complexes, i.e. 

experimentally the E-complex is less stable than the Z-complex. Despite extensive conformational 
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search (for computational details see below), application of various dispersion corrected density func-

tionals (GGA, hybrid GGA, meta-hybrid GGA), post-HF methods (MP2, SCS-MP2, DLPNO-CCSD(T)) and 

implicit solvation models (SMD, COSMO-RS), the thermodynamic stability of the considered CPA/Z-iso-

mers is gravely underestimated. One of the most common encountered error sources in the theoretical 

calculation during the simulation of large flexible molecules is the initial sampling using molecular me-

chanics not being able to find the initial structure near to global minimum. This problem is augmented, 

especially in our case, by the poor parameterization of strongly hydrogen-bridged and zwitter-ionic 

complexes. Nevertheless, given the number of sampling conformations, experimental NOE contacts 

and the remarkable agreement of calculated coupling constants with the experimental values,32 the 

possibility of not finding the global minimum of the Z-complex is reduced significantly.  

Since the weak interactions, e.g. dispersion effect in the complex, were already accounted in the post-

HF methods, the underlying cause for the deviation might be either the missing explicit solvent-solute 

interaction favouring the Z-isomers due to its compactness, and hence a larger available solvent-solute 

interaction space, or the inaccurate implicit solvation of such zwitter-ionic species. For the former, 

tremendous increase of computational cost is expected making full ab initio calculations very re-

stricted. An initial calculation of solvated complexes in a solvent box consisting of 300 solvent mole-

cules has been performed and accurate calculations are planned for the future. For the latter, recent  

thorough investigation of solvent effect on the attenuation of inter- and intramolecular dispersive in-

teraction showed that the current frequently employed implicit solvent models fail to describe disper-

sive solvent-solute interaction.56 In summary, several underlying reasons for the failure to predict the 

E/Z-ratio are multiple. First, considering the huge conformational space of the complex, accurate initial 

sampling is necessary to catch the nearest minimum for DFT refined optimization. In this case, accurate 

semi-empirical methods, such as tight-binding method57 and sampling using meta-dynamics may re-

solve the sampling issue in large electronic structures. Second, accurate description for solvation might 

be still underdeveloped for strongly bound zwitter-ionic species with large aromatic surfaces causing 

the solvent attenuation of dispersive interaction. Therefore, further improvement for implicit solvent 

correction is necessary. 

Table 2: E/Z ratios of different catalysts with imine 5. 

 Experimental E:Z Theoretical E:Z 

TRIP/5 79 : 21 99.80 : 0.20 

TRIFP/5 70 : 30 96.80 : 3.20 

TiPSY/5 56 : 44 99.97 : 0.03 

TRIM/5 47 : 53 80.41 : 19.59 
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In addition, a structure model for dimeric CPA/imine complexes was computed on the example of 

TRIM/5 (see figure 9 and 11). This dimeric structure features two imines, nested between two cata-

lysts. An extended dispersion force between the 3,3´-substituents of the two catalysts and the two 

extended aromatic imines is observed. The additional imine in the dimeric complex seems to be posi-

tioned at the nucleophilic attack site, when comparing the structure to the hydride transfer transition 

state with Hantzsch ester as the reducing agent. An overlap of the imine substrates and the Hantzsch 

ester is observed which suggests similar interaction modes (Figure 11c). 

 

Figure 11. Reported crystal structure of a TeBuP/imine dimer (a) and calculated structure of a TRIM/imine dimer (b). The structures are 

similar despite comparing an aldimine (a) to a ketamine structure (b). c) Comparison of the dimeric structure of a TRIM complex (black imine) 

with the calculated transition state consisting of a CPA (the 3,3’ substituents of the catalysts have been omitted to improve the visibility), an 

imine (purple) and a Hantzsch ester (purple, transparent). The steric influence of the second imine in the dimeric structure (b) is similar to 

the additional bulk of the Hantzsch ester in the transition state. 

 

3.3.6. Computational Details 

All binary complexes were optimized at DFT level of theory using TPSS functional with D3 correction in 

continuum of DCM. To mimic experimental low temperature condition the dielectric constant of DCM 

was increased to 16.20. Preconformational sampling was performed using force-field with MMFF pa-

rameter. Overall 1137 conformations of TRIP/imine were generated in the force-field procedure and 

subjected to ab initio geometry optimization. Low lying conformations were selected according to ex-

perimental constrains (NOE contacts). For other catalyst/imine conformations, core structures based 

on TRIP/imine complexes were taken and adapted.  Post-HF single point calculations at SCS-MP2/CBS 

level of theory were performed on the optimized geometry (see Supplementary 46 for extrapolation 

procedure). 



3. Brønsted Acid Catalysis – The Effect of 3,3’-Substituents on the Structural Space and the 
Stabilization of Imine/Phosphoric Acid Complexes 

 

30 
 

3.4. Conclusion 

A combination of detailed NMR spectroscopic studies and theoretical calculations was used to investi-

gate the structural space of CPA/imine complexes with varying 3,3’-substituents. Our experimental 

data revealed the coexistence of four core structures (Type I/II E and Type I/II Z) in solution, similar to 

those described for binary complexes of TRIP. These core structures show a high invariance, independ-

ent of the used CPA, which is corroborated by theoretical calculations of TiPSY/imine, TRIFP/imine and 

TRIM/imine complexes. For the first time dimeric CPA/imine complexes were identified in solution for 

TRIM, 9-Phen and 1-Naph with an imine occupying the space analogous to the transition state in the 

transfer hydrogenation. Surprisingly, this dimer consisting of two binary complexes is stabilized exclu-

sively by attractive non covalent interactions. Hence, not only the steric repulsion term but also the 

attractive term of the large 3,3’-substituents has to be considered for the energetics of CPA complexes. 

Despite the good agreement of experiment and theory for the identified structures, a significant dis-

parity was found for the E/Z ratios of the complexes. All binary complexes exhibit an increased popu-

lation of the Z-structures, which cannot be reproduced in the calculations. A possible reason is an in-

sufficient description of solvent-complex interactions. This study may allow to validate and improve 

theoretical predictive models by providing for the first time detailed experimental data about the 

structural space and influence of the 3,3’-substituent on the energetics of CPA/imine complexes. 
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3.6. Supporting Information 

3.6.1. General information 

Experimental data  

Deuterated solvents were purchased from Deutero or Sigma Aldrich where dry solvents were essential, 

CD2Cl2 was freshly distilled over CaH2 and Toluene-d8 was refluxed over Na/Benzophenone under argon 

atmosphere. Freon mixtures were prepared from CDCl3 and SbCl5/SbF3 according to literature proce-

dures and stored in small lecture bottles.[1,2] The catalysts were purchased from Sigma Aldrich or syn-

thesized from the bisphenols according the procedure of Klussmann et al.[3] 

Synthesis of Imine Substrates  

The imines were prepared as described in literature.[4–7] The toluene was used either in p.A. quality or 

was dried by refluxing over sodium. The 15N-enriched aniline for the presented syntheses below, was 

purchased from Euriso-top GmbH and Sigmar Aldrich.  

Preparation of binary complexes in CD2Cl2  

The catalyst was dried for 30 min at 150°C under reduced pressure. Ketimine and catalyst were directly 

weighed into a 5 mm NMR tube under an inert argon atmosphere. CD2Cl2 (0.6 ml) and 1.0 ml of tetra-

methylsilane atmosphere were added to the tube. The sample was stored in an -80°C freezer. A 1:1 

ratio of catalyst/ketimine was used for all samples. A concentration of 25 mmol, 50 mmol/L or 100 mM 

was used for all samples, depending on solubility at low temperatures. 

Spectrometer data 

NMR experiments were performed on Bruker Avance III HD 400 MHz spectrometer, equipped with 5 

mm BBO BB-1H/D probe head with Z-Gradients and a Bruker Avance III HD 600 MHz spectrometer, 

equipped with a 5 mm TBI 1H/31P and a 5 mm CPPBBO BB-1H/19F. Triple resonance experiments were 

performed on the TBI probe head.. Temperature was controlled in the VT-experiments by BVT 3000 

and BVTE 3900. For NMR measurements employing standard NMR solvents 5 mm NMR tubes were 

used, if not otherwise noted. For samples in freonic mixtures as solvents, 5 mm heavy wall (1.4 mm 

wall thickness) NMR tubes equipped with J. Young valves from Wilmad were used. NMR Data were 

processed, evaluated and plotted with TopSpin 3.2 software. Further plotting of the spectra was per-

formed with Corel Draw X14 – X17 software. 1H,13C chemical shifts were referenced to TMS or the 

respective solvent signals. The heteronuclei 15N,19F and were referenced, employing (X) = (TMS) x 

reference / 100 % according to Harris et al.[8] The following frequency ratios and reference compounds 

were used: (15N) = 10.132912 (lq. NH3) and  (19F) = 94.094011 (CCl3F) 
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Pulse programs 

All pulse programs used are standard Bruker NMR pulse programs. 

Acquisition Parameters 

1H NMR: Pulse program: zg; Relaxation delay = 2 – 3 s, Acquisition time = 2.48 s, SW = 22.0 ppm, TD = 

64k, NS = 8 – 64; zg30; Relaxation delay = 2 s, Acquisition time = 2.48 s, SW = 22.0 ppm, TD = 64k, NS = 

8 – 64;  

2D-1H,1H NOESY: Pulse program: noesygpph/noesygpphpp; Relaxation delay = 5 - 8 s, NS = 8-32, mixing 

time (D8) = 300.00 ms; TD = 4096; increments = 512 - 1k; 

2D-1H,1H COSY: Pulse program: cosygpqf; Relaxation delay = 5 - 8 s, NS = 8-32, TD = 4096; increments 

= 512 - 1k; 

13C NMR: Pulse program: zgpg30; Relaxation delay = 2.00 s, Acquisition time = 0.80 s, SW = 270.0 ppm, 

TD = 64k, NS = 1k – 2k;  

2D-1H,13C HSQC: Pulse program: hsqcedetgpsisp2.3; Relaxation delay = 4 - 8 s, NS = 8-32, 1JXH = 145 Hz; 

TD = 4096; increments = 512 - 1k; 

2D-1H,13C HMBC: Pulse program: hmbcgplpndqf; Relaxation delay = 4 - 8 s, NS = 8-32, 1JXH = 145 Hz, 

JXH(long range) = 10 Hz; TD = 4096; increments = 512 - 1k; 

2D-1H,31P HMBC: Pulse program: inv4gplrndqf; Relaxation delay = 4 - 8 s, NS = 8-32, TD = 4096; incre-

ments = 256 - 1k; 

15N NMR: Pulse program: zg; Relaxation delay = 10.00 s, Acquisition time = 0.54 s, SW = 502.8 ppm, TD 

= 32k, NS = 256 – 2048;  

2D-1H,15N HMBC: Pulse program: inv4gplrndqf; Relaxation delay = 5 - 8 s, NS = 16-32, delay for evolu-

tion of long range couplings (D6) = 20.00 ms; TD = 4096; increments = 128 - 512; 

19F-NMR: Pulse program: zg30; Relaxation delay = 2 – 3 s, Acquisition time = 11.60 s, SW = 10.0 ppm, 

TD = 128k, NS = 8 – 64; 

2D-1H,19F HOESY: Pulse program: hoesyph; Relaxation delay = 5 - 8 s, NS = 16-32, mixing time (D8) = 

500.00 ms; TD = 4096; increments = 1k; 

Selective 1D-1H,1H NOESY: Pulse program: selnogp; Relaxation delay = 5 - 8 s, NS = 128-2k, mixing time 

(D8) = 25 – 1000 ms (150 – 200 ms and NS = 1k-2k for structure identification); TD = 64k; 180° shaped 

pulse = 50 – 150 ms, shape = Gauss 180.  
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3.6.2. Dilution experiments for dimer identification 

S1. Diluted spectra of TRIM/7 

 

Figure S34: 1H-spectra of TRIM/7 at 180 K in CD2Cl2 at 600 MHz with a concentration of 5 mM or 100 mM. The signal of [TRIM/7E]2 disappears 

at lower concentration, corroborating the assignment as a dimeric species. The changing E/Z ratio of TRIM/7E and TRIM/7Z at 5 mM and 

100 mM is caused by insufficient equilibration at room temperature before measuring. 

S2. Diluted spectra of 1-naph/6 

 

Figure S35: 1H-spectra of 1-naph/6 at 180 K in CD2Cl2 at 600 MHz with a concentration of 1 mM, 5 mM or 50 mM. The signal of [1-naph/6E]2 

disappears at lower concentration, corroborating the assignment as a dimeric species. 
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S3. Diluted spectra of 9-phen/6 

 

Figure S36: 1H-spectra of 9-phen/6 at 180 K in CD2Cl2 at 600 MHz with a concentration of 5 mM or 20 mM. The signal of [9-phen/6E]2 disap-

pears at lower concentration, corroborating the assignment as a dimeric species. 
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3.6.3. Chemical shift assignment of TRIM/imine complexes 

S29. Complexes (TRIM/5) 

Colour code: blue – 1H / black – 13C / green – 15N / orange – 31P 
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S30. Complexes (TRIM/6) 

Colour code: blue – 1H / black – 13C / green – 15N / orange – 31P 
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S31. Complexes (TRIM/7) 

Colour code: blue – 1H / black – 13C / green – 15N / orange – 31P / red – 19F 
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S32. Complexes [TRIM/7E]2 

Colour code: blue – 1H / black – 13C / green – 15N / orange – 31P / red – 19F 
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3.6.4. Structure identification of all TRIM/imine complexes 

S33. Type I TRIM/5E Complex 
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S34. Type I TRIM/5Z Complex 
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S35. Type II TRIM/5EZ Complexes 
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S36. Type I TRIM/6E Complexes 
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S37. Type I TRIM/6Z Complexes 
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S38. Type II TRIM/6EZ Complexes 
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S39. Type I TRIM/7E Complex 
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S40. Type I TRIM/7Z Complex 
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S41. Type II TRIM/7E Complex 
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S42. Type II TRIM/7Z Complex 
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3.6.5. Exchange pathways in binary TRIM/imine complexes 

 

Figure S43: 1D 1H spectra of catalysts TRIP, TiPSY and TRIM/6 at 180 K in CD2Cl2 at 600 MHz; for TRIP and TiPSY, a splitting of the signal sets 

of the BINOL backbone is seen, as exemplarily shown for one proton labelled in red; TRIM/imine complexes only shoe one averaged set of 

signals for both halves of the backbone. 

A possible reason for this averaging in the TRIM/imine complexes might be a faster exchange between 

the free imine and the imine inside the complex or an additional exchange pathway between struc-

tures Type I E and Type II E via rotation of the imine similar to the Z-structures. The latter might be 

enabled due to the reduced Area(ϴ) value of TRIM.[9] 

 

3.6.6. DOSY measurements for TRIM dimer 

The DOSY measurements were performed with the convection suppressing DSTE (double stimulated 

echo) pulse sequence developed by Jerschow and Müller in a pseudo 2D mode at 180 K.[10] TMS was 

used to reference the viscosity of the solvent. The diffusion time delay was set to 45 ms. The gradient 

pulse lengths (p16, SMSQ10.100 pulse shape) were optimized for each species to give a sigmoidal sig-

nal decay for varying gradient strengths. Optimal pulse lengths of 2.9 – 3.1 ms, 6.0 ms and 7.0 ms were 

found for TMS, TRIM/7 and [TRIM/7E]2, respectively. For each species, twenty spectra with linear var-

ying gradient strength of 5% - 95% or 10% - 95% have been measured. Either the H-bond proton signals 

or the methyl-groups of the 3,3’-substituents have been used as probes. The signal intensities of the 

respective groups were analyzed as a function of the gradient strength by Bruker TopSpin 3.2 software 

T1/T2 relaxation package by employing the Stejskal-Tanner equation.[11] The sigmoidal fit provided the 

translational self-diffusion coefficients Di listed in Table S33. The molecular radii were derived by the 

Stokes-Einstein equation.[12]  
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 𝐷 =
𝑘 𝑇

𝜋𝜂𝑟
 

Di is the self-diffusion coefficient derived by the measurement, η is the viscosity of the solvent and rH 

is the hydrodynamic radius of the observed molecule. Due to the three-side exchange between       

[TRIM/7E]2, TRIM/7E and free, not complexated TRIM and 7, the absolute obtained self-diffusion co-

efficients are not meaningful. If two molecules A and B with different diffusion constants are in slow 

exchange with each other, the observed diffusion coefficients are a combination of the intrinsic diffu-

sion coefficients of A and B without exchange, weighed with the respective lifetimes of A and B.[13,14] 

Hence, only a qualitative interpretation of the DOSY spectra was possible. Molecular radii of 9.54 and 

12.57 Å were found for TRIM/7E and [TRIM/7E]2, respectively. The derived larger molecular size clearly 

corroborates the assignment as a dimer. 

 

S44. Self-diffusion coefficients 

Table S44: Measured self-diffusion coefficients and derived molecular radii. Entry 1-6: SW = 22 Hz, O1P = 2.00 ppm, gradient strength 5-95% 

linear; entry 7.11: SW = 22 Hz, O1P = 9.00 ppm, gradient strength 10-95% linear. No diffusion coefficients based on the H-Bond proton signals 

of [TRIM/7E]2 could be derived due to low signal intensities. Diffusion coefficients of different signals of the same species were averaged. 

Entry Species p16 [ms] probe signal [ppm] Di [m2/s] ·10-12 Averaged rH [Å] 

1 TMS 3.10 0.00 16.81     

2 TRIM/7EZ 6.00 2.22 3.645     

3 TRIM/7EZ 6.00 2.12 3.732 3.693 9.54 

4 TRIM/7EZ 6.00 2.00 3.702     

5 [TRIM/7E]2 7.00 1.62 2.774 2.761 12.57 

6 [TRIM/7E]2 7.00 1.02 2.748     

7 TMS 3.00 0.00 19.35     

8 TRIM/7Z 6.00 17.83 4.334 4.393 9.25 

9 TRIM/7Z 6.00 17.70 4.419     

10 TRIM/7E 6.00 17.58 4.361     

11 TRIM/7E 6.00 17.45 4.457     
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3.6.7. Determination of ee values 

 

A Schlenk tube was dried at 350 °C under reduced pressure for several minutes. Imine 5-7 (0.1 mmol, 

1.0 eq.), the CPA catalyst (0.01 eq. or 0.1 eq. for TiPSY) and Hantzsch Ester 8 (36.5 mg, 0.14 mmol, 1.4 

eq.) were weighed into the tube. The tube was evacuated and flushed with Argon three times. Under 

Argon flow, anhydrous toluene (1.0 mL) was added. The reaction was stirred at 35 °C for 1 – 24 h. 0.1 

– 0.2 mL of the crude reaction mixture was taken and quenched by addition to a vial filled with hexane 

(2.0 mL) and NEt3 (10 μL, 7.3 μg, 0.072 mmol, 7.2 – 72 eq. based on the catalyst). The mixture was 

filtered and analysed by chiral HPLC (see S47 for further details).  

Table S45: ee values of the transfer hydrogenation of imines 5-7 with Hantzsch Ester catalysed by various CPAs. 

    Imine 5   

Catalyst major [Area%] minor [Area%] ee [%] 

TRIP 92.2 7.8 84 

TRIFP 87.2 12.7 75 

TiPSY 95.1 4.9 90 

1-naph 79.4 20.6 59 

9-phen 78.0 21.9 56 

TRIM 85.6 14.3 71 

    Imine 6   

Catalyst major [Area%] minor [Area%] ee [%] 

TRIP 93.0 7.0 86 

TRIFP 87.0 13.0 74 

TiPSY 95.5 4.5 92 

1-naph 78.1 21.9 56 

9-phen 77.8 22.2 56 

TRIM 85.0 15.0 70 

    Imine 7   

Catalyst major [Area%] minor [Area%] ee [%] 

TRIP 91.7 8.3 83 

TRIFP 95.6 4.3 91 

TiPSY 97.7 2.3 95 

1-naph 73.4 26.6 47 

9-phen 73.0 27.0 46 

TRIM 78.2 21.8 56 
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3.6.8. Correlation of ee with CPA parameters 

Table S46: List of experimental ee values, E- and Z-imine populations in the binary CPA/imine complexes and steric descriptors as used by 

Goodman.[15]  

 

 

Figure S46.1: Plot of the ee values of the transfer hydrogenation of imines 5-7 catalyzed by TRIP, TRIFP, TiPSY, TRIM, 1-naph and 9-phen 

against the AREA(Θ) value computed by Goodman.[15] No correlation is observed.  

 

Figure S46.2: Plot of the ee values of the transfer hydrogenation of imines 5-7 catalyzed by TRIP, TRIFP, TiPSY, TRIM, 1-naph and 9-phen 

against the Rotational Barrier value computed by Goodman.[15] No linear correlation is observed.  

Catalyst AREA(Θ) Rot. Barrier
ee % E % Z ee % E % Z ee % E % Z [°] [kcal/mol]

TRIP 84 67 33 86 77 23 83 86 14 51 28.4
TRIFP 75 70 30 74 81 19 91 69 31 62 2.02
TiPSY 90 56 44 92 70 30 95 71 29 29 1.13
TRIM 71 47 53 70 49 51 56 55 45 61 21.58

1-naph 56 - - 56 - - 46 - - 62 13.63
Phen 59 - - 56 - - 47 - - 48 14.45
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Figure S46.3: Plot of the ee values of the transfer hydrogenation of imines 5-7 catalyzed by TRIP, TRIFP, TiPSY, TRIM, 1-naph and 9-phen 

against the experimentally observed population of the E-imine in the binary complex. No correlation is observed.  

 

Figure S46.4: Plot of the ee values of the transfer hydrogenation of imines 5-7 catalyzed by TRIP, TRIFP, TiPSY, TRIM, 1-naph and 9-phen 

against the experimentally observed population of the Z-imine in the binary complex. No correlation is observed.  
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3.6.9. HPLC analysis 

To determine the ee values of imines 5-7, identical HPLC equipment and conditions have been used as 

previously employed by our group.[16] For further details, especially preparation and separation of the 

racemic amines 9-11see the supporting information of the cited literature. Enantiomeric excess values 

(ee) of products were determined by HPLC on chiral stationary phase employing an Agilent 1290 Infin-

ity LC system equipped with a binary pump, autosampler and a phototodiode array detector and using 

CHIRALCEL OD-H and CHIRALPAK IA and IC columns. Amine 9: The ee was determined by CSP-HPLC, 

CHIRALCEL OD-H column, eluent n-hexane/i-propanol 98/2, flow 0.6 mL/min, retention times: τ1= 

13.34 min, τ2= 14.40 min, column compartment temperature 20 °C, λ= 220 nm. Amine 10: The ee was 

determined by CSP-HPLC, CHIRAPACK IC column, eluent n-hexane/i-propanol 99/1, flow 0.9 mL/min, 

retention times: τ1= 8.22 min, τ2= 8.59 min, column compartment temperature 20 °C, λ= 220 nm. 

Amine 11: The ee was determined by CSP-HPLC, CHIRALPACK IA column, eluent n-hexane/i-propanol 

98/2, flow 0.9 mL/min, retention times: τ1= 12.84 min, τ2= 13.89 min, column compartment tempera-

ture 20 °C, λ= 220 nm 

Amine 9, catalyzed by 

TRIP

 

TRIFP

TiPSY
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1-naph 

 

9-phen 

 

TRIM 

 

Amine 10, catalyzed by 

TRIP

 

TRIFP
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TiPSY

 

1-naph

 

9-phen

 

TRIM

 

Amine 11, catalyzed by 

TRIP
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TRIFP

 

TiPSY

 

1-naph

 

9-phen

 

TRIM
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4.1. Abstract 

NMR provides both structural and dynamic information, which are key to connect intermediates and 

to understand reaction pathways. However, fast exchanging catalytic intermediates are often inacces-

sible by conventional NMR due its limited time resolution. Here we show the combined application of 
1H off-resonance R1NMR method and low temperature (185-175 K) to resolve intermediates exchang-

ing on a s time scale (ns at room temperature). The potential of the approach is demonstrated on 

chiral phosphoric acid (CPA) catalysts in their complexes with imines. The otherwise inaccessible ex-

change kinetics of the E-I⇌E-II imine conformations and thermodynamic E-I:E-II imine ratios inside the 

catalyst pocket are experimentally determined and corroborated by calculations. The E-I⇌E-II ex-

change rate constants (kex
185K) for different catalyst-substrate binary complexes varied between 2500-

19000 s-1 (ex = 500-50 µs). Theoretical analysis of these exchange rate constants revealed the involve-

ment of an intermediary tilted conformation E-III, which structurally resembles the hydride transfer 

transition state. The main E-I and E-II exchange pathway is a hydrogen bond strength dependent tilting-

switching-tilting mechanism via a bifurcated hydrogen bond as transition state. The reduction in the 

sterics of the catalyst showed an accelerated switching process by at least an order of magnitude and 

enabled an additional rotational pathway. Hence, the exchange process is mainly a function of the 

intrinsic properties of the 3,3´-substituents of the catalyst. Overall, we believe that the present study 

opens a new dimension in catalysis via experimental access to structures, populations and kinetics of 

catalyst-substrate complexes on the s time scale by 1H off-resonance R1method. 
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4.2. Introduction 

In the past decade, ion pair catalysis has witnessed an enormous growth in synthetic applications.1 

Especially, Brønsted acid catalysis is a well explored class for various enantioselective syntheses.2–7 

However, experiment based structural and mechanistic studies are very rare and often the mechanistic 

insights are obtained by theoretical calculations.8–11 As a result, the absence of experimental con-

straints may lead to an underdetermination of the assumed theoretical models. Therefore, experi-

mental detection and characterization of key intermediates and their interactions are pivotal in the 

elucidation of the plausible pathways of a catalytic reaction and to validate the theoretical models. 

Often, structural insights of intermediates and their spatial arrangement are obtained from X-ray crys-

tal structures, which provides highly valuable structural information at atomic level. However, these 

crystal structures reveal often only a single point of the whole conformational space and thus can con-

ceal the existing dynamics of substrate catalyst complexes (e.g. in the case of chiral phosphoric acids 

in their binary complexes with imines only one5 out of four12 main conformations was found with X-

ray). In addition, solid state effects may induce thermodynamic preferences differing from those in 

solution (e.g. dimers versus monomers in ion pair catalysts13) and thus complicate the interpretation. 

In addition, the obtained intermediate structures are generally disconnected points on the reaction 

profile, which have to be interpolated to connect the points and later extrapolated to interpret the 

reaction outcome.  

In solution the formed substrate-catalyst complexes exist as Boltzmann distributed conformers. These 

intermediates differ in their interaction patterns, e.g. hydrogen bonds, Coulombic interactions, cova-

lent and non-covalent interactions,12,14,15 which are vital and might be deterministic for the reaction 

outcome.16–19 In this regard, solution NMR spectroscopy provides both structural and dynamic infor-

mation about multiple Boltzmann distributed intermediate states of a catalytic reaction. Especially the 

dynamic information allows connections between the intermediates on the reaction profile and thus 

reveal rich insights into the reaction mechanism.20 Indeed, NMR e.g. has been successfully applied to 

detect intermediates and elucidate reaction mechanisms in photo-,21 organo-18,22 and transition metal 

catalysis,23–28 to study weak intermolecular interactions,29,30 to reveal aggregations of organic,15,31 in-

organic and organometallic molecules32,33 and to extract kinetic isotope effects.34,35  Despite this great 

success, the inherent low sensitivity and low time resolution of NMR makes the detection of exchang-

ing and low populated intermediates challenging. In terms of detection of transient low populated key 

intermediates in the slow exchange regime (~ms time scale), we successfully demonstrated the appli-

cation of chemical exchange saturation transfer (CEST)36 in organocatalysis,37 photocatalysis,38 and Sil-

icide Zintl ions chemistry.39 However, for investigating fast exchanging intermediates, not only the sen-

sitivity but also the time resolution has to be extended. In this context, NMR relaxation dispersion 
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experiments can play a significant role to quantify the populations and dynamics in the fast exchange 

regime (ms-µs time scale).40–42 This approach works based on a systematic deciphering of chemical 

exchange contribution to the relaxation via systematic incrementation of the RF field (B1), which re-

veals chemical exchange rates, populations and chemical shift information. In the past decades, the 

relaxation dispersion NMR experiments CPMG and R1  methods were successfully applied to study fast 

dynamics and structures of low populated43 biomolecular conformations (proteins and RNA), which 

are key to enzymatic functions.40,41 Both CPMG and R1 reveal the same information.44 However, to 

access faster dynamics the CPMG method is restricted by the number of repeatable -pulses in a given 

time period and further requires experimental data at multiple magnetic fields.40,45 In contrast, the R1 

methods apply a continuous RF pulse (spin-lock) and its field (B1) is systematically varied to access 

dynamics and hence it is not limited by number of repeatable pulses and suitable for measurement of 

faster dynamics in terms of NMR.42 The 2D analogous CPMG and R1 relaxation dispersion experiments 

with 15N and 13C nuclei as probes were preferred  in Biomolecular NMR due to their well resolved 

chemical shifts in the spectra and the reduced dipolar and scalar interactions.40–42,44 However, this ap-

proach can only disclose dynamics down to 40 µs time scale.46 Additionally, selective labelling of cat-

alyst and substrates in organic reactions is challenging. On the other hand, protons are more sensitive 

both towards the magnetic field and towards changes in the chemical environment.  Thus, it reveals 

better structural information and relatively faster exchange processes.45,47 Furthermore, due to the 

natural abundance of protons in organic molecules, protons are the preferred choice for studying cat-

alytic reactions. However, protons as relaxation dispersion probes suffer from extensive scalar and 

dipolar interactions, which complicate the analysis and hence limit the applications of proton based 

R1 methods. The recent advancement in selective labelling techniques and NMR pulse sequences have 

partially addressed these problems. One significant advancement was the development of an off-res-

onance R1 method, in which the spin lock field (B1) and its offset were simultaneously varied to mod-

ulate the effective field, while still maintaining the constant angle (35.30o) of the spin locked magnet-

ization.48,49 This enables higher effective fields than the on-resonance R1 method and also improves 

the accuracy by reducing the coherent evolution due to scalar couplings and minimizing the cross-

relaxation contributions to the measured rates. Currently, with the recently reported high-power spin 

locking field facilitated by cryogenically cooled probes, it is possible to push the off-resonance R1 

method to access <40 µs time scale dynamics as well.46,47 These improvements have also enabled the 

application of relaxation dispersion NMR methods in recent ligand binding studies.45,47 Despite these 

recent developments and extended applications of relaxation dispersion NMR experiments, so far to 

the best of our knowledge the relaxation dispersion NMR methods were not applied in mechanistic or 

structural studies in chemical catalysis. 
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Figure 1. A) Investigated systems and catalytic cycle of the transfer hydrogenation of ketimines with chiral phosphoric acids: Our earlier work 

showed the existence of E- and Z-imine/catalyst binary complex and two fast exchanging conformations for each configuration based on NOE 

analysis.12,15 In the present work, we resolved the fast exchanging E-conformations and quantified the rate by R1 experiments and corrobo-

rated by calculations for the given catalyst/substrate combinations. B) Structures of the two E-conformations of TRIP/imine complexes (Type 

I and Type II), which are in fast exchange even at 180 K. 

Recently in the field of chiral phosphoric acid (CPA) catalysis, we achieved significant progress in struc-

tural investigations12 and H-bond characterization14 of catalyst-imine binary complexes by application 

of NMR spectroscopy and computational chemistry. For the first time, we showed the coexistence of 

E- and Z-imine binary complexes by NMR (Figure 1A).  In-depth NOE analysis and computational results 

revealed four major core structures, two correspond to the E-imine (E-I and E-II, Figure 1B) and the 

other two correspond to the Z-imine (Z-I and Z-II). These four core structures (E-I/II and Z-I/II) possess 

zwitterionic character and are anchored by a strong hydrogen bond with a highly covalent character. 

Surprisingly, despite the strong hydrogen bond, we observed a fast exchange (on the NMR time scale) 

between the substructures (E-I⇌E-II; Z-I⇌Z-II) even at very low temperature (130 K). Additionally, for 

binary complexes of various CPAs and imines, we established an internal acidity scale,50 and confirmed 

the E-I/II and Z-I/II complexes as four core structures in all of these systems.51 As demonstrated later 

in this work, the internal acidity (H-bond strength) and the steric properties of the CPA and/or imine 

play a significant role in the exchange of E-I and E-II.     

Despite this enormous progress, due to the fast exchange between E-I ⇌ E-II and Z-I ⇌ Z-II conformers 

(Figure 1), the quantification of their population and dynamics in the catalyst pocket have remained 

inaccessible so far and could only be accessed by theoretical calculations. However, the theoretical 

calculations can have a significant offset to the experimental values, i.e. E/Z-ratio in the CPA/imine 

complexes.15 Thus, the validation of theoretical methods applied is highly desirable if possible. The 

experimental and theoretical determination of the kinetic and thermodynamic properties of these 
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conformers can reveal delicate information such as non-covalent interactions (H-bond, dispersion, 

electrostatic), active pathways or possible structures of the transition states. This in turn provides in-

depth understanding of the behavior of the catalyst-substrate complex at molecular level, i.e. flexibility 

of the system,52 and serves as a basis for further rational development. Additionally, it enables valida-

tion and refinement of theoretical models. 

Despite our best efforts, i.e. NMR measurements down to 130 K in freonic solvent mixtures, so far it 

has not been possible to access experimentally the populations and exchange rates of E-I/E-II or Z-I/Z-

II. One approach to solve this problem is further reduction of the temperature to slow down the ex-

change rate. However, the practicability is limited due to the freezing of the solvent. Moreover, it is 

also difficult to achieve very low temperatures in standard NMR spectrometers. 

To access fast dynamics on a molecular level in chemical catalysis, in this work for the first time the 

combination of low temperature (185-175 K) and 1H off-resonance R1 was successfully applied to a 

real catalytic system. Furthermore, fast conformational exchanges (on the NMR time scale and in ab-

sence of the reductant) in CPA/E-imine complexes were experimentally resolved. The rate constants 

or free energy barriers for the exchange processes were quantified and corroborated by theoretical 

calculations. Furthermore, by merging NMR-spectroscopic and theoretical results we identified the 

exact exchange mechanism between E-I and E-II. We could elucidate the influence of the hydrogen 

bond strength and 3,3´-substituents on the exchange rates and the operative exchange pathways. This 

was the first time to the best of our knowledge that microsecond dynamics (ex = 500-50 µs) in a cata-

lytic complex were observed in such depths that even a fast hydrogen bond switching/substrate hop-

ping in catalysis was quantified by NMR spectroscopy. 

 

4.3. Results and Discussion 

4.3.1. System selection 

For establishing the method, initially we selected the binary TRIP/1-imine complex due to our detailed 

knowledge about structures and behavior at low temperature condition. The presence of the binary 

complex is proven by the large trans hydrogen bond scalar coupling (2-3 Hz) traversing between 31P 

and  15N nuclei.14 In 1:1 CPA/imine mixtures, the binary complex is formed in a sufficient amount (typ-

ically >70% in 1:1 mixtures) which is adequate for the current investigation.50 At 180 K, based on our 

previous solvent screening, we found that dichloromethane (CD2Cl2) provides best chemical shift dis-

persion and narrow linewidths. The low temperature condition is crucial to freeze the exchange be-
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tween E- and Z-complex, which allows individual analysis of the two configurational complexes by sim-

plifying the exchange matrix. From our previous structural investigation, the presence of E-I and E-II as 

well as Z-I and Z-II are predicted by DFT-calculations and experimentally proven by NOE contacts and 

hydrogen bond analysis.12,14 In the E-I conformation, NOE contacts between the ketone moiety of the 

imine and the BINOL backbone of the catalyst were observed, while the E-II conformation was con-

firmed by NOE contacts between the aniline moiety and the BINOL backbone (Figure 1B). For TRIP/E-

imine complexes, we observed different signal sets for the two naphthyl fragments of the BINOL back-

bone in the proton spectrum. In contrast, only one set of signals for the backbone of the Z-imine was 

assigned, which indicates a different fast exchange process between Type I and Type II, leading to 

backbone averaging. 

 

4.3.2. Possible exchange pathways 

In principal, the fast exchange between Type I and II can be realized by three different pathways (Figure 

2). In all pathways, first the imine tilts to an intermediate position denoted as Type III.1/2 (see SI for 

structure).  These structures adopt a similar hydrogen bond geometry as in the ground state E-I/II. 

However, the E-imine in Type III.1/2 is found in the middle of the catalyst’s binding pocket, similar to 

its position in the hydride transfer step or in dimers of the binary complex.15 Thus, the interaction 

between the imine and BINOL-backbone is lost in the intermediate E-III.1/2. Subsequently after the 

tilting, the imine either switches the hydrogen bond donor atom (pathway A) or rotates inside the 

binding pocket without switching the H-bond (pathway B). Afterwards, additional tilting leads to the 

Type I structures. For both pathways (A and B), the two different naphthyl-fragments B1 and B2 of the 

BINOL backbone experience a different chemical environment and thus show different signals in the 

proton spectra. According to our previous NOE and chemical shifts analysis, the exchange between E-

I and E-II via rotation only (pathway B: n = 0) is excluded in TRIP, TRIM and TiPSY binary complexes.12,15 

The pathway C is an intervention of pathway A by the rotation or pathway B by the switching of the 

imine. This process can lead to the same conformation (Figure 2 pathway C: n = odd; Type E-II → E-II) 

or to different conformation (Figure 2 pathway C: n = even; Type E-II → E-I). In the first scenario with 

n is an odd number, the aniline part of the imine (red colored half ellipsoid) at the beginning of this 

process is placed above the naphthyl-moiety B1 (black naphthyl-fragment), and at the end the aniline 

part is located above B2 (grey naphthyl-fragment). As both structures are C2 related, the two naphthyl-

fragments B1 and B2 experience the identical chemical environment. In a similar way, for the second 

scenario (n = even), exchange between Type I and Type II occurs. Both scenarios can occur with equal 

probability. Thus, for the system in equilibrium, pathway C will lead to an exchange between Type I 
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and II as well as to one averaged set of backbone signals with the combined information of Type I and 

Type II. 

 

Figure 2. Possible fast exchange pathways between E-I and E-II. In pathway A, the interconversion between E-II and E-I occurs inside the 

complex by tilting, switching and tilting via the intermediate E-III.2/E-III.1. In contrast, in pathway B (n = 0; H-bond switching off), the exchange 

occurs via rotation only. In pathway C (n > 0; H-bond switching on), rotation and switching are coupled yielding either the same conformation 

(n = odd) or different conformation (n = even). n is the number of occurring switching events prior to tilting. 

In our previous work,12 pathway A was assumed to be operative for binary TRIP/E-imine complexes 

based on steric considerations, i.e. the E-imine cannot rotate inside the binding pocket, and in accord-

ance with that backbone splitting was observed.53 However, so far these dynamic exchange pathways 

were only deduced from NOE contacts and backbone splitting. 

To analyze and quantify these fast exchange processes, we applied the recently reported 1D 1H off-

resonance R1 method.47 The application of the method mainly involves two parts, selection of proton 

sites and optimization of the method. The complete details of the method optimization are given in SI. 

The selection of proton sites is discussed below. 

 

4.3.3. Probe selection (proton site selection) 

In order to maximize the accuracy of the method, the selected proton or protons must satisfy the 

following conditions: it should (i) exhibit a significant change in chemical environment (chemical shift) 

during the E-I ⇌ E-II exchange, (ii) be free from 1H-1H scalar couplings (iii) and the selected proton peak 

should be free from signal overlap. Based on these criteria, we selected two probes for the TRIP/1 

complex, i.e. the protons of the para methyl group of the imine (Figure 3, green shaded, imine-pMe) 
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and the H1 proton (Figure 3, red shaded) from the catalyst backbone.  Both undergo significant chem-

ical shift changes during the E-I ⇌ E-II process and are free from significant 1H-1H scalar couplings. The 

respective singlet peaks from these two probes of TRIP/1 are depicted in 1D 1H spectrum (Figure 3). If 

both probes are sensing the same chemical exchange process, then both should show similar exchange 

rates. 

 

Figure 3. Selection criteria of probes (proton sites) for R1: 1) significant change in the chemical environment; 2) free from significant scalar 

coupling; 3) free from signal overlap. The selected protons and the corresponding peaks in the 1D 1H spectrum at 600 MHz and 180 K in 

CD2Cl2 are marked in red (catalyst site) and green (imine site). 

 

4.3.4. R1 measurements 

Initially, the R1 relaxation was measured for both the proton sites at 180 K by using optimized constant 

spinlock duration and varying the effective field (Beff, see SI). The experimental results for both protons 

showed an offset-Lorentzian decay of R1 (obtained as R1/sin2 θ iswith increasing effective field 

(Figure 4), which indicates that the proton sites experience a fast chemical exchange process. The ex-

change rate (kex) of this fast chemical exchange process was extracted by curve fitting (for fit equation 

see SI Eq. 1).54 Similar kex for both probes were observed (at 180 K, for imine-pMe kex  12000 s-1 and 

for H1 of catalyst kex  11000 s-1), which reveals that both the proton sites are experiencing the same 

fast E-I ⇌ E-II process.  

After this initial establishment of the protocol, we extended the measurement of R1 for both probes 

at two other temperatures (185 K and 175 K, Figure 4) to extract the population ratio E-II:E-I, which 
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facilitates the determination of the free energy barrier G‡. At all three temperatures we observed 

comparable exchange rates for both probes, which again confirms that both experience the same pro-

cess. Further analysis (see SI) revealed a population ratio of E-II:E-I of 75:25 on average and an activa-

tion barrier for E-I  E-II of 30 kJ/mol at 180 K (Figure 4). The theoretically predicted ratio at 180 K 

between E-II and E-I of 61:39 corroborates further the experimental results. This good agreement is at 

the first glance surprising, since the offset of the predicted E:Z ratio to the experiment was shown in 

the previous work to be significantly large (calc. E:Z = 99.9 : 0.1 vs. exp. E:Z = 80:20).15 This can be 

explained by the similarity in their interactions and geometries between the Type E I and Type E II. The 

better agreement between theory and experiment validates the theoretical model at least within E-

conformations. Furthermore, due to this agreement between theory and experiment a reliable analy-

sis of the exchange process in terms of interactions (H-bonds and steric) is possible by theory. 

 

Figure 4. The offset-Lorentzian decay curves from the R1 measurements for both probes (pMe-proton from imine and H1 from the catalyst) 

indicate the presence of a fast E-I ⇌ E-II process. The kex values of both probes (extracted by curve fitting) show similar values, which confirms 

that both probes experience the same exchange process. R1 measurements at three different temperatures (175 K to 185 K) allows the 

extraction of population and the individual exchange rates of both directions.55  

In conclusion, we successfully applied the R1 method to measure exchange rates on the s time scale 

in a real catalytic system, which is the prerequisite to systematically address the influence of steric and 

H-bond strength on the exchange process. 
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4.3.5. TRIP/1-3E imine complexes: H-bond dependent exchange pathway A 

Next, we attempted to assign the measured exchange rate in TRIP/1E to the possible pathways. In our 

systems, exchange proceeding via dissociation-reassociation is slow on the NMR time scale (< 50 s-1, 

see SI for details) and does not match with the measured experimental rates (103-104 s-1). Hence, dis-

sociation can be excluded. The steric bulk of the 3,3´- and imine-substituents hinder the rotation inside 

the binding pocket, which excludes pathway B (see Figure 2 for exchange pathways). This is validated 

further in the presented work by the semiempirical molecular dynamic (xtb-MD56) showing that rota-

tion does not occur in TRIP/1E even at highly elevated temperatures (300 K - 370 K; see SI).57 In pathway 

A (tilting, switching, tilting), the imine relocates from E-I/II towards E-III.1/2 and subsequently the hy-

drogen bond switches from one oxygen atom to the other (Figure 2). For the tilting step, theoretical 

calculations predicted complex multi-events involving torsions of the aromatic moieties of the imine 

and simultaneous translation towards E-III.1/2. Due to the complexity of the tilting process and the 

number of involved transition states between E-I/II and E-III.1/2, no barrier could be estimated. Struc-

tural analysis showed that the hydrogen bond in the tilting step and the resulting intermediates E-

III.1/2 is only slightly modulated. Hence, we can assume in a first approximation that the barrier for 

the tilting is affected by the interaction loss between the BINOL backbone and imine as well as the 

slight weakening of the hydrogen bond. For the switching step, the corresponding transition state re-

vealed a bifurcated hydrogen bond type and an elongation of the hydrogen bond as well as a drastic 

change in the POH angle compared to E-I/II and E-III.1/2 (see Figure 5B). Therefore, a significant weak-

ening of the hydrogen bond in the transition state is anticipated.58 Together with the interaction loss 

with the BINOL backbone, a large enthalpic penalty is expected for this switching step. Thus, compared 

to the tilting step, the H-bond switching is postulated to be rate determining and be largely dependent 

on the hydrogen bond strength. Indeed, the calculated free energy barrier relative to E-II for the 

switching (G‡
calc (II→I)) equals +31.4 kJ/mol, which adequately fits to the experimental value (G‡

exp 

(II→I)= +31.3 kJ/mol) and suggests that the R1 determined kex corresponds to the rate determining 

switching process.  

To further confirm this experimentally, we selected a series of imines with similar steric bulk but vary-

ing basicity to modulate the hydrogen bond strength (Figure 5).  The highest exchange rate is deter-

mined for the TRIP complex with imine 3, followed by 1 and 2. Next the order of hydrogen bond 

strengths was established according to our previous investigations14,50 and according to this the least 

basic imine 2 possesses the strongest hydrogen bond and the most basic imine 3 the weakest, while 1 

is in between.14 This shows an inverse correlation between the hydrogen bond strength and the ex-

change rate or a direct correlation to the free energy barrier. The increased barrier due to the stronger 

H-bond was also computed for imines 1 and 2 (for the process II→I: G‡
exp (2-1) = +1.4 
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kJ/mol;G‡
calc (2-1) = +3.1 kJ/mol), which corroborates the experimental results. Thus, within the 

investigated TRIP/imine complexes, i.e. similar steric environment, the exchange between E-I and E-II 

is strongly dependent on the H-bond strength. This is congruent with our previous assumption that 

hydrogen bond switching (pathway A) is the operative exchange pathway. In summary, both experi-

mental and theoretical results clearly proved that the H-bond switching step is the measured process 

and rate determining in pathway A. 

 

Figure 5. TRIP/imine complexes show a H-bond strength dependent exchange rate (measured at 180 K) A) Upon decrease of the H-bond 

strength (via different substituents at the para-position of the ketimine) the free activation barrier of the E-I ⇌ E-II process for pathway A (H-

bond switching) is reduced. B) Theoretical calculations of the transition state of the H-bond switching show a bifurcated H-bond corroborating 

the experimental observation of a H-bond strength dependent process. 

 

4.3.6. TRIM/1-3E imine complexes: Reduced sterics allow for rotations 

To understand the effect of the 3,3´-substituents on the exchange process, which are key to reactivities 

and selectivities in these catalytic reactions,59,60 we selected TRIM (see figure 1A for structure) as CPA 

due to its structural similarity to TRIP. In our previous investigations on binary TRIM/imine complexes, 

we could identify the same four core structures E-I, E-II, Z-I and Z-II but also observed several altera-

tions compared to the TRIP systems.15 With identical imines TRIM forms weaker hydrogen bonds com-

pared to TRIP, which should result in a faster hydrogen bond switching process. Furthermore, in TRIM, 

neither E- nor Z-imine complexes showed a signal splitting of the BINOL-backbone (Figure 6C: averaged 

BINOL backbone), which suggests pathway C as an exchange pathway between E-I and E-II. Moreover, 

dimers of the binary complex [TRIM/E-imine]2 were also identified, which are in slow exchange with 

the respective monomeric complexes and the free imine. 



4. Relaxation Dispersion NMR to reveal fast Dynamics in Brønsted Acid Catalysis: Influence of Sterics 
and H-bond strength on conformations and substrate hopping 

 

73 
 

 

Figure 6. R1 measurements and 1H-31P HMBC spectra of TRIM/1-3E complexes reveal an additional rotational process. A) Selected H1-proton 

signal of the catalyst to observe and quantify the E-II/E-I exchange process by R1 experiments for complex TRIM/1E (1H spectrum at 180 K 

and 600 MHz in CD2Cl2). B) Despite calculations indicating a faster switching process for TRIM/1E compared to TRIP/1E (for TRIM/1E: 

G‡calc(II→I) = +26.4 kJ/mol;  G‡calc(I→II) = +22.9 kJ/mol; calculated kex = kI-II + kII-I = 0.9 ∙ 106 s-1; not observable by R1), the R1 decay curves 

and their analysis showed a slower exchange process, suggesting the presence of an additional pathway (rotation). C) The absence of back-

bone splitting confirmed the activated rotation in the exchange process. 
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Similar to the investigated TRIP systems, the catalyst signal H1 was used as probe, because the corre-

sponding peak is well separated (Figure 6A). In addition, a significant chemical shift difference between 

E-I and E-II was expected for the H1-proton. Unlike in TRIP/1, the imine signal of the para-CH3 substit-

uent of 1 (Figure 6A) was not suitable, as it partially overlapped with the CH3-signals of the 3,3´-sub-

stituent. The same optimized parameters as for TRIP were used in the TRIM systems (for details see 

SI). Surprisingly, the determined exchange rate of 3 · 103 s-1 for TRIM/1 was significantly lower than 

that for TRIP (11 · 103 s-1 see Figure 6B), although a faster exchange was expected due to the weaker 

hydrogen bond. Hence, we further modulated the hydrogen bond strength in TRIM/imine complexes 

by varying the imine. However, the TRIM complexes with E-imines 1, 2 and 3 gave similar exchange 

rates of 2-3 · 103 s-1 despite the alteration in H-bond strength (see SI for details on TRIM/2 and TRIM/3). 

This lack of dependency for TRIM/E-complexes demonstrates that either a different exchange pathway 

is operative compared to the respective TRIP systems or a shift of the rate determining step occurs, 

which is then independent of the H-bond strength. Furthermore, the observed averaging of the BINOL-

backbone indicates also an alteration in the exchange mechanism. This is validated by theoretical cal-

culations, which predicted a much lower switching barrier for TRIM/1 than the experimentally ob-

served (G‡
calc(II→I) = +26.4 kJ/mol; G‡

exp(II→I) = +36.0 kJ/mol).   

As in TRIP systems, the exchange between TRIM/1E and free imine as well as with the dimer [TRIM/1E]2 

is slow on the NMR timescale and separated sets of signals were identified for these species. Hence, 

exchange pathway via association/dissociation or any process including the dimer do not contribute 

significantly to the measured exchange rates. For pathway A, we expected a backbone splitting as in 

TRIP, which is not in agreement with the observed signal averaging.61 On the other hand, the reduced 

steric bulk of TRIM compared to TRIP9 could potentially enable rotation of the E-imine in the binding 

pocket. Thus, pathway C could be operative, and the two naphthyl-fragments of the BINOL-backbone 

will be symmetrized by the exchange. To corroborate the participation of rotation in the exchange 

pathway, VT-MD simulations from 300 K to 350 K were performed. Indeed, the trajectory analysis of 

the MD at 340 K (Figure 7) revealed that in contrast to TRIP, rotation of the E-imine in the binary 

TRIM/1 complex is possible. From the MD-simulation of TRIM/1, the fast switching and tilting of the 

imine (pathway A) occur over the defined time frame of 4000 ps (Figure 7: red and green shaded binary 

complexes), which allows the exchange between Type I and Type II. The intervention of tilting and 

switching by the imine rotation event takes place after ca. 3000 ps (dotted line) and converts the red 

shaded binary complex to the green shaded binary complex. This leads to an averaging of BINOL back-

bone peaks observed in NMR. 
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Figure 7. xtb-MD simulations corroborate a rotational exchange process in TRIM/1E. Distance trajectory between selected atoms from semi-

empirical MD at 340 K for a TRIM/1E complex in CD2Cl2. From 0 – 3000 ps (red shaded box), tilting and switching of imine inside the complex 

occurs (similar to the exchange between Type E-I and E-II in TRIP). Then a rotation occurs after 3000 ps (dotted line) with continued switching 

and tilting (green shaded box) leading to an averaged BINOL-backbone signal observed in NMR. The red shaded binary complex is related to 

the green shaded binary complex by a 180o rotation of the imine. In the red shaded binary complex E-II conformation is marked by a short 

distance between C58 and H10, while in the E-I conformation C80 is in proximity with H25. The green shaded binary complex showed the 

alternation of the contact matrix after the rotation of the imine. 
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4.3.7. TRIM/4E imine complex: Disabling of rotation by steric hindrance 

To hinder the rotation of the E-imine inside the complex and thus to validate indirectly the previous 

results, we increased the steric bulk of the imine by introducing two t-butyl groups, one on each side 

(see Figure 8 for imine 4). The structural analysis of TRIM/4 (see SI for details) revealed the presence 

of the four core structures by NOE analysis. As in all other investigated TRIP and TRIM systems, two 

sets of signals were obtained, one featuring an E-imine and the other a Z-imine. This implies that the 

exchange between Type I and Type II is present and fast on the NMR time scale. Interestingly, in con-

trast to all other investigated TRIM/imine complexes, no dimers [TRIM/4]2 were detected, which indi-

cates that the steric repulsion overrides the attractive interactions in the dimer. Additionally, signal 

splitting of the BINOL-backbone is now observed indicating that the rotation process is now disabled 

as intended (Figure 8C). In terms of H-bond strength, TRIM/4E is positioned between TRIM/1E and 

TRIM/3E (for details SI). 

 

Figure 8. R1 measurements for TRIM/4E complex showing disabled rotation by the increased steric of the imine 4. A) Selected peak in the 

spectra to observe and quantify the E-II/E-I exchange process. B) No offset-Lorentzian decay was detected by R1 experiment indicating both 

no rotation and a too fast switching. C) The backbone splitting is restored in the 1H-31P HMBC spectrum due to disabled rotation. 

The application of the R1method with the identical pulse program parameters as before on the cata-

lyst backbone signal H1 shows no signal decay on increased ωeff (Figure 8B). This means, the fast ex-

change process between E-I and E-II (see above) is not in the time scale accessible by R1 (103 – 105 s-1). 

The computationally estimated exchange rate of TRIM/1E for the switching step is in the order of 
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106 s-1. For TRIM/4E an even higher exchange rate is expected due to the weaker hydrogen bond as-

suming that the increased steric of imine 4E does not interfere with the switching process. Hence, the 

absence of decay in the R1 for TRIM/4E is due to the absence of the rotation. In other words, the decay 

we observed in TRIM/1-3E is the rotation in pathway C. Thus, we demonstrated that the modification 

of 3,3´-substituents can alter the operative exchange pathways, i.e. enabling rotation due to reduced 

steric hindrance. In addition, acceleration of the H-bond switching rate is possible due to the modula-

tions of H-bond strength and catalyst’s steric properties. 

 

4.3.8. TiPSY/1E imine complex: Influence of 3,3’-substituents on the H-Bond 

switching rate 

To qualitatively determine the influence of the catalyst’s sterics on the rate of the switching process, 

we selected TiPSY/1E. Due to the increased steric property of TiPSY,9 the rotation of the E-imine (path-

way B and C) inside the catalyst pocket is disabled similar to the situation in TRIP and was confirmed 

by the backbone splitting in 1H spectra (see SI). NOE analysis showed a fast exchange between Type E-

I and E-II as in other binary complexes, leaving the exchange pathway A being the only operative mech-

anism.15 According to the 15N chemical shift14,15 (see Figure 9), TiPSY/1E possesses a H-bond strength 

between TRIP/1E and TRIP/3E. Thus, if the switching process is solely dependent on the H-bond 

strength, we expect an exchange rate between the ones of TRIP/1E and TRIP/3E. However, if also the 

steric requirement of the 3,3´-substituent of the catalyst has an influence, then a deviating exchange 

rate is expected. The obtained plot from the R1 measurement showed a decay and an exchange rate 

of 9000 s-1 at 180 K (see SI and Figure 9). Hence, the operative tilting-switching process is detectable, 

and its rate is lower than expected from its H-bond strengths. This result confirms the trend already 

indicated by the switching rates of the TRIP and TRIM/imine complexes:62 the switching process is a 

function of two variables: H-bond strength and steric properties of the 3,3´-substituents (Figure 9).  
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Figure 9. Overview of the present work showing the influence of the size of the 3,3´-substituents (according to the cone size of the binding 

pocket)9 and the H-bond strength (expressed by 15N)50,63,64 on the exchange pathway and rate. Variation of the imine basicity in TRIP com-

plexes modulates the switching rate proving an H-bond strength dependent process. Reduced sterics and weakening of the H-bond as in 

TRIM/imine complexes accelerate the H-bond switching process beyond detection in R1 measurements and allow for the rotation of the 

imine.  An increase of 3,3´-steric bulk in a TiPSY imine complex disables the rotation and decelerates the switching process significantly.  The 

newly applied R1 method in catalysis extends the measurable exchange rate from 103 to 105 s-1. 

 

4.4. Conclusion 

This study illustrates the potential of relaxation dispersion NMR in chemical catalysis. In contrast to 

biomolecules, in our system low temperature applications are possible, which extend the time resolu-

tion again by three orders of magnitude (e.g. 300 K to 180 K results in a factor of 5000). As a result, 

processes on the ns time scale at room temperature can be resolved with NMR at low temperature. 

As a result, the application of R1 measurements at low temperatures even allowed to analyze the 

kinetics of a single hydrogen bond switch, which to our knowledge is so far unprecedented in chemical 
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catalysis. By combining these R1 measurements and theoretical calculations we succeeded to quantify 

the dynamics and visualize different possible pathways (switching, switching-rotation combined) for 

E-I⇌E-II imine exchange inside the CPA catalyst cavity in ion pair catalysis. These observed mechanistic 

pathways at molecular level were dependent on both sterics and H-bond strengths (Figure 9). Altera-

tion at either catalyst or substrate affected the dynamics in terms of both magnitude and mechanism. 

The rate of the tilting-switching process increased with the decrease of H-bond strength under com-

parable sterics, indicating H-bond switching as the rate determining step, which was corroborated by 

theoretical calculations. On the other hand, reduced sterics significantly accelerated (at least by an 

order of magnitude) the switching process and in addition enabled a rotational pathway.  

We believe that this conformational resolution of catalyst-substrate complex structures and their dy-

namics (in absence of the reductant) by experiment opens a new era in mechanistic investigations of 

catalytic reactions, towards designing and understanding the catalytic reactions in terms of conforma-

tional space (flexibility) and weak interactions (H-bond strength and sterics). 
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4.6. Supporting Information 

4.6.1. Experimental data  

Deuterated solvents were purchased from Deutero or Sigma Aldrich. Where dry solvents were essen-

tial, CD2Cl2 was freshly distilled over CaH2 and Toluene was refluxed over Na/Benzophenone under 

argon atmosphere. The catalysts were purchased from Sigma Aldrich or STREM chemicals.  

High-resolution mass spectra were measured by the central analytics division in the Institute of Organic 

Chemistry. Gas chromatography coupled with a mass selective detector was performed on an Agilent 

6890N Network GC-System. 
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4.6.2. Synthesis of Imine Substrates  

The imines were prepared as described in the literature.1–4 The toluene was used either in p.A. quality 

or was dried by refluxing over sodium. The 15N-enriched aniline (if used) was purchased from Euriso-

top GmbH and Sigma Aldrich.  

(E)-N,1-bis(4-(tert-butyl)phenyl)ethan-1-imine [5] 

 

Molecular sieves 4 Å (4 g) was weighed into a 50 mL Schlenk flask and dried with a heat gun at 350 °C 

for 30 min under reduced pressure. Under Argon flow, 4-(tert-butyl)aniline (10.0 mmol, 1.49 g, 1.60 

mL, 1.0 eq) and 1-(4-(tert-butyl)phenyl)ethan-1-one (10.0 mmol, 1.76 g, 1.83 mL, 1.0 eq.) were added 

and dissolved in 20 mL anhydrous toluene. Under Argon flow, a reflux condenser was added to the 

setup and flushed with argon for 3 min. A drying tube filled with CaCl2 was added to the setup. The 

solution was refluxed for 24 h. Afterward, the heating bath was removed, and the reaction mixture 

allowed to cool down. The orange mixture was filtrated, and the solvent was removed under reduced 

pressure to give an orange-yellow solid. The crude product was washed with methanol to give the 

product (4.76 mmol, 1.46 g, 48%) as yellow needles predominantly as its E-isomer (>99% determined 

by 1H NMR).    

1H-NMR (400.1 MHz, CD2Cl2) δH = 7.91 (m, 2H), 7.48 (m, 2H), 7.37 (m, 2H), 6.71 (m, 2H), 2.21 (s, 3H), 

1.36 (s, 9H), 1.34 ppm (s, 9H).  

13C-NMR {1H} (100.6 MHz): δC = 164.8, 153.7, 149.2, 145.8, 137.0, 126.8, 125.7, 125.2, 119.0, 34.7, 

34.1, 31.2, 31.0, 16.9 ppm. 

HR-MS (ESI, m/z): found 307.2289 (M)+ (calculated for 307.2300 for C22H29N); Diff(ppm) = -1.92 ppm. 

 

4.6.3. Sample preparation 

The catalyst was dried for 30 min at 150°C under reduced pressure. Ketimine and catalyst were directly 

weighed into a 5 mm NMR tube under an inert argon atmosphere. CD2Cl2 (0.6 ml; freshly distilled over 

CaH2) and 1.0 ml of tetramethylsilane atmosphere were added to the tube. The sample was stored in 
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an -80°C freezer. A 1:1 ratio of catalyst/ketimine was used for all samples unlike stated otherwise. A 

concentration of 0.25 – 100 mM was used, as indicated specifically.  

 

4.6.4. Spectrometer data 

NMR experiments were performed on Bruker Avance III HD 400 MHz spectrometer, equipped with 5 

mm BBO BB-1H/D probe head with Z-Gradients and a Bruker Avance III HD 600 MHz spectrometer, 

equipped with a 5 mm CPPBBO BB-1H/19F. The temperature was controlled in the VT-experiments by 

BVT 3000 and BVTE 3900. For NMR measurements employing standard NMR solvents 5 mm NMR tubes 

were used, if not otherwise noted. NMR Data were processed, evaluated and plotted with TopSpin 3.2 

software. Further plotting of the spectra was performed with Corel Draw X14 – X17 software. 1H,13C 

chemical shifts were referenced to TMS or the respective solvent signals. The heteronuclei 19F and 31P 

were referenced, employing (X) = (TMS) x reference / 100 % according to Harris et al.5 The following 

frequency ratios and reference compounds were used: Ξ (19F) = 94.094011 (CCl3F), Ξ(31P) = 40.480742 

(H3PO4).  

Pulse programs 

All pulse programs used are standard Bruker NMR pulseprograms except for the R1 meas-

urements. 

Acquisition Parameters 

1H NMR: Pulse program: zg; Relaxation delay = 2 – 3 s, Acquisition time = 2.48 s, SW = 22.0 ppm, TD = 

64k, NS = 8 – 64; zg30; Relaxation delay = 2 s, Acquisition time = 2.48 s, SW = 22.0 ppm, TD = 64k, NS = 

8 – 64; 2D-1H,1H NOESY: Pulse program: noesygpph/noesygpphpp; Relaxation delay = 5 - 8 s, NS = 8-

32, mixing time (D8) = 300.00 ms; TD = 4096; increments = 512 - 1k; 2D-1H,1H COSY: Pulse program: 

cosygpqf; Relaxation delay = 5 - 8 s, NS = 8-32, TD = 4096; increments = 512 - 1k; 13C NMR: Pulse pro-

gram: zgpg30; Relaxation delay = 2.00 s, Acquisition time = 0.80 s, SW = 270.0 ppm, TD = 64k, NS = 1k 

– 2k; 2D-1H,13C HSQC: Pulse program: hsqcedetgpsisp2.3; Relaxation delay = 4 - 8 s, NS = 8-32, 1JXH = 

145 Hz; TD = 4096; increments = 512 - 1k; 2D-1H,13C HMBC: Pulse program: hmbcgplpndqf; Relaxation 

delay = 4 - 8 s, NS = 8-32, 1JXH = 145 Hz, JXH(long range) = 10 Hz; TD = 4096; increments = 512 - 1k; 

2D-1H,31P HMBC: Pulse program: inv4gplrndqf; Relaxation delay = 4 - 8 s, NS = 8-32, TD = 4096; incre-

ments = 256 - 1k; 15N NMR: Pulse program: zg; Relaxation delay = 10.00 s, Acquisition time = 0.54 s, 

SW = 502.8 ppm, TD = 32k, NS = 256 – 2048; 2D-1H,15N HMBC: Pulse program: inv4gplrndqf; Relaxation 

delay = 5 - 8 s, NS = 16-32, delay for evolution of long range couplings (D6) = 20.00 ms; TD = 4096; 

increments = 128 - 512; 19F-NMR: Pulse program: zg30; Relaxation delay = 2 – 3 s, Acquisition time = 
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11.60 s, SW = 10.0 ppm, TD = 128k, NS = 8 – 64; 2D-1H,19F HOESY: Pulse program: hoesyph; Relaxation 

delay = 5 - 8 s, NS = 16-32, mixing time (D8) = 500.00 ms; TD = 4096; increments = 1k; 

 

4.6.5. 1D 1H off-resonance R1ρ 

Pulse sequence 

The recent reported 1D 1H off-resonance R1ρ pulse sequence is adopted with slight modification for 

our measurement.6,7 

 

 

Figure S1: Applied pulse sequence and mathematical relation to measure R1ρ experimentally. The applied angle (θ) is 35o. A spinlock period 

(t) of 100 ms is applied. The filled (black) and unfilled rectangular pulses respectively indicate 90o and 180o hard pulses. The gradient pulses 

of G1 = 70 % and G2 = 40 % of the maximum were applied. I0 is the intensity without any spinlock period and I is the intensity with spinlock 

period measured over a multiple effective magnetic field.  

 

Parameter Optimization 

The spinlock period (t) was incremented in 10 ms steps with maximum spinlock power ( 20 kHz). At 

each step, the temperature was monitored (sample heating can occur due to application of high inten-

sity spinlock field over an extended time). Around 120 ms, temperature oscillation was observed. To 

avoid any influence of temperature changes on the measurement, the spinlock period of 100 ms was 

applied in all our measurements. The normal relaxation period (T-t) in the absene of the spinlock is 

tested for 3 delays (50 ms, 100 ms and 150 ms). For all three different relaxation periods (T-t), we 

found similar exchange rates within the experimantal errors. To minimise signal loss due to relaxation, 

(T-t) of 50 ms was used in all our measurements. 
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Method testing  

To test the applicability of the R1ρ method, we applied the above described pulse sequence with opti-

mized parameters on the known peak in the spectrum (para-methyl protons of the hydrolyzed imine 

ketone part), which does not experience any chemical exchange process (on a ms-µs timescale) and 

on the same proton for the CPA/imine complex which experiences chemical exchange. The measured 

rate for the hydrozyled ketone showed a nearly straight line (no offset-Lorentzian decay with increas-

ing effective field ωeff), which was expected for non exchanging protons. For the same proton in the 

binary CPA/imine complex, an offset-Lorentzian decay was observed, which demonstrates the 

presenence of chemical exchange on a ms-µs timescale. 

 

Figure S2: To test the method, we selected the proton peak of the p-methyl group in the hydrolyzed ketone moiety (red shaded) and the 

proton peak of the p-methyl imine in the TRIP/imine binary complex (green shaded) within the same sample (to maintain identical condi-

tions). The hydrolyzed ketone does not undergo any chemical exchange on a ms-µs time scale. The corresponding measured R1ρ data at 180 

K with incremental effective field showed a near horizontol line, proving the absence of chemical exchange (left side). On the other hand, 

the imine inside the catalyst undergoes EI⇌EII exchange and thus the corresponding R1ρ data at 185, 180 and 175 K with incremental effective 

field showed offset-Lorentzian decays for the p-methyl protons in the TRIP/imine complex. This confirms the presence of chemical exchange 

process and hence validates our method for chemical exchange detection in ms-µs range. 

 

Curve fitting 

In order to analyze the R1ρ measurements, the signal intensities (integrals) are determined for every 

effective field strength ωeff (i.e. every different spinlock power) and normalized to the reference in-

tregral (spinlock power = 0 W). Initially, to extract kex, the measured experimental points are curve 

fitted to the following theoretically described equation by using MATLAB (see literature for further 

details8). 

                                                     
𝑅

sin 
= 𝑅 − 𝑅 +

(𝛥) 𝑃 𝑃 
1 +  

                                           (𝐸𝑞. 1) 
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Here   𝑅  𝑖𝑠 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑣𝑒𝑟𝑠𝑒 𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

       𝑅  𝑖𝑠 𝑡ℎ𝑒  𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

       Φ = (𝛥)2𝑃𝐴𝑃𝐵𝑒𝑥   𝑒𝑛𝑐𝑜𝑑𝑒𝑠 𝑏𝑜𝑡ℎ 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑠ℎ𝑖𝑓𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑛𝑐𝑒 𝑎𝑛𝑑  

𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑛𝑜𝑟 (𝑃 ) 𝑎𝑛𝑑 𝑚𝑎𝑗𝑜𝑟 (𝑃 ) 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 

    

Φ and the average isotropic chemical shift Ω  (in ppm) are related by 

                                                                     Φ=−Ω2+aΩ+b                                                          (Eq. 2) 

Here, 

a = 2ΩA–Δω 

b = ΩA(Δω–ΩA).  

These can be rearranged as  

 

                                      Δω = (a2 + 4b)1/2, and ΩA,B = [a ± ; (a2+ 4b)1/2]/2                         (Eq. 3) 

 

Φ and Ω can be obtained experimentally at different temperatures. Assuming the chemical shift 

difference Δω between major (A) and minor (B) species is constant, one can calculate Δω. 

From Δω value and Φ values, populations can be extractable. 

 

Directionality 

For the chemical exchange between A and B, the exchange rate constant k is:  kex= kA+kB.  By using 

populations and kex one can extract rate constants kA and kB on both sides. 

 

If a temperature independence within the varied range of 10 K is assumed, then the coeffi-

cients a and b can be determined by least squares optimization. Subsequently, Δω is calculated by 

Δω = (a2 + 4b)1/2, and ΩA,B = [a ± ; (a2+ 4b)1/2]/2. Once Δω is known, PA, PB, kA and kB are obtained from 
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Φex and kex at each temperature. Hence, in order to separate the populations and chemical shift differ-

ence from the term , it requires additional experimental R1ρ measurements at more than one tem-

perature. Therefore, we measured R1ρ experiments for each sample at two or three temperatures (185 

K, 180 K and 175 K). 

 

4.6.6. Results of the R1ρ measurements 

TRIP/3 

 

Figure S3: R1ρ measurement for the TRIP/3 complex. The proton H1 of the catalyst (marked in the spectrum, red shaded) was selected as 

probe. The offset-Lorentzian decay indicates the pesence of chemical exchange (kex 18000 s-1 at 180 K). With experimental data obtained at 

two different temperatures, the populations and directionality were extracted. 
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TRIP/2 

 

 

Figure S4: R1ρ measurement for TRIP/2 complex. The proton H1 of the catalyst (shaded in red) and the fluorine signals of the imine-CF3 group 

(shaded in green) were selected as probes. The offset-Lorentzian decay indicates pesence of chemical exchange (kex  3-5·103 s-1 at 180 K). 

With experimental data obtained at three different temperatures, the populations and directionality were extracted. 
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TiPSY/1 

 

Figure S5: R1ρ measurement for TiPSY/1 complex, (to avoid signal overlap, the sample was prepared with nearly exclusive population of the 

E-complex; see above for sample preparation). The proton H1 of the catalyst (shaded in red) was selected as probe. The offset-Lorentzian 

decay indicates pesence of chemical exchange (kex  9 ks-1 at 180 K).  
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TRIM/2 and TRIM/3 

 

Figure S6: R1ρ measurements for TRIM/2 and TRIM/3 complexes. For TRIM/2, the CF3 group of the imine was used as a probe (shaded in 

green) and for TRIM/3 the proton H1 of the catalyst (shaded in red) was selected as probe. The offset-Lorentzian decay in both system 

indicates the pesence of chemical exchange (kex  2000-3000 s-1 at 180 K).  

For TRIM/2 and TRIM/3, the offset-Lorentzian decay fit does not match the experimental decay as 

precisely as for the other systems. Hence, a larger experimental error is expected. However, the R1ρ 

measurements for TRIM/2 and TRIM/3 complexes indicate that similar exchange rates (kex  2000-3000 

s-1 at 180 K) are obtained for TRIM/1-3 regardless of the hydrogen bond strength.  

 

4.6.7. NMR-Structural analysis of CPA/imine complexes 

The investigated complexes TRIP/1-3, TiPSY/1 and TRIM/1-3 were already described in the previous 

work.2,9 The NMR-structural analysis of TRIM/4 is described below. In addition, the backbone splitting 

of TiPSY/1 is discussed in detail below.  

Chemical Shift assignment of TRIM/4 

The 1H (black) and 13C (green) chemical shifts (in ppm) of all investigated complexes were assigned with 

standard 2D NMR experiments (1H,1H COSY, 1H,1H TOCSY, 1H,1H NOESY, 1H,13C HSQC, 1H,13C HMBC) at 

180 K. The 31P (orange) chemical shift (in ppm) was assigned by 1H,31P HMBC.  Due to signal overlap 

and lacking resolution and intensity of 2D correlations, not all signals could be assigned.  
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In accordance with our previous analysis of hydrogen bond strengths,1
 the 1H chemical shift of the 

hydrogen bond strength reflects the H-bond strength (in our system, higher chemical shifts correlate 

with stronger H-bonds). Hence, the H-bond strength of TRIM/4E (16.09 ppm) is in between TRIM/1E 

(16.26 ppm) and TRIM/3E (15.80 ppm).9 

 

Identification of Type I E and Type II E 

Analogous to our previous work,2,9 for the Type I E structure, the tert-butyl group of the ketone part of 

the imine (marked in blue) is placed above the BINOL backbone. The blue NOE cross signals A and B to 

the Naphthyl backbone reveal the presence of the Type I E structure (Figure 7) for TRIM/4E. The NOE 

cross signal D (black) is a result of overlapping NOE signals between the tert-butyl group and the naph-

thyl backbone and the tert-butyl group and the attached phenyl ring (backbone: 8.00 ppm, phenyl ring 

of imine: 7.98 ppm). For the Type II E structure, the tert-butyl group of the aniline part of the imine is 

placed above the BINOL backbone and thus the red NOE cross signals A-D reveal the presence of the 

Type II E structure. 
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Figure S7: Excerpt of the 1H,1H NOESY spectrum of TRIM/4 at 180 K and 600 MHz (100 mM sample) in CD2Cl2. The blue NOE cross signals 

indicate the presence of the Type I E structure, while the red NOE signals indicate the presence of the Type II E structure.  
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DOSY measurements of TRIM/4 

To prove that the observed species in TRIM/4 are monomers of the binary complexes, DOSY measure-

ments (Difusion ordered spectroscopy) were performed to derive the molecular radii of the present 

species.   

The DOSY measurements were performed with the convection suppressing DSTE (double stimulated 

echo) pulse sequence developed by Jerschow and Müller in a pseudo 2D mode.10 TMS was used to 

reference the viscosity of the solvent at 180 K. The diffusion time delay was set to 45 ms. The gradient 

pulse lengths (p16, SMSQ10.100 pulse shape) were optimized for each species to give a sigmoidal sig-

nal decay for varying gradient strengths. Optimal pulse lengths of 3.0 ms and 6.0 ms were found for 

TMS and  TRIM/4, respectively. For each species, twenty spectra with linear varying gradient strength 

of 5% - 95% have been measured. The used probe signals for the analysis are listed in table S1. The 

signal intensities of the respective groups were analyzed as a function of the gradient strength by 

Bruker TopSpin 3.2 software T1/T2 relaxation package by employing the Stejskal-Tanner equation.11 

No line broadening occurred for increasing gradient strength. The sigmoidal fit provided the transla-

tional self-diffusion coefficients Di listed in Table S1. The molecular radii were derived by the Stokes-

Einstein equation12 using Chens correction.13 

                                                           𝐷 =
𝑘 𝑇

6𝜋𝜂𝑟
∗ (1 + 0.695 ∗ (

𝑟

𝑟
) .                                    (𝐸𝑞. 4) 

Di is the self-diffusion coefficient derived by the measurement, η is the viscosity of the solvent, rH is 

the hydrodynamic radius of the observed molecule and rsolv the radius of the solvent. No form factor 

correction was applied. The viscosity was determined by measuring the diffusion coefficient of the 

reference tetramethylsilane (TMS) and solving the equation for η with the literature value14 of the 

radius of 2.96 Å. The solvent radius of CD2Cl2 (2.46 Å) was taken from the reference.15  

Table S1: Probe signals, measured diffusion coefficients and derived molecular radii for TRIM/5.  

Entry Species p16 [ms] 
Observed signal 

[ppm] Di [m2/s] ·10-12 Averaged rH [Å] 

1 TMS 3.10 0.00 21.32     

2 TRIM/4E 6.00 1.16 4.76     
3 TRIM/4E 6.00 2.64 4.80 4.69 9.54 

4 TRIM/4E 6.00 7.77 4.50     
 

The derived molecular radius (9.54 Å) is similar to the one reported previously for TRIM monomers.9 

Thus, the DOSY measurements showed that the species investigated by the R1ρ measurement is the 

binary TRIM/4E complex. 
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Estimation of the rotational correlation time of binary CPA/imine complexes 

A general rotational correlation time of 10-50 ns was estimated for the investigated binary complexes 

of chiral phosphoric acids and imines with their hydration shell. Stokes Law (Eq. 5) was used to calcu-

late the rotational correlation time based on the results of the DOSY measurements of TRIM/4E. 

                                                                                    𝜏 =
4𝜋𝜂𝑟

3𝑘𝑇
                                                            (𝐸𝑞. 5) 

The radius of the binary complex of TRIM/4 with its hydration shell was determined by DOSY measure-

ments (see respective chapter) and a radius of 9.54 Å was determined for the complex with its hydra-

tion shell. The viscosity (3.05*10-2 kg m-1 s-1) of the solution at 180 K was determined by Equation 4 

based on the DOSY measurement on TMS. A rotational correlation time of 44.6 ns was calculated for 

TRIM/4E with its hydration shell. Given the bulkiness of the two tert-butyl substituents of imine 4, it is 

expected that the other investigated complexes have smaller radii, resulting in smaller rotational cor-

relation times. Hence, a general rotational correlation time around 10 – 50 ns was estimated. 

 

TiPSY/1 

In the TiPSY/1 complex, the backbone splitting could not be resolved at 180 K and 600 MHz in CD2Cl2 

(see figure). However, in our previous investigations we observed that the backbone splitting in TiPSY 

complexes is very small and could often not be resolved sufficiently (see SI of literature).9 Goodman et 

al. demonstrated that the binding pocket for TiPSY is significantly smaller than for TRIP (no rotation 

possible).16 The biggest binding pocket for the investigated CPAs was determined for TRIM (rotation 

possible). Hence, a rotation of the imine inside the binding pocket of TiPSY can be excluded, even if 

the backbone splitting can not be resolved sufficiently.  

The sample was prepared with an exclusive population of the E-imine. To achieve that, the sample was 

prepared according to the general procedure described above. However, before adding the solvent, 

the NMR-tube with TiPSY and 1 was cooled to -90 °C in acetone/liquid N2 and the precooled solvend 

was added to the tube. The low temperature suppressed EZ isomerization of the imine. 
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Figure S8: Excerpt of the 1H,31P HMBC spectrum of TiPSY/1 (E-only, 25 mM, TiPSY:1 = 1:1) at 180 K and 600 MHz in CD2Cl2. The sample was 

prepared with an exclusive population of E-imine species.  

 

Exchange with free imines 

Typically, in 1:1 complexes of TRIP, TRIM and TiPSY, the complexation of the imine was incomplete 

(≈ 25 % free imine present). Thus, for complexes with imines 1-3, the assignment of the free imines 

was done for the CPA/imine samples. For imine 4, a NMR sample with the imine only (50 mM, CD2Cl2, 

180 K and 600 MHz) was measured and compared to the chemical shifts in the CPA/4 sample. For 

TRIM/4, no free imine was observed in the binary complex sample.  

As the free imines 1-4 gave chemical shifts well separated from the respective CPA/E-imine complexes 

(see figure 9 for free imines and assignments of the binary complex in literature2,9), the exchange be-

tween free and complexed imine is slow on the NMR time scale. Thus, the exchange pathway via dis-

sociation and re-association causing averaging of the BINOL backbone can be excluded to significantly 

contribute to the measured exchange rates in the R1σ measurements.  
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Figure S9: Chemical shift assignment of the free imines 1-4 at 180 K in CD2Cl2.  

 

Additional fitting of TRIM/1E 

Due to the strong signal decay within the first few percent of the horizontal axis for TRIM/1E (Figure 

6B in the manuscript), fewer data points are in the decay region relevant for the fit, which could affect 

the quality of the fit and thus the precision of the extracted rate. However, the  fit curves for lower 

(500 s-1) and higher (10 000 s-1) exchange rates as the optimized one (2500 s-1) significantly deviate 

from the data set (Figure 10). In addition, a TRIM/1E sample at different concentration (0.25 mM) was 

measured with more ωeff increments. The exctracted exchange rate of 2500 s-1 is identical to the pre-

vious one and the fit for lower or higher exchange rates does not match the data set (Figure 11).  

Hence, the quality of the fit for TRIM/1E is adequately precise to reveal that the exchange rate for 

TRIM/1E is significantly lower than for TRIP/1E (≈10 000 s-1).  
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Figure S10: Additional curve fitting for the signal decay of TRIM/1E with different exchange rates at a concentration of 5 mM. The determined 

exchange rate of 2500 s-1 fits the data set best, while lower or higher exchange rates result in a significant offset. Other parameters, e.g. the 

population of E-I and E-II were not changed. 

 

Figure S10: Additional curve fitting for the signal decay of TRIM/1E with different exchange rates at a concentration of 0.25 mM and additional 

ωeff increments. The determined exchange rate of 2500 s-1 fits the data set best, while lower or higher exchange rates result in a significant 

offset. Other parameters, e.g. the population of E-I and E-II were not changed. 
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4.7. Additional Findings 

4.7.1. Introduction 

London dispersion, the attractive part of the Van der Waals potential is ubiquitously present and pair-

wise additive, but nevertheless frequently neglected and underestimated, especially in the field of 

asymmetric catalysis.[1] Especially organocatalysts such as chiral phosphoric acids feature extended ar-

omatic systems and/or bulky alkyl systems, which can form ,  and  interactions. In the 

binary CPA/imine complexes resembling catalytic intermediates, non-covalent interaction analysis and 

computations showed that London dispersion interactions strongly contribute to the structure and 

stabilization of these intermediates.[2,3] However, no general concept on how to beneficially exploit 

London dispersion in catalysis has emerged yet.[1] 

In order to do so, it is crucial to study and quantify the effect of dispersion energy donor (DED) substit-

uents in real catalytic systems as well as read out their effect in the corresponding stereoselectivities. 

The combination of low temperature NMR and the relaxation dispersion R1 method allows to drasti-

cally enhance the time resolution of NMR and access exchange rates as well as populations of fast 

exchanging conformers. This offers the unique opportunity to use the equilibrium between the Type I E 

and Type II E CPA/imine conformers (see chapter 4.2 figure 1B, chapter 4.3 figure 2) as a molecular 

balance system to quantify the interaction energy between imine substituents and the BINOL back-

bone of the CPA catalyst (see Figure 10 blue arrow).  

 

Figure 10: Molecular balance system based on the fast exchanging Type I E and Type II E conformers of CPA/imine complexes. In the Type I 

E structure, the imine substituent in para position interacts with the BINOL backbone of the catalyst, while in the Type II E structure it is 

directed away and can interact with the 3,3’-substituent (shown in transparent). 

While in the Type I E structure the para-substituent of the imine is placed on top of the BINOL back-

bone, it is directed away in the Type II E structure, where only an interaction to the 3,3’-substituent of 

the catalyst is possible. For catalysts with small 3,3’-substituents the latter interaction might be negli-

gible and thus the energetic difference G between Type I E and Type II E derived from the population 

difference is modulated by the interaction between imine substituent and BINOL backbone. It was 
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shown that the structure of CPA/imine complexes is highly conserved regarding changes of the imine 

and 3,3’-substituent.[4] Thus, similar to a double mutant cycle[5] a reference system e.g. with a hydrogen 

atom as imine substituent can be used to obtain the G = GDED - Greference value which reflects the 

interaction energy between imine substituent and BINOL backbone as a measure of the dispersion 

energy donor capability of different residues.  

Hence, to validate the applicability of this conformational molecular balance, CPA/imine systems were 

studied to control, if the interaction between imine substituent and 3,3’-substituent can be neglected 

and if the exchange rates and populations of the Type I E and Type II E conformers in these systems 

can be accessed by R1 measurements. 

 

4.7.2. Extension of model systems  

In the previous work, binary CPA/imine complexes of TRIP and TRIM with imines 1-4 were studied (see 

chapter 4.3). For the conformational balance system, catalysts TRIM and Ph-CPA were selected to re-

duce the size of the 3,3’-substituent in order to prevent an interaction between 3,3’-substituent and 

imine substituent (see figure 11). Imines 5 and 6 bearing a tBu or iPr group were selected to increase 

the size and dispersion energy donor capability (in comparison to imine 1), while imine 7 was selected 

to account for different substituent effects on the electrostatic properties of the phenyl ring and their 

subsequent impact on the interaction profile between the phenyl ring and the BINOL backbone. 
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Figure 11: Extension of model systems for the conformational molecular balance. TRIM and Ph-CPA were selected to reduce the size of the 

3,3’-substituent, while imine 5-7 were selected to modulate the dispersion energy donors and electrostatic properties of the imine. 
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First, binary TRIM/5-7 samples were investigated to ensure the presence of the Type I E and Type II E 

conformation as well as conservation of the structure. Analogous to previous studies, all NMR meas-

urements were performed at 180 K in CD2Cl2 to obtain an optimally resolved spectrum. In the hydrogen 

bond region of the spectra, the signals of the binary TRIM/imine complexes featuring either the E- or 

Z-imine could be clearly identified (see figure 12 red signals; due to the 15N labelling, the signals show 

doublet splitting). Additionally, similar to previous studies on TRIM/imine systems, an additional high-

field shifted hydrogen bond signal is monitored, reflecting [TRIM/imine]2 dimers (figure 12, blue sig-

nal).[4] For TRIM/7, additional signals were observed which likely correspond to TRIM/TRIM/7 com-

plexes and potentially the free acid (figure 12, purple signal).[6]   

 

Figure 12: Hydrogen bond region of TRIM/5-7 at a ratio of 1:1 and a concentration of 100 mM at 180 K and 600 MHz in CD2Cl2. The binary 

TRIM/imine complexes are marked in red (Z and E), the dimeric [TRIM/imine]2 complexes are marked in blue and the signals likely corre-

sponding to TRIM/TRIM/7 and free TRIM are marked in purple. Only the binary TRIM/imine complexes (red) were analysed in detail. 

Based on a series of homo- and heteronuclear 1D and 2D NMR spectra, a chemical shift assignment 

for TRIM/5 and TRIM/6 could be achieved. This allowed to identify the chemical shifts of the BINOL 

backbone for TRIM/5E and TRIM/6E, which are the necessary probe signals for the R1 measurements. 

Analysis of the NOESY spectrum revealed the presence of the Type I E and Type II E structure and 

confirmed the fast exchange process between them (they appear as one averaged set of signals at 

180 K). This furthermore validated the conservation of the Type I E and Type II E structure and ensured 

comparability with the previous measurements.  
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4.7.3. R1 measurements and detailed structural analysis 

In order to validate if the exchange rate and population difference between Type I E and Type II E in 

TRIM/5 and TRIM/6 can be accessed, relaxation dispersion R1 NMR measurements at three different 

temperatures were performed. In the previous work, for TRIM/1-3E the rotation of the imine inside 

the binding pocket was the monitored process. For TRIM/4E, the additional steric bulk of the imine 

hindered this rotation and thus the switching process would be monitored, but was not accessible as 

it was too fast. Thus, in order to access the conformational equilibrium between Type I E and Type II E, 

fast rotation of the imine inside the binding pocket must be possible. For TRIM/6E, the standard tem-

peratures 175, 180 and 185 K were selected in analogy to the previous measurements. For TRIM/5E 

signal splitting of the BINOL backbone was observed at 175 K and coalescence at 180 K (see figure 13), 

which clearly indicates that fast rotation of the imine inside the binding pocket is not possible anymore 

(see chapter 4.3 figure 2). However, increasing the temperature to 195 – 205 K lead to averaging and 

narrowing of the BINOL backbone signals (see figure 13), indicating that at these temperatures rotation 

of the imine is fast on the NMR time scale. These findings precisely pin down the conditions for TRIM 

when the rotation is slow or fast on the NMR timescale at the given conditions. For one iso-propyl 

residue, fast rotation is still possible at 180 K. For one tert-butyl group, the rotation is slow below 180 K 

and fast at slightly higher temperatures. For two tert-butyl groups, the rotation is slow or completely 

switched off. Thus, the R1 measurements for TRIM/5E were performed at 195, 200 and 205 K to ena-

ble fast rotation of the imine. Analogous to the previous measurements, the H1 proton of the BINOL 

backbone was selected as probe (see figure 13).  

 

Figure 13: Selected probe signal for the R1 measurements and signals of proton H1 at 175, 180 and 195 K for TRIM/5 at a ratio of 1:1 and a 

concentration of 100 mM at 600 MHz in CD2Cl2. While at 175 K, signal splitting is observed, the signals coalesce at 180 K and line narrowing 

is observed at 195 K, demonstrating the transition from slow to fast exchange process of the imine rotation. 
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TRIM/5E TRIM/6E 

Temperature [K] Exchange rate [x103 s-1] Temperature [K] Exchange rate [x103 s-1] 

195 1.9 175 5.4 

200 1.6 180 2.2 

205 0.7 185 3.1 

Figure 14: Plot of the offset-Lorentzian decay curves from the R1 measurements for TRIM/5E and TRIM/6E at different temperatures at a 

1:1 ratio at 600 MHz in CD2Cl2 and the derived exchange rates. Due to an expected broad experimental error range (error range 1-2 x 103 s-1 

in previous measurements), smaller differences in exchange rates are not reflected adequately and thus, higher exchange rates are observed 

for lower temperatures. 
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For TRIM/5E, exchange rates of 1.9, 1.6 and 0.7 x103 s-1 were determined at 195, 200 and 205 K, while 

for TRIM/6E, values of 5.4, 2.2 and 3.1 x103 s-1 were derived at 175, 180 and 185 K (see figure 14). In 

the previous measurements, an experimental error range of 1-2 x103 s-1 was found (see chapter 4.3. 

figure 4 and chapter 4.6 figure S6). The measured differences in exchange rates fall within this error 

range and thus the resulting changes in exchange rates when changing the temperatures are not cap-

tured adequately. This is reflected in the qualitative trends of the data, giving in general higher ex-

change rates for lower temperatures, although the opposite should apply. Hence, the performed R1 

measurements only give an estimation of the exchange rates. The resulting exchange rate for TRIM/6E 

is similar to the results obtained for TRIM/1-3E (kex ≈ 2-3 x103 s-1) at the same temperature (see chapter 

4.3 figure 6 and 4.6 figure S6). It is assumed that the precision of the measurement can be enhanced 

if more spectra, especially during the initial decay (low spinlock power) are measured. Due to the in-

sufficient precision in the measurements of TRIM/5 and TRIM/6, no populations of the Type I E and 

Type II E were determined. Nevertheless, the R1 measurements clearly showed that the exchange 

process between Type I E and Type II E includes rotation of the imine as rate-determining step and is 

still accessible if bulkier dispersion energy donor substituents such as iso-propyl and tert-butyl are 

used. This shows that also for DED substituted imines, the populations of the Type I E and Type II E 

conformations can be accessed. 

In order to correctly interpret these populations in terms of interaction energy, it is necessary that the 

interaction between the imine substituent and the 3,3’-substituent of the CPA is negligible. London 

dispersion interactions as well as NOE contacts both are short-ranged and scale with a distance factor 

of r-6. The detection of intermolecular NOEs is thus a good indication for the potential presence of non-

covalent interactions. 

 

Figure 15: Excerpt of the NOESY spectrum of TRIM/2 at a 1:1 ratio at 180 K and 600 MHz in CD2Cl2 showing NOE contacts between the 

methoxy group (green) and the methyl groups of the 3,3’-substituent (a/b in red, c in blue).  
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Exemplarily, the NOESY spectrum of TRIM/2 was analysed in detail regarding contacts between the 

methoxy group of the imine and the 3,3’-substituent of the CPA (see figure 15), as its chemical shift 

assignment and structural elucidation was performed in detail previously[4] and the methoxy group is 

a well resolved and baseline separated probe. NOE contacts between the methoxy group and the me-

thyl groups of the 3,3’-substituent (figure 15, blue and red cross signal) could be clearly identified, 

which strongly indicates that also London dispersion interactions between these groups can be pre-

sent. This was further corroborated by preliminary non-covalent interaction analysis,[7] which showed 

an attractive interaction between these groups for the Type II E conformation and more importantly 

stacking of the respective phenyl rings. Thus, the interaction between the imine substituent and the 

3,3’-substituent of the catalyst is not negligible for TRIM/imine systems, which prevents a correct in-

terpretation of the populations of the Type I E and Type II E conformations in terms of interaction 

energy. 

Hence, the size of the 3,3’-substituent was further reduced to only a phenyl ring and the binary com-

plex samples of Ph-CPA/1 and Ph-CPA/2 were studied in detail regarding the structure and presence 

of the Type I E and Type II E conformations, accessibility of the fast exchange process by R1 and inter-

action profile between the imine substituent and the 3,3’-substituent. Both systems showed the typical 

hydrogen bond pattern, featuring two doublets reflecting the binary Z- and E-imine complex. 

 

Figure 16: 1H NMR spectra of Ph-CPA/1 and Ph-CPA/2 at a concentration of 50 mM and a 1:1 ratio in CD2Cl2 at 180 K and 600 MHz. Both 

spectra show two doublets in the hydrogen bond region, corresponding to the respective Z and E-imine complexes. 
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Based on a series of homo- and heteronuclear NMR spectra, a chemical shift assignment for both sys-

tems could be achieved. However, the aromatic signals of the Ph-CPA showed severe line broadening 

and signal overlap, which made an assignment especially for the 3,3’-substituents not possible. In com-

parison to the corresponding systems with TRIP and TRIM, the 1H and 15N chemical shifts of the hydro-

gen bond are highfield shifted and the 1JNH coupling constant is increased (see table 1 for values for the 

E-complexes. The same trends are present for the Z-complexes). This clearly demonstrates a stronger 

proton transfer onto the substrate, which reflects a higher internal acidity of the Ph-CPA and a weaker 

hydrogen bond.[8]  

Table 1: Hydrogen bond parameters ((1H), (15N) and 1JNH) of Ph-CPA/1E and Ph-CPA/2E in comparison to the respective values for TRIP and 

TRIM found in previous studies.[8] The values were recorded at 180 K in CD2Cl2. 

System (1H) [ppm] (15N) [ppm] 1JNH [Hz] 

TRIP/1E 17.07 216.0 79.2 

TRIM/1E 16.26 208.0 83.9 

Ph-CPA/1E 15.98 205.7 84.6 

TRIP/2E 16.47 206.6 82.2 

TRIM/2E 15.80 200.5 85.4 

Ph-CPA/2E 15.47 198.6 85.9 

Based on the previous studies on the influence of the hydrogen bond strength on the switching process 

(see chapter 4.3 figure 5), the switching process for Ph-CPA/1E and Ph-CPA/2E will be faster as for the 

respective TRIM systems. As the switching process for TRIM/1E and TRIM/2E was already too fast to 

be captured by the R1 measurements, it will not be accessible for Ph-CPA. However, given the reduced 

steric bulk of the 3,3’-substituent, rotation of the imine inside the binding pocket should be possible 

and thus potentially be monitored, allowing access to the populations of the Type I E and Type II E 

conformations. An initial test measurement was performed for Ph-CPA/1E, using the para-methyl 

group of the imine as probe signal in analogy to the measurements on TRIP/1E and TRIM/1E (see figure 

17). The experiment yielded a decay curve, demonstrating the presence of an accessible fast exchange 

process and an exchange rate of ≈ 5.0 x103 s-1 was derived. This rate is similar, but higher than for 

TRIM/1E and clearly shows that for Ph-CPA/1E the rotation process is possible and monitored by the 

measurements. The higher exchange rate, corresponding to a faster rotation of the imine inside the 

binding pocket originates in the reduced steric bulk of the 3,3’-substituent of the CPA. Hence, for 

Ph-CPA the conformational equilibrium between the Type I E and Type II E conformations is in principal 

accessible by the R1 measurements, capturing the rotation of the imine. 
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Figure 17: Plot of the offset-Lorentzian decay curve from the R1 measurements for Ph-CPA/1E at 180 K, a 1:1 ratio and 600 MHz in CD2Cl2. 

An exchange rate kex ≈ 5.0 x103 s-1 was derived. 

However, as for TRIM/5 and TRIM/6 the populations of Type I E and Type II E can only be correctly 

interpreted in terms of energy if the interaction between the imine substituent and the 3,3’-substitu-

ents are negligible. For Ph-CPA/1 and Ph-CPA/2 it was not possible to perform an analysis of the NOESY 

spectra, as the chemical shifts for the 3,3’-phenyl substituents could not be assigned due to line broad-

ening and signal overlap. Preliminary non-covalent interaction analysis[7] on Ph-CPA/2E (Type II confor-

mation) indicated that albeit the interaction between the imine substituent and the 3,3’-substituent 

might not be present, stacking of the phenyl ring of the imine (para-substituted ketone part) and the 

phenyl ring of the 3,3’-substituent definitely is. This stacking interaction is modulated by the electro-

static properties of the imine substituent. Albeit a direct interaction between imine substituent and 

3,3’-substituent might be prevented, the substituent effect on the phenyl ring cannot be neglected. 

Hence, the imine substituent interacts with the BINOL backbone in the Type I E conformation and at 

least has a substituent effect on the interaction pattern in the Type II E conformation. Therefore, the 

contribution of the imine substituent cannot be clearly dissected based on this conformational equi-

librium and it is not ideal as a molecular balance system. 
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4.7.4. Conclusion 

Building up on the previous studies on the fast exchange processes in binary CPA/imine complexes, it 

was tested if the conformational equilibrium between the Type I E and Type II E conformation, now 

accessible by R1 measurements can be used as a molecular balance system. In the Type I E confor-

mation, the para-substituent of the imine interacts with the BINOL backbone and in the Type II E con-

formation potentially with the 3,3’-substituent. For an adequate interpretation of the populations in 

terms of interaction energy, it is necessary that the latter interaction is negligible and therefore CPAs 

with small 3,3’-substituents were studied. Measurements with TRIM and imines 5 and 6, bearing a tert-

butyl or iso-propyl group as dispersion energy donors were performed. A detailed structural analysis 

by NMR spectroscopy ensured the presence of the Type I E and Type II E conformation and conserva-

tion of these structures when increasing the bulk of the imine substituent. R1 measurements eluci-

dated the presence and accessibility of a fast exchange process, which corresponds to the rotation of 

the imine inside the binding pocket. Analysis of the NOESY data however revealed that the interaction 

between the imine substituent and the 3,3’-substituent of TRIM is not negligible. Therefore, the even 

smaller Ph-CPA was selected as additional model system in combination with imines 1 and 2. Analysis 

of the hydrogen bond parameters revealed that Ph-CPA is more acidic than TRIM and TRIP, resulting 

in a weaker hydrogen bond anchoring the binary complexes. Initial R1 measurements revealed the 

presence and accessibility of a fast exchange process, which reflects the rotation of the imine inside 

the binding pocket. Due to the reduced steric bulk of the 3,3’-substituent, this process is faster than 

for the respective TRIM complexes. The interaction pattern between imine substituents and 3,3’-sub-

stituent could not be accessed by NOESY NMR due to line broadening and signal overlap. However, 

initial non-covalent interaction analysis on the Type II E conformation indicate that the imine substit-

uent will affect the stability and population of the Type II E conformation by its substituent effect on 

the phenyl ring, which is engaged in a stacking -interaction with the 3,3’-substituent. Therefore, the 

interaction energy between imine substituent and BINOL backbone cannot be determined precisely, 

as the contribution of the imine substituent on the stabilization of the Type I E conformation cannot 

be clearly dissected by analysis of the populations. Hence, the conformational equilibrium between 

Type I E and Type II E is not sufficiently precise for determining London dispersion interactions.    
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5.1. Abstract 

Organocatalysis has revolutionized asymmetric synthesis. However, the supramolecular interactions 

of organocatalysts in solution are often neglected, although the formation of catalyst aggregates can 

have a strong impact on the catalytic reaction. For phosphoric acid based organocatalysts, we have 

now established that catalyst-catalyst interactions can be suppressed by using macrocyclic catalysts, 

which react predominantly in a monomeric fashion, while they can be favored by integration into a 

bifunctional catenane, which react mainly as phosphoric acid dimers. For acyclic phosphoric acids, we 

found a strongly concentration dependent behavior, involving both monomeric and dimeric catalytic 

channels. Based on a detailed experimental analysis, DFT-calculations and a direct NMR-based obser-

vation of the catalyst aggregates, we could demonstrate that intermolecular acid-acid interactions 

have a drastic influence on the reaction rate and stereoselectivity of the asymmetric transfer-hydro-

genation catalyzed by chiral phosphoric acids. 
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5.2. Introduction 

Many organocatalysts, such as amines, diols, amino-acid derivatives, (thio)ureas or phosphoric acids 

are highly functionalized organic molecules, oftentimes featuring hydrogen-bond donor and acceptor 

moieties or even Brønsted-acidic and Brønsted-basic functional groups within the same molecule.[1] 

Also, many organocatalytic reactions rely on the use of high catalyst loadings and are performed in 

aprotic organic solvents.[2,3,4] This makes the formation of aggregates highly     likely, be it catalyst•cat-

alyst aggregates or higher-order catalyst•catalyst•substrate aggregates. The comprehension and con-

trol of such aggregation processes would not only enable a better understanding of organocatalytic 

processes, but also open up new possibilities in catalysis, when such catalyst aggregates can be de-

signed and applied in a controlled fashion.  

In previous works, aggregation of organocatalysts was observed in a few cases: In urea-catalysis, Ja-

cobsen has shown that catalyst-catalyst interactions can both be detrimental or beneficial.[5] The iden-

tification of a cooperative substrate activation in a catalyst•catalyst•substrate complex led to the de-

velopment of tethered[6] and macrocyclic[7] bis-urea catalysts. Supramolecular catalyst aggregation has 

also been observed for chincona-alkaloid based organocatalysts, in this case leading to catalyst deac-

tivation and decreased enantioselectivities.[8] In case of BINOL-based phosphoric acids,[9] Gong showed 

that acid-acid interactions lead to a different solubility of the racemic and the homochiral catalyst spe-

cies, resulting in strong nonlinear effects.[10] Phosphoric acid aggregation has also been proven by spec-

troscopic means: Dimers and trimers of dimethylphosphoric acid were identified by NMR[11] and Hun-

ger could show the presence of multimers for complexes of diphenyl phosphoric acid and a quino-

line.[12] For chiral phosphoric acids (CPA) with a BINOL-backbone, extended aromatic surfaces allow 

additional weak non-covalent interactions, which further stabilize hydrogen-bonded catalyst•sub-

strate complexes,[13],[14] and can also enable the formation of higher aggregates, such as dimers of 

CPA•imine complexes.[15] 

We recently found that integration of two BINOL-phosphoric acids in a catenane structure[16] leads to 

drastic changes both in reaction rates and stereoselectivities for the transfer hydrogenation of quino-

lines. DFT-calculations suggested that a hydrogen-bond mediated acid-acid interaction[17],[18] leads to a 

more stereoselective dimeric catalyst channel (featuring two acids and both substrates), as opposed 

to a less stereoselective monomeric channel (involving one acid and both substrates).We thus con-

cluded that the mechanical interlocking of two phosphoric acids is an effective mean to channel the 

reaction through the dimeric channel, but of course other factors that lead to increased acid-acid in-

teractions (such as higher catalyst loadings) might have a similar effect (Scheme 1). This could impact 

the outcome of a large range of asymmetric transformations that are mediated by chiral Brønsted-

acids. 
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Scheme 1: Key questions for this investigation. 

For this reason, we have now performed a detailed mechanistic study, trying to shed light on these 

effects. We investigated the influence of catalyst structure and loading, using catenated, macrocyclic 

and acyclic phosphoric acids as catalysts (catalysts 1/2/3, scheme 2). This enabled us to understand 

how the competing catalytic pathways impact the catalytic reaction in terms of reaction rates and 

stereoselectivities, thus demonstrating the importance of acid-acid interactions in Brønsted-acid or-

ganocatalysis. 

 

Scheme 2: Catenated catalysts (S,S)-1a/b/c, macrocyclic catalysts (S)-2a/b/c and acyclic catalyst (S)-3 used in this study. 
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5.3. Results and Discussion 

5.3.1. General approach 

The reactivity and stereoselectivity of the three different catalysts was investigated using the reduction 

of 2-phenylquinoline (4) with dihydropyridine 7 (Hantzsch-ester) to give tetrahydroquinoline 6 and 

pyridine 8 (Table 1). The reaction was carried out in toluene at 25 °C, as established previously.[17] Time-

resolved data was obtained by NMR-spectroscopy. Rate constants were determined both by nonlinear 

fitting[19] and linear fitting of the conversion plots, which gave almost identical results (SI table S4-S7 

and chapter 9). We also performed progress kinetic analysis (RPKA) based on different and same excess 

measurements.[20] Mechanistic information was obtained by variable time normalization analysis 

(VTNA, see SI chapter 4.4).[21],[22]  

 

5.3.2. Influence of the catenane ring sizes 

As a starting point, we employed catenanes 1a/b/c with varying ring-sizes, assuming that the ring-size 

will influence the (mechano)intramolecular acid-acid interactions, thus effecting reaction rates and 

stereoselectivities. In addition to the previously reported hexaethyleneglycol-based species 1b/2b,[16] 

we generated the smaller, pentaethyleneglycol-based systems 1a/2a and the larger, heptaethylenegly-

col-based systems 1c/2c (SI chapter 2). Interestingly, there is a clear increase in yields of both cate-

nanes and macrocycles with increasing ring size (5%/7%/10% for 1a/b/c and 8%/11%/15% for 

2a/b/c),[23] suggesting that the longer linkers have a sufficient length for the intramolecular ring-closing 

metathesis, while the shorter linkers lead to increased formation of oligomeric byproducts. 

In catalysis, the catenanes 1a/b/c show drastically enhanced stereoselectivities in comparison to the 

macrocycles 2a/b/c (as earlier reported for the 1b/2b pair).[17] However, the was no impact of the ring-

sizes on the stereoinduction: Enantiomeric excesses were in the range of 81-84% in favor of the (R)-

product for catenanes (S,S)-1a/b/c, while the macrocycles (S)-2a/b/c consistently favored the (S)-prod-

uct with 12-17% ee. However, the reaction rates of 1a/b/c clearly depend on the ring-size, with the 

smaller catenanes showing higher rates (v0 = 3.7*10-7 / 3.1*10-7 / 2.0*10-7 M s-1 for 1a/b/c at 10% cata-

lyst loading). This suggests that the geometry of the stereodetermining transition-states is not influ-

enced by the ring-sizes, but the association/dissocation of starting materials/products is slightly slowed 

down in the presence of larger, more flexible macrocycles. 
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Table 1. Results of the transfer hydrogenation of 2-phenylquinoline with catalysts 1a/b/c and 2a/b/c. 

 

 

 

 

Catalyst[a] ee [%][b] v0 [10-7 M s-1] Catalyst[a]
 ee [%][b] 

(S,S)-1a 81 3.7 (S)-2a -17 

(S,S)-1b 84 3.1 (S)-2b -12 

(S,S)-1c 82 2.0 (S)-2c -17 

[a] 2.5 mol% catalyst, 5 mM quinoline. [b] Determined by chiral HPLC. Values given for the excess of (R)-6. 

 

5.3.3. First reduction step: Kinetic analysis 

The mechanism for the phosphoric acid catalyzed transfer-hydrogenation of quinolines involves two 

steps (Scheme 3): First, quinoline 4 is reduced to the corresponding 1,4-dihydroquinoline 5, followed 

by reduction to the chiral 1,2,3,4-tetrahydroquinoline 6. Both steps involve activation of the substrate 

by protonation, followed by Hantzsch-Ester coordination, hydride-transfer and product-dissociation. 

Like other phosphoric acid-catalyzed reactions, the stereoselectivity of such transfer-hydrogenations 

strongly depends on the nature of the phosphoric acid, with bulky 3,3´-substituents allowing for high 

stereoselectivities.[9] Thus, excellent selectivities were achieved even at low catalyst loadings for 2-ar-

ylquinolines[4a] or benzoxazines[4b] using a phosphoric acid with  phenanthryl-groups in the 3,3´-posi-

tions. 

 

Scheme 3: Two-step transfer-hydrogenation of quinolines 4 to tetrahydroquinolines 5. 
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This catalytic mechanism[3],[24] closely resembles the related transfer-hydrogenation of imines.[25] Our 

recent DFT results support this mechanism and suggest that the rate-limiting transition state occurs in 

the first reduction of 4 to 5, namely in the protonation of the 1,4-dihydroquinoline-species. In compar-

ison, the subsequent stereoselective second reduction towards 6 has a lower barrier. Moreover, our 

DFT-results suggest an additional mechanistic pathway involving two phosphoric acids, which we as-

sume in case of the catenane-catalysts 1.[17] However, to the best of our knowledge, an experimental 

elucidation of these mechanisms has not been reported. To probe the suggested mechanism, we firstly 

determined the reaction orders for substrates 4 and 7 (reaction orders m, n) and the role of product 

inhibition. Secondly, the order in catalyst (reaction order p) was determined for the catalysts 1c/2c/3. 

𝑣 = −
𝑑[𝑄]

𝑑𝑡
= 𝑘 ⋅ [𝑄] ⋅ [𝐻𝐸] = 𝑘 ⋅ [𝐶𝑎𝑡] ⋅ [𝑄] ⋅ [𝐻𝐸]  (𝑒𝑞. 1) 

A first analysis of the time-resolved NMR-data (SI fig. S2/S3) shows that the reduction of 4 to 6 occurs 

selectively with no side products. The intermediate 1,4-dihydroquinoline was not observed in any of 

our experiments, mainly due to its high free energy (low concentration) as suggested by our recent 

DFT calculations.[17] Since the reduction of 4 into 5 is rate-limiting, the reaction orders p, m, n describe 

the first reduction step from 4 to 5. 

 

Substrate orders and product inhibition 

For the catenated catalyst 1c, rate measurements at different concentrations of quinoline 4 and 

Hantzsch-ester 7 indicated a linear dependence of reaction rate on the substrate concentrations. In 

the resulting ln v0 / ln [substrate] plots (fig. 1a/b), we could determine reaction orders of 0.8 (for 4) 

and 0.7 (for 7), respectively. This is in good agreement with the VTNA-plots (fig. 1c/d, see fig. S7 for 

other values of m/n), which show excellent overlap of all curves for substrate orders of 1 for both the 

quinoline and the Hantzsch-ester. Accordingly, the substrate orders for the macrocyclic catalyst and 

acyclic catalysts 2c/3 were determined based on VTNA only. It was found that both substrates have a 

reaction order of close to 1 for both catalysts (SI fig. S11/S15). Thus, there is no difference with regard 

to the substrate orders for the different catalysts 1c/2c/3. In addition, we performed same excess ex-

periments in order to investigate potential catalyst deactivation or product inhibition (SI fig. 

S10/S14/S19). In all cases, we observed only minor differences, so that there seems to be neither cat-

alyst deactivation nor product inhibition for all three catalysts 1c/2c/3. 
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Figure 1: Substrate order determination by different excess experiments for quinoline 4 (a, c) and Hantzsch-ester 7 (b, d) in case of catenane 

1c: ln v0 / ln [Substrate] plots (v0 in M-1 s-1, substrate concentrations in M) (a, b) and VTNA-plots (c, d).  

 

Catalyst orders and aggregation 

The reaction orders of the catalysts were determined in a series of experiments with different concen-

trations of catalysts 1c/2c/3. For the catenated and macrocyclic catalysts 1c/2c, the v0 vs. [Catalyst] 

plots (fig. 2a/d) clearly show a linear increase of rate upon increasing the catalyst loading in a range of 

5–50 mol%. Thus, we could determine the order in catalyst based on the respective double logarithmic 

plots (fig. 2b/e), resulting in catalyst orders of 0.82 (for the bifunctional catenane 1c) and 0.91 (for the 

monofunctional macrocycle 2c). Once again, the first order dependence is also found by VTNA, which 

shows excellent overlap for p = 1 in both cases (fig. 2c/f, for other values for p see SI fig. S9/S13). For 

the macrocyclic catalyst 2c, the linear rate vs. loading behaviour and the catalyst order of p = 1 show 

that this system reacts mostly via the monomeric channel, independent of catalyst concentration. As 

for the catenane 1c, the linear rate vs. loading relationship also indicates that this system consistently 

follows one catalytic mechanism only, although the catalyst order (p = 1) alone does not allow a con-

clusion if the monomeric or dimeric catalyst channel is dominating. However, the initial rate of the 

catenated catalyst 1c is significantly lower than that of the macrocyclic catalyst 2c (e.g. v0 = 0.88*10-7 

M s-1 for 1c, v0 = 1.5*10-7 M s-1 for 2c, each at 0.07 mM catalyst loading), despite the fact that the 

catenated catalyst features two phosphoric acids units. This is in line with the DFT-calculated lower 

rate for a dimeric catalyst channel, so that we assume the dimeric catalysis channel to be dominating 

for the catenated catalyst 1c in the first, rate-determining reaction step. 
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Figure 2: Catalyst order determination for catalysts 1c (a, b, c) and 2c (d, e, f): Initial rates (all at 1.66 mM quinoline 4 and 3.93 mM Hantzsch-

ester 7) (a, d), ln v0 / ln [catalyst] plots (v0 in M-1 s-1, catalyst concentrations in M) (b, d) and VTNA-plots (selected catalyst concentrations 

only) (c, f). 

In contrast to catalysts 1c/2c, the acyclic phosphoric acid 3 shows a nonlinear behavior: In the v0 vs. [3] 

plot (fig. 3a), increase of catalyst loading leads to a much stronger rate increase at lower loadings than 

it does at higher loadings. 

 

 

 

 

 

 

 

 

 

 

Figure 3: Catalyst order determination for catalyst 3: Initial rates (a) and normalized initial rates (b) (all at 1.66 mM quinoline 4 and 3.93 mM 

Hantzsch-ester 7) and VTNA-plots at low (c) and high (d) catalyst concentrations (selected catalyst concentrations only). 
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Looking at the normalized initial rates v0 / [3] (fig. 3b), we found that the normalized rate decreases 

initially, before it reaches a plateau at higher loadings. In order to see if the nonlinear behavior in rate 

is due to a change in catalyst order, we performed VTNA. While we find an order of p = 1.25 at low 

catalyst loading, the VTNA clearly shows a larger order of p = 1.75 at high catalyst loadings (fig. 3c/d, 

for other values of p see SI fig. S17/S18). Thus, we believe that the nonlinear behavior of 3 can be 

interpreted based on competing reaction mechanisms: At low catalyst concentrations, the monomeric 

channel is dominating, although the dimeric channel still contributes. Vice versa, the dimeric channel, 

which involves two phosphoric acids in the rate-determining transition state, dominates at higher cat-

alyst loading.  

In order to relate these orders in catalyst to the overall observed reaction rates (as shown in fig. 3a), it 

must be noted that the rate not only depends on the relative concentrations of the competing rate-

determining intermediates (involving one or two catalyst molecules), but also on the corresponding 

activation energies (or reaction rates) of the monomeric and the dimeric channels. 

 

Activation energies and influence of dimerization 

For the catenane 1c, the activation energy was determined experimentally as 17.3 kcal/mol by Lin-

eweaver-Burke analysis (SI fig. S20). Based on this, we could also determine all other activation ener-

gies (Table 2) by comparing the normalized initial rates vNorm = v0 / [Cat] (also see SI fig. S21). These are 

almost constant for different catalyst loadings in case of 1c/2c (vNorm (1c) = 1.04 . 10-3 s-1, vNorm (2c) = 2.06 

. 10-3 s-1), as would be expected based on the linear rate vs. loading relationship. In the nonlinear case 

of catalyst 3, the maximum initial rate, equivalent to the rate constant for the purely monomeric chan-

nel, can be obtained as the y-intercept in a linear extrapolation for low catalyst loadings (vMax = 

vNorm(3Mono)= 22.7 . 10-3 s-1). In turn, the maximum rate for the dimeric channel can be estimated from 

the plateau for high catalyst loadings (vNorm(3Di) = < 6.29 . 10-3 s-1). 

This shows that there is a smaller difference in activation energies for the macrocycle/catenane pair 

(EA(1c/2c) = 0.4 kcal/mol) than for the monomeric/dimeric channel for catalyst 3 (EA(3Di/3Mono) = 

0.8 kcal/mol). The difference between the macrocyclic and acyclic catalysts is even more pronounced 

(1.0-1.4 kcal/mol), showing that the ethylene-glycol chains significantly reduce the reaction rate (as 

already seen for the differently sized catenanes 1a/b/c). This could be due to steric interactions with 

the substrates or due to intramolecular hydrogen-bonding of the P(O)OH-unit to the polyether chains, 

as found in our earlier DFT-work.[17]  
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Table 2. Normalized initial rate constants and activation energies for 1c/2c/3. 

Catalyst v0 / [Cat]  [10-3 s-1] EA [kcal mol-1] 

1c 1.04[a] 17.3[d] 

2c 2.06[a] 16.9[e] 

3Di (>0.6 mM) <6.29[b] >16.3[e] 

3Mono (<0.25 mM) 22.7[c] 15.5[e] 

[a] Mean value for all catalyst concentrations, [b] Mean value for catalyst concentrations >0.6 mM, [c] Determined as y-intercept in the v0 / 

[Cat] plot for loading <0.25 mM, [d] Determined by Lineweaver-Burke analysis, [e] Calculated from EA (1c) based on the relative rates. 

 

Detailed analysis for the acyclic phosphoric acid 3 

As detailed above, the nonlinear rate-behavior for the acyclic catalyst 3 can be attributed to both con-

centration effects and a change in rate constant. At higher concentrations, a smaller number of active 

species is present (since two molecules of 3 are needed in the dimeric channel), together with a smaller 

rate constant for this channel (vnorm(3Mono)/vnorm(3Di) = 4.2, vide supra). Thus, the total rate data (fig. 3) 

was analyzed in order to determine the mole fractions of catalyst that act via the monomeric and the 

dimeric channel, respectively (SI chapter 5). The resulting speciation plot[26] (fig. 4a) reveals that under 

the conditions employed (1.66 mM quinoline, 3.93 mM Hantzsch-ester, toluene solvent), the crossing 

point of both curves lies at ca. 0.25 mM catalyst (15 mol%). However, taking into account the lower 

relative rate for the dimeric channel, the impact of catalyst-dimerization on total rate is less significant 

(fig. 4b), and only above 0.4 mM, the contribution of the dimeric channel exceeds that of the mono-

meric channel. 

 

 

 

 

 

 

 

Figure 4: Mole fractions (a) and v0 contributions (b) for the monomeric and dimeric channel for different concentrations of catalyst 3 for the 

first reduction step [x(3Mono): mole fraction of monomeric catalyst, x(3Di): mole fraction of phosphoric acid 3 bound in dimeric catalyst].  
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Second reduction step: Influence of aggregation on stereoselectivity 

The rate analysis does not give any insight into the second, stereodetermining reduction step. Thus, 

we investigated the influence of the overall concentration and of catalyst loading on the enantiomeric 

excess of the tetrahydroquinoline product 6, since this gives direct information about the second re-

duction. Firstly, we found that at higher overall concentrations (5.0 mM instead of 1.66 mM quinoline), 

but identical absolute catalyst concentrations, stereoselectivities are shifted towards (R)-6 (e.g. 

+20%/22% ee at 25 M catalyst, meaning 1.5/0.5 mol% loading at 1.66/5.0 mM quinoline concentra-

tion, fig.S22b). However, for identical relative catalyst loadings, we find almost identical stereoselec-

tivities (e.g. +72%/+71% ee at 50 mol%, meaning 0.83/2.5 mM catalyst concentration at 1.66/5.0 mM 

quinoline concentration, fig. S22c). Thus, the stereoselectivity depends mostly on the substrate/cata-

lyst ratio, which would be in line with competing monomeric and dimeric catalyst channels: High sub-

strate concentrations favour the formation catalyst•dihydroquino-line•Hantzsch-Ester complexes at 

the expense of higher-order catalyst•catalyst•dihydroquino-line•Hantzsch-Ester complexes, thus 

shifting the reaction towards the less stereoselective,monomeric channel. Based on the fact that the 

substrate concentrations influence the stereoselectivity, we also checked whether there is a depend-

ence of the conversion on the stereoselectivity. This might be possible because of changing concentra-

tions of substrates 4/7 and products 6/8 might influence the distribution between monomeric and 

dimeric channels based on different association constants. However, no change in stereoselectivity 

was found between 15-95% conversion at 1 mol% catalyst loading (SI table S11 and fig. S26). Secondly, 

we investigated the influence of catalyst loading over a broad concentration range (0.0017 mM to 0.83 

mM catalyst concentration, meaning 0.1 to 50 mol% at 1.66 mM quinoline). We observed there there 

is a drastic change in enantioselectivity (fig. 5): At low catalyst concentrations, the (S)-product enanti-

omer is favored (-29% ee), while at high catalyst concentrations the selectivity reaches up to 72% ee in 

favor of the (R)-isomer. 

 

 

 

 

 

 

 

Figure 5: Influence of catalysts loading on enantioselectivities for catalyst 3 (given as enantiomeric excess for (R)-6). 
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This means that the monomeric catalyst and the dimeric channel not only have different, but actually 

inverted stereoselectivities. This reflects the enantioselectivities of the macrocyclic and catenated cat-

alysts 2c/1c (-17% ee/+84% ee), which underpins their predominant reactivity via monomeric (for 2c) 

and dimeric (for 1c) catalytic channels. A control experiment using 1 mol% phosphoric acid 3 plus 49 

mol% benzoic acid (+10% ee, c.f. +13% ee for 1 mol% 3 only) showed that the dimeric channel requires 

high concentrations of the phosphoric acid and the same effect cannot easily be achieved when using 

carboxylic acids as assisting Brønsted-acids (SI table S59). 

The strong curvature of the ee vs. [3] curve suggests that the dimeric (more stereoselective) channel 

has a stronger contribution in the second reduction step than in the first reduction step. This is in line 

with our previous DFT-results, which indicate that for the stereodetermining step, the dimeric channel 

actually possesses a lower barrier than its monomeric counterpart (6.8 kcal/mol vs. 8.5 kcal/mol).[17] 

To generate the corresponding speciation plot, we estimated the relative rates of the monomeric and 

dimeric channel based on the DFT-data (k(3Di)/k(3Mono) = 17.7, according to EA = 1.7 kcal/mol)[17], since 

this data is not directly available experimentally The resulting plot shows a different distribution of 

monomeric and dimeric channels in comparison to the first reduction step (fig. 6a). The mole fraction 

of catalyst acting via the dimeric channel is lower, and the crossing of both curves is observed at ca. 

0.5 mM catalyst loading (30 mol%). However, the impact of the dimeric channel on the second reduc-

tion (and thus on the stereoselectivity) is significantly enhanced by its higher relative rate (fig. 6b). Only 

below a catalyst concentration of 0.012 mM (0.7 mol%), the enantioselectivity is dominated by the 

monomeric channel, leading to overall preference for the (S)-product. At 0.17 mM (10 mol%) loading, 

the stereoselectivity already reaches 61% ee for the (R)-isomer, which is close to the highest stereose-

lectivity of 72% observed at 0.83 mM (50 mol%) loading. This demonstrates the relative importance of 

the dimeric channel in terms of stereoselectivity, even at low catalyst loadings. 

 

 

 

 

 

 

 

Figure 6: Mole fractions and ee contributions for the monomeric and dimeric channel for different concentrations of catalyst 3 for the second 

reduction step. 
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5.3.4. NMR-spectroscopic investigation of catalyst dimerization 

Model systems and experimental conditions 

Next, detailed NMR-spectroscopic studies were performed to elucidate the structural space including 

the dimeric reaction channel for acyclic catalyst 3. Temperatures between 180-200 K were used to 

sufficiently slow down exchange processes and to detect separated hydrogen bonded protons (SI fig. 

S26). Since in toluene 3 was nearly insoluble at these temperatures, CD2Cl2 was used, which provided 

sufficient solubility and signal dispersion (for spectra and solvents see SI fig. S27).[27] In addition, DFT-

calculations revealed that analogous species should be present in CD2Cl2 and toluene (SI chapter 7). 

Experimentally, we verified that in dichloromethane there is also a strong influence of catalyst loading 

on enantioselectivities. As expected by DFT, the absolute stereoselectivies in dichloromethane are 

lower (33% to 6% ee for 1-50 mol% catalyst loading, SI fig. SXX), nevertheless showing that compet-

ing monomeric and dimeric channels are also operating in dichloromethane.  

Quinolines 4b-d (fig. 7a) were selected as model substrates, as they possess suitable probes for 1H and 
19F NMR spectroscopy. Furthermore, they modulate the basicity of the quinoline and thus allow for an 

alteration of the hydrogen bond strength. Samples with a 1:1 or 2:1 stoichiometry of 3:4b-d at NMR 

suitable concentrations (10-50 mM of 3) were employed to study the structures of the complex 3•Qu 

or the complex 3•3•Qu, respectively. 

1:1 stoichiometries (3•Qu complexes) 

To shed light on the structures involved in the monomeric catalysis channel, samples of 3 and 4b-d 

with a 1:1 stoichiometry were investigated. For 4b, only one hydrogen bond  proton signal was de-

tected at 16.83 ppm (fig. 7b), which is a typical chemical shift for protons in strong hydrogen bonds[28] 

and similar to the hydrogen bond signals in CPA•imine complexes.[13],[29] The detection of magnetiza-

tion transfers between the H-bond proton and both quinoline and CPA further corroborated the as-

signment of this hydrogen bond signal (SI fig. S29). The presence of the 3•4b complex was further 

validated by diffusion ordered spectroscopy (DOSY) measurements. Similar hydrodynamic radii for 3 

(9.36±0.05 Å) and 4b (8.5±0.20 Å) revealed the dominant presence of the complex and are in the same 

order as the radii of CPA•imine complexes.[15] Using different homo- and heteronuclear 2D spectra, a 

chemical shift assignment of 3•4b could be accomplished (SI fig. S29) as well as an in-depth NOE anal-

ysis (SI fig. S31). Two different conformations with a ≈180° rotated orientation of the quinolines were 

identified, which are on a fast exchange on the NMR time scale[14],[15],[30] (SI fig. S31 for a more detailed 

description of the structures and exchange pathway).[15] One of the conformations validated the pre-

viously computed structure of the 3•Qu complex.[17] 
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Similar 1H spectra were obtained with quinolines 4c and 4d. Decreasing the basicity of the quinoline 

resulted in low field shifted proton signals (4b: 16.83 ppm, 4c: 17.42 ppm, 4d: 18.08 ppm; SI fig. S30), 

which corresponds to an increase in hydrogen bond strength.[31] Thus, similar to CPA•imine com-

plexes,[13],[29] CPA•Qu complexes are present as hydrogen bond assisted ion pairs anchored by a strong, 

charge assisted hydrogen bond.[13],[29] At 1:1 ratios, higher aggregates, such as 3•3•Qu complexes are 

below the NMR-detection limit. In summary, monomeric 3•Qu complexes are analogous to the previ-

ously investigated CPA•imine systems[13],[14],[15],[29],[30] and are at least for the monomeric channel a rep-

resentative for catalyst•substrate complexes in CPA catalyzed transformations. 

2:1 stoichiometries (3•3•Qu complexes) 

In order to populate and characterize the 3•3•Qu complex (fig. 7a), samples with a 2:1 stoichiometry 

of 3 to 4b-d were investigated. For quinoline 4b, three dominant hydrogen bonded protons with a ratio 

of H1 : H2 : H3 ≈ 1 : 2.4 : 2.4 were observed (fig. 7b).[32] Proton H1 corresponds to the 3•4b complex, as 

it has a nearly identical chemical shift as the H-bond proton in the respective sample with a 1:1 stoi-

chiometry (Δδ(1H) = 0.07 ppm).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: a) Schematic structures of the 3•Qu and 3•3•Qu complexes and substituents of quinolines 4b-d. b) Spectral resolution of the 1H 

spectra of complexes of 3 and 4b at a 1:1 or 2:1 stoichiometry at 200 K and 600 MHz in CD2Cl2. In the 1:1 system, only one H-bond is detected, 

presumably of the 3•4b complex. For the 2:1 system, three major H-bonds are observed at 16.76 (H1), 16.51 (H2) and 15.27 ppm (H3), most 

likely of the 3•4b (H1) and 3•3•4b (H2, H3) complex. 
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Protons H2 and H3 have similar integrals, which fits the expected hydrogen bonding situation for the 

3•3•4b complex. Proton H1 and H3 showed exchange signals in the NOE spectrum (SI fig. S32). In addi-

tion, both protons show similar low field shifts with quinolines 4c and 4d, i.e. a similar modulation of 

the H-bond strength (SI fig. S30). Thus, proton H3 is assigned to the PO-···H·N+ hydrogen bond (fig. 7b, 

highlighted in blue) and proton H2 to the PO-···H·OP hydrogen bond (fig. 7b, highlighted in red) of the 

3•3•4b complex. The significant high field shift of proton H3 compared to proton H1 reveals a weaker 

PO-···H·N+ hydrogen bond, i.e. a stronger proton transfer on the quinoline in the 3•3•4b complex com-

pared to the 3•4b complex.[31] This weakening is often found in bifurcated hydrogen bonds[28] and can 

be rationalized by the compensation of an increasing negative partial charge on the phosphate by the 

additional PO-···H·OP hydrogen bond enabled by the second CPA. For CPA•imine systems, a correlation 

between hydrogen bond strength and reactivity has been observed previously, giving lower reactivities 

for weaker hydrogen bonds.[13] This trend is also reflected for the monomeric and dimeric reaction 

channel in the investigated quinoline systems, as the dimeric reaction channel featuring a weaker PO-

···H·N+ hydrogen bond shows lower reaction rates than the monomeric channel (fig. 8). Moreover, ad-

ditional hydrogen bond signals were observed in the 1H spectrum at a 2:1 stoichiometry, which are low 

populated and/or have severe line broadening (fig. 7b, magnified H-bond region). EXSY signals in the 

NOESY spectrum revealed that these signals are in chemical exchange with the PO-···H·N+ or PO-···H·OP 

hydrogen bond protons of the 3•4b and 3•3•4b structures, thus suggesting the presence of differ-

ent/higher aggregates of 3 and 4b. Additional detailed NMR-structural analysis of the 3•3•4b complex 

could not be achieved due to strong line broadening and signal overlaps (see aromatic region in fig. 

7b). Similar 1H spectra were obtained for quinolines 4c and 4d (SI fig. S30). Measurements at lower 

temperatures were not fruitful due to the poor solubility of 3 in the required freonic mixtures[27] 

(CDCl2F, CDClF2). However, the spectra at 300 K were significantly simplified and better resolved, as 

the different species (free 3 and Qu, 3•Qu, 3•3•Qu and potential higher aggregates) are in fast ex-

change on the NMR time scale. DOSY measurements were performed at a 1:1 and 2:1 stoichiometry 

to further confirm the postulated presence of 3•3•4b in the 2:1 samples (SI table S12). Due to the 

chemical exchange of the different species, the measured diffusion coefficients and derived hydrody-

namic radii are an average of the values of the different species, weighted by their respective popula-

tion and lifetime.[33] Similar hydrodynamic radii were derived for the quinoline and the CPA, demon-

strating that also at 300 K the catalyst-quinoline complexes are the dominant species (SI table S12). 

When comparing the derived hydrodynamic radii for the 1:1 and 2:1 stoichiometries, a size increase of 

≈1.8-2.7 Å was observed for the quinolines in the 2:1 samples, which is in agreement with the previ-

ously reported offset for CPA•Imine complexes and their dimers (≈ 3 Å).[15] The increased radii clearly 

show that higher aggregates, such as the 3•3•Qu complex  are populated when employing a 2:1 ratio 

of catalyst and quinoline. 
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5.3.5. Overall mechanistic picture for catalyst 3 

In summary, our combined kinetic, stereoselectivity, DFT and NMR analysis of the transfer-hydrogena-

tion of quinolines with the acyclic catalyst 3 has revealed the following key findings (also see fig. 8): 

- The catalytic reaction using catalyst 3 involves competing monomeric and dimeric channels, as found 

by analysis of the kinetics and stereoselectivity and by DFT. 

- Both the 3•Qu and 3•3•Qu complexes, which are relevant for the monomeric and dimeric channel, 

were directly observed by low-temperature NMR-spectroscopy.  

- For the first reduction step (4 to 5), kinetics, H-bond analysis and DFT jointly show that the reduction 

occurs faster for the monomeric catalyst than for the dimeric one (cycles M1 and D1, fig. 8). For this 

reason, the influence of the dimeric channel on the reaction rate is less pronounced and the dimeric 

channel only dominates above 0.25 mM / 15 mol% catalyst.  

- For the second, stereoselective reduction step, the effect of catalyst concentration on stereoselectiv-

ity shows that the monomeric and dimeric channels not only have different, but even inversed stere-

oselectivities. This reflects the selectivities of the macrocyclic and catenated catalysts 1c/2c. 

- As corroborated by DFT, the stereoselective second reduction (5 to 6) occurs faster for the dimeric 

channel (cycles M2 and D2, fig. 8). Thus, the impact of catalyst dimerization on the stereo-selectivity 

is much more pronounced, with the dimeric channel dominating even at catalyst loading as low as 

0.012 mM (0.7 mol%). 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Revised mechanistic picture for the transfer-hydrogenation of quinolines catalyst by chiral phosphoric acids. 
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5.4. Conclusion 

In conclusion, we have elucidated the importance of acid-acid interactions in phosphoric-acid based 

organocatalysis, using the transfer-hydrogenation of quinolines as an example. Based on a detailed 

mechanistic analysis of the catenated, macrocyclic and acyclic phosphoric acids 1/2/3, we established 

that the catalytic reactions in case of the catenated and macrocyclic catalysts 1/2 are dominated by 

the dimeric and the monomeric channel, respectively. In stark contrast, but consistent with our recent 

DFT-work, the acyclic phosphoric acid 3 shows a concentration-dependent change in the reaction 

mechanism, involving either one or two catalyst molecules in the rate- or and stereodetermining in-

termediates. The formation of complexes involving two catalyst species and one quinoline molecule 

by was directly proven by NMR-spectroscopy. While the influence of these intermolecular acid-acid 

interactions on reaction kinetics is moderate, the impact on stereoselectivity is very pronounced, even 

leading to opposite enantioselectivities for the monomeric (-30% ee) and the dimeric catalysis channel 

(+70% ee). Based on these findings, we elaborated a revised mechanism for the phosphoric acid cata-

lyzed transfer hydrogenation of quinolines. 

In comparison to other phosphoric-acid catalyzed transfer hydrogenations, it becomes clear that acid-

acid interactions may well be relevant in these cases as well.[4],[34] While we find a significant effect on 

the dimeric channel at concentrations as low as 0.012 mM, commonly employed catalyst concentra-

tions in the literature are significantly higher (ranging from 1 mM[4],[34a],[34g]  to 2 mM,[34d-f] 8 mM[34c] or 

even 10 mM[34b]). Certainly, the extent of intermolecular acid-acid interactions will depend strongly on 

the catalyst structure and has been shown to be lower for bulky phosphoric acids such as TRIP.[35] In 

addition, other factors such as the substrate structures and the solvent may favour or disfavour the 

formation of higher aggregates. Nevertheless, dimeric catalysis channels may be relevant, if not dom-

inating, in other phosphoric-acid catalyzed transformations as well. We are currently investigating the 

influence of acid-acid interactions for other catalyst structures and other catalytic reactions in our la-

boratory, since the better understanding of such supramolecular interactions may have a major impact 

for the future development of phosphoric-acid catalyzed asymmetric transformations. 
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5.6. Supporting Information 

5.6.1. General information 

SAMPLE PREPARATION 

Samples in CD2Cl2: The acyclic chiral phosphoric acid catalyst 3 was weighed into a 5 mm NMR tube 

and dried at 150 °C for at least 30 min under reduced pressure. After the tube came to room temper-

ature, quinolines 4b-d were weighed directly into the NMR tube. The tube was evacuated and flushed 

with Argon three times. Freshly distilled CD2Cl2 (0.6 mL) was added under Argon flow and TMS atmos-

phere (0.5 mL) was added. The tube was closed and sealed with parafilm. The samples were stored in 

the fridge at -80°C. 

Samples in freonic mixtures: Acyclic chiral phosphoric acid catalyst 3 was weighed into a 5 mm heavy 

wall J-Young valve NMR tube and dried under reduced pressure at 150 °C and 30 min. After the tube 

came to room temperature, quinoline 4b was weighed directly into the NMR tube. The tube was evac-

uated and flushed with Argon three times. The sample was connected to a vaccuumline and the NMR 

tube was frozen in a Dewar filled with liquid nitrogen and a freonic mixture was condensed through a 

column filled with P2O5 and KOH into the NMR tube. The overall concentration was judged by the filling 

level freonic solution at r.t. (14 cm ~ 512 μL). The samples in the freonic mixtures were stored at ~ 4°C 

between the measurements. 

NMR PULSE PROGRAM PARAMETERS 

Standard pulse sequences from the Bruker pulse sequence catalogue (zg, zg30, etc.) with the following 

parameters have been used.  

1H-NMR: Pulse program zg30, Relaxation delay = 2.00 s, Acquisition time = 2.54 s, SW = 22 ppm, TD = 

66 K, ns = 1 – 256; 13C NMR: Pulse program: zgpg30, Relaxation delay = 2.00 s, Acquisition time = 0.80 s, 

TD = 66 K; SW = 270.0 ppm, TD = 64k, NS = 1k – 2k; 19F-NMR: Pulse program: zg30; Relaxation delay = 

2.00 s, Acquisition time = 5.79 s, SW = 20.0 ppm, TD = 131k, NS = 64; 31P-NMR: Pulse program: zgpg30; 

Relaxation delay = 1.00 s, Acquisition time = 2.25 s, SW = 40-60.0 ppm, TD = 65k, NS = 64 - 512; 

2D-1H,1H NOESY: Pulse program: noesygpph; Relaxation delay = 5.00 s, NS = 8-16, mixing time (D8) = 

300.00 ms; TD = 4096; increments = 256 - 1k; 2D-1H,1H COSY: Pulse program: cosygpqf; Relaxation de-

lay = 5.00 s, NS = 4-16, TD = 4096; increments = 512; 2D-1H,13C HSQC: Pulse program: hsqce-

detgpsisp2.3; Relaxation delay = 6 s, NS = 8-16, 1JXH = 145 Hz; TD = 4096; increments = 512; 

2D-1H,13C HMBC: Pulse program: hmbcgplpndqf; Relaxation delay = 4.00 s, NS = 8-16, 1JXH = 145 Hz, 

JXH(long range) = 10 Hz; TD = 4096; increments = 512 - 1k; 2D-1H,31P HMBC: Pulse program: 

inv4gplrndqf; Relaxation delay = 6.00 s, NS = 4-16, TD = 4096; increments = 256 - 512; 1H DOSY: Pulse 
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program: see at respective chapter, Relaxation delay = 2.00 s – 6.00 s, NS = 64-512, TD = 58 K, incre-

ments = 20, Diffusion time delay = 45.0 ms, gradient strength 5-95% linear, gradient pulse: 0.6 – 2.0 

ms.  

5.6.2. Temperature screening 

By lowering the temperature, exchange process within the system and the hydrogen bonds could be 

slowed and sharper line widths and a better signal dispersion was obtained. For samples with a 1:1 

stoichiometry of CPA and quinoline, 180 K proved to be the optimum temperature for measurements, 

as it provided best line widths and signal dispersion. For samples with a 2:1 stoichiometry of CPA and 

quinoline (see Figure S1 for 3/4b) 180 - 200 K was found as the optimum temperature range. For 4b, 

measurements (especially determination of the integrals) were done at 200 K due to the optimum line 

separation of the two signals at 16.75 and 16.51 ppm. For quinolines 4c and 4d, 180 K was selected as 

measurement temperature. 

 

 

Figure S1: Excerpts of the hydrogen bond region at 600 MHz in CD2Cl2 at variable temperatures of a sample containing 3 and 4b at a 2:1 

stoichiometry at a catalyst concentration of 50 mM. Different scaling factors were applied to better visualize the line broadening for increased 

temperatures, but the spectra were recorded with identical parameters, e.g. identical number of scans (64). 

 

5.6.3. Solvent screening 

Deuterated toluene, chlorobenzene, dichloromethane and freonic mixture of CDCl2F and CDClF2 were 

tested as solvents to investigate binary CPA•quinoline complexes. Toluene provided poor solubility of 

the catalyst at low temperatures (see Figure S2B). Chlorobenzene was not applicable due to its higher 

freezing point (≈ -45 °C), because at that temperature the exchange processes were not sufficiently 
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slowed down to detect hydrogen bond signals with adequate line widths (see Figure S2C). In freonic 

mixture, the catalyst 3 was insoluble. Hence, CD2Cl2 was selected as solvent as it provided good solu-

bility, gave narrow line widths and a good signal dispersion at 180 K.  

 

Figure S2: Excerpt of the spectra of 3:4b at a 1:1 stoichiometry and a concentration of 10 mM in A) CD2Cl2 at 180 K, B) in deuterated toluene 

at 180 K and C) in C6D5Cl at 235 K. Only the hydrogen bond region (12-20 ppm) is showed. Different scaling factors were applied, but the 

spectra were measured with identical parameters, e.g. identical number of scans (64). 

In the previous work, the transfer hydrogenation of 4a with catalyst 3 in CH2Cl2 gave a significantly 

different ee value than in toluene[2], which can indicate a limited comparability of the NMR-structure 

investigations in CD2Cl2 compared to the reaction analysis in toluene. However, theoretical calculations 

showed that in dichloromethane analogous species should be populated as in toluene.  
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5.6.4. Chemical shift assignments 
1H (black), 13C (blue) and 31P (green) chemical shifts of the 3•4b complex at a 1:1 stoichiometry were 

assigned with standard 2D NMR experiments (1H,1H COSY, 1H,1H NOESY, 1H,13C HSQC, 1H,13C HMBC and 
1H,31P HMBC) at 180 K. Some 13C chemical shifts could not be assigned.  

 

 

Figure S3: Chemical shift assignment of the binary 3•4b complex at a 1:1 stoichiometry in CD2Cl2. 
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5.6.5. Hydrogen bond investigation 

The presence of the hydrogen bond was shown by the detection of magnetization transfer between 

the proton in the hydrogen bond and the phosphorus atom of 3 (see S24, red, 1H,31P HMBC) and one 

proton of 4b (see S24, blue, 1H,1H COSY). The detection of magnetization transfer between the hydro-

gen bonded proton and both CPA and substrate was also shown in the previous investigations in 

CPA•imine systems. [9] 

In agreement with the previous NMR investigations on CPA•imine complexes,[9] more basic quinolines 

(pKb:  4b > 4c > 4d) feature weaker hydrogen bond protons (lower chemical shift of the H-bond proton) 

due to a stronger proton transfer onto the quinoline (stronger ion pair character). This trend is ob-

served for the proton in the PO-···H·N+ hydrogen bond in the binary 3•Qu complex at a 1:1 and 2:1 

stoichiometry (Figure S5, green proton), as well as for the PO-···H·N+ hydrogen bond in the 3•3•Qu 

complex (Figure S5, blue proton). For the PO-···H·OP hydrogen bond in the 3•3•Qu complex (Figure S5, 

red proton), this trend is not observed because that hydrogen bond is not directly affected by the 

quinoline substituent.  

 

 

Figure S4: Excerpts of the 1H,1H COSY and 1H,31P HMBC spectra of 3:9a at a 1:1 stoichiometry and a concentration of 50 mM in CD2Cl2 at 

600 MHz. The detection of magnetization transfer between the hydrogen bonded proton and the quinoline (left, blue) and the phosphorus 

atom of 3 (right, red) proves the presence of a hydrogen bond. 
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Figure S5: Excerpts of the 1H spectra of 3 and 4b-d at a 1:1 (left) or 2:1 (right) stoichiometry at 600 MHz and 180 K in CD2Cl2. Modulation of 

the basicity of the quinoline gives stronger hydrogen bonds (higher chemical shifts) for less basic quinolines, demonstrating a hydrogen bond 

assisted ion pair nature of the complexes. 

 

5.6.6. Structural investigations of 3•4b  

Based on the chemical shift assignment, a NOESY analysis was performed to reveal the structure of 

binary 3•4b complex. NOE contacts of the MeO group of the catalyst (Figure S6, highlighted in orange) 

were detected to both sides of the quinoline (blue and red arrows). It should be noted that in the 

previously computed structures[2] only one MeO group of the catalyst is in close contact to the quino-

line. Hence, the detection of NOE contacts A and B, as well as C and D (Figure S6) reveals the presence 

of two different conformations of the binary 3•4b complex which are in a fast exchange with each 

other and thus give only one set of signals. This observation is analogous to the previous studies on 

binary CPA•imine complexes, where also two fast exchanging conformers (Type I and Type II) were 

identified.[10] 
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Figure S6: Identified structures and their respective characteristic NOE cross signals at 600 MHz and 180 K for a 3:4b sample at a 1:1 stoichi-

ometry and a concentration of 50 mM in CD2Cl2. 

Both structures are on a fast exchange on the NMR time scale and thus give one averaged set of signals. 

In analogy with previous investigations in binary CPA•imine complexes,[11] only one set of signals for 

both naphthyl-fragments of the CPA BINOL-backbone was observed. This shows in combination with 

the strong binding of catalyst and substrate that the exchange pathway between the two fast exchang-

ing binary CPA•Qu structures features switching of the hydrogen bond donor oxygen atom, as well as 

a rotation of the quinoline (see SI figure S31 for a more detailed explanation). The possible rotation of 

the substrate while bound to the catalyst reveals a bigger binding pocket of 3 compared to other cat-

alysts typically used in synthesis.[11 

In summary, the NMR structural investigations for binary monomeric 3•Qu complexes showed that 

these systems are analogous in terms of structures, their dynamics and hydrogen bonding to binary 

monomeric CPA•imine complexes. Thus, at least in case of monomeric complexes the investigated 

system is a typical representative of catalyst•substrate complexes in CPA catalyzed transformations. 
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5.6.7. Diffusion Ordered Spectroscopy 

The DOSY measurements were performed with the convection suppressing DSTE (double stimulated 

echo) pulse sequence developed by Jerschow and Müller in a pseudo 2D mode.[12] TMS was used to 

reference the viscosity of the solvent. The diffusion time delay was set to 45 ms. The gradient pulse 

lengths (p16, SMSQ10.100 pulse shape) were optimized for each species to give a sigmoidal signal 

decay for varying gradient strengths and range between 700 to 1500 μs at 300 K. For each species, 

twenty spectra with linear varying gradient strength of 5% - 95% have been measured. The used probe 

signals for the analysis are listed in the respective tables. The signal intensities of the respective groups 

were analyzed as a function of the gradient strength by Bruker TopSpin 3.2 software T1/T2 relaxation 

package by employing the Stejskal-Tanner equation.[13] No line broadening occurred for increasing gra-

dient strength. The sigmoidal fit provided the translational self-diffusion coefficients Di listed in the 

respective tables. The molecular radii were derived by the Stokes-Einstein equation[14] using Chens cor-

rection.[15]  

                                                  𝐷 =
𝑘 𝑇

6𝜋𝜂𝑟
∗ (1 + 0.695 ∗

𝑟

𝑟

.

                                    

Di is the self-diffusion coefficient derived by the measurement, η is the viscosity of the solvent, rH is 

the hydrodynamic radius of the observed molecule and rsolv the radius of the solvent. No form factor 

correction was applied. The viscosity was determined by measuring the diffusion coefficient of the 

reference tetramethylsilane (TMS) and solving the equation for η with the literature value[16]of the 

radius of 2.96 Å. The solvent radius of CD2Cl2 (2.46 Å) was taken from the reference.[17]  

For the error estimation, the separate diffusion coefficients for different probes belonging to the same 

species (e.g. all probes of the quinoline for the CPA•quinoline complex) were averaged and the stand-

ard deviation was determined. The molecular radii were determined based on the averaged diffusion 

coefficient, the averaged diffusion coefficient plus the standard deviation and the averaged diffusion 

coefficient minus the standard deviation. The resulting radii are given as the radius derived from the 

averaged diffusion coefficient and the error range is given by: 

𝐸𝑟𝑟𝑜𝑟 𝑟𝑎𝑛𝑔𝑒 =  
1

2
∗ [ 𝑟 − 𝑟 + (𝑟 − 𝑟 )] 

Where 𝑟  is the radius derived from the averaged diffusion coefficient, 𝑟  is the minimum 

radius derived from the averaged diffusion coefficient plus the standard deviation and 𝑟  is 

the maximum radius derived from the averaged diffusion coefficient minus the standard deviation. 
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Table S1: Summary of the determined diffusion coefficients and derived molecular radii for samples of 3 and 4b-d with a 1:1 or 2:1 stoichi-

ometry at 300 K or 180 K and for 3 or 4b alone.  

 

In general, an increase of the determined radii of approx. 2 Å was determined for samples with a 2:1 

stoichiometry compared to the respective 1:1 samples, demonstrating the population of higher aggre-

gates of the CPA•quinoline complexes. 

  

Temper. Sample Species Di(averaged) Di(StaDev) Di(min) Di(max) ri(averaged) ri(min) ri(max) Result +/- Di TMS

[K] [m2/s] e-10 [m2/s] e-10 [m2/s] e-10 [m2/s] e-10 [Å] [Å] [Å] [Å] [Å] [m2/s] e-10

300 3/4b 1:1 4b 1.1753 0.0318 1.1435 1.2071 6.1531 6.0164 6.2979 6.15 0.21 3.273
300 3/4b 1:1 3 1.0055 0.0784 0.9271 1.0839 7.0387 6.5934 7.5634 7.04 0.71 3.273
300 3/4b 2:1 4b 0.7404 0.0125 0.7279 0.7529 8.8086 8.674 8.9479 8.81 0.20 3.092
300 3/4b 2:1 3 0.7241 0.0033 0.7208 0.7273 8.9922 8.9548 9.0300 8.99 0.06 3.092
300 3 3 0.8832 0.0024 0.8808 0.8856 7.7630 7.7441 7.782 7.76 0.03 3.210
300 4b 4b 2.0647 0.1009 1.9638 2.1655 3.8388 3.7163 3.9744 3.84 0.19 3.109

180 3/4b 1:1 4b 0.05147 0.000518 0.0510 0.0520 9.359 9.312 9.4058 9.36 0.07 22.95

180 3/4b 1:1 3 0.05698 0.00143 0.0556 0.0584 8.5213 8.3306 8.7222 8.52 0.29 22.95
300 3/4c 1:1 4c 1.3383 0.0704 1.2679 1.4086 5.3604 5.1456 5.6007 5.36 0.33 3.153
300 3/4c 1:1 3 0.955575 0.00480 0.9508 0.9604 7.1233 7.0921 7.1551 7.12 0.05 3.153
300 3/4c 2:1 4c 0.7510 0.0264 0.7246 0.7774 8.0489 7.8018 8.3148 8.05 0.38 2.841
300 3/4c 2:1 3 0.7352 0.00359 0.7316 0.7387 8.2058 8.1696 8.2424 8.21 0.05 2.841
300 3/4d 1:1 4d 0.8562 - - - 7.6806 - - 7.68 - 3.075
300 3/4d 1:1 3 0.7255 0.0168 0.7088 0.7423 8.9296 8.7438 9.1245 8.93 0.28 3.075
300 3/4d 2:1 4d 0.6842 0.0113 0.6730 0.6955 9.4766 9.3339 9.6242 9.48 0.22 3.094

300 3/4d 2:1 3 0.7292 0.0263 0.7029 0.7555 8.9333 8.6469 9.242 8.93 0.44 3.094
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Table S2: Probe signal and their respective diffusion coefficients for all measured samples. The chemical shifts in the DOSY experiments were 

not referenced and hence the given values can deviate from the chemical shifts in the given assignments. 

 

 

 

 

 

Species Species

4b 4b
4b 3
3 3

4b 3

3 4b
3 3

4b

Species

3 Species

3 4b

3 4b

3 4b
3 4b

4b
4b

Species

3

3 Species

3 4c

4b 4c

3 3
4b 4c

TMS 3
4c
3

Species 3

4c
4c

3 Species

3 4d
3 4d
4c 3
3 4d

3
4d

Species 3

4d 3

4d

4d
-
-
-
3
3

1.086

7.38 0.8801

δ(1H) [ppm]

8.52
8.18
7.72

7.55

6.70
3.66

6.35 0.7369
3.47 0.7253
3.34 0.7272

A) 3:4b; 1:1; 300 K; p16 = 1200 us B) 3:4b; 2:1; 300 K; p16 = 1500 us

δ(1H) [ppm] Di  [m2/s] e-10

8.36 0.7572
7.82 0.7204
7.53 0.7288

6.58 0.7217

Di  [m2/s] e-10

1.191
1.131

0.9569

1.204

0.9737

2.028

C) CPA 3; 300 K; p16 = 1400 us

D) Quinoline 4b; 300 K; p16 = 900 us

δ(1H) [ppm] Di  [m2/s] e-12

7.46 5.182

2.272

7.83 1.953
7.71 2.017
7.51 2.028

6.92 0.8826
3.56 0.8871

8.08

7.88

0.00 23.00

E) 3:4b 1:1; 180 K, p16 = 5500 us

8.05

8.10

0.8818

0.8845

2.090

δ(1H) [ppm] Di  [m2/s] e-10

δ(1H) [ppm] Di  [m2/s] e-10

F) 3:4c; 1:1, 300 K; p16 = 1300 us

7.28 5.129

7.86 5.165

6.31 5.841

3.74 5.113
3.40 5.555

7.05

δ(1H) [ppm] Di  [m2/s] e-10

8.66 1.457

8.23 1.297

7.73 0.9635
7.65 1.277
7.50 0.9544
6.78 1.3220
6.79 0.9538

3.81 0.9506δ(1H) [ppm] Di  [m2/s] e-10

8.45 0.788

G) 3:4c; 2:1, 300 K; p16 = 1500 us

δ(1H) [ppm] Di  [m2/s] e-10

8.67 0.6953

8.28 0.6688

7.85 0.7283

7.81 0.7318

7.52 0.7408
6.60 0.7323
6.52 0.7366

7.92 0.7614
7.62 0.7092
7.55 0.7070
6.74 0.7614

3.50 0.7357

H) 3:4d; 1:1, 300 K; p16 = 1300 us

I) 3:4d; 2:1, 300 K; p16 = 1300 us

3.74 0.7071

δ(1H) [ppm] Di  [m2/s] e-10

8.66 1.457
8.23 1.297
7.73 0.9635
7.65 1.277
7.50 0.9544
6.78 1.3220

6.79 0.9538

3.81 0.9506

8.18 0.6886
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5.6.8. Structural investigation in 2:1 complexes 

The exchange between 3•4b and 3•3•4b can be observed in the NOESY spectrum (see S29). Exchange 

peaks (marked in red) between the signal at 16.75 ppm (3•4b) and 15.27 ppm (3•3•4b) show that the 

PO-···H·N+ hydrogen bond of the 3•3•4b complex is the signal at 15.27 ppm, as the PO··H··OP hydrogen 

bond signal at 16.51 ppm does not show exchange signals. 

 

Figure S7: Excerpt of the NOESY spectrum of a 2:1 sample of 3:4b at 200 K and 600 MHz in CD2Cl2. The exchange peaks between the different 

signals are marked in red. 
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5.7. Additional findings 

5.7.1. Selection of model systems 

After elucidating the role of CPA dimers in the transfer hydrogenation of quinolines we aimed to ex-

plore if these findings are transferable onto the transfer hydrogenation of imines, especially as Rueping 

et al. noted a dependence of enantioselectivity and concentration of the reaction mixture for this re-

action.[1] Hence, an initial NMR system screening with catalysts 3b-f and imines 9a-d was performed 

(see figure 9). Catalyst 3b and imine 9d were selected, as this was the combination used by Rueping 

where a concentration effect was noted.[1] Catalysts 3c-f were selected for modulation of steric and 

electrostatic properties while retaining a rather small 3,3’-substituent, as bulky 3,3’-substituents might 

hinder dimerization. Imines 9a-c were selected as typical substrates with different electrostatic prop-

erties and for comparability with previous studies on monomeric CPA/imine systems.[2,3] In analogy to 

the previous measurements on CPA•CPA•Qu systems (see chapter 5.3.4.), all measurements were 

performed in CD2Cl2 at 180 K with a 2 : 1 ratio of catalyst and imine at a concentration range of 40-

60 mM of the CPA.  

15N

O

O

O
P

O

OH

15N N

O

15N

9b 9c 9d9a

3b

CF3

CF3

CF3

3c 3d 3e 3f

 

Figure 9: Selected model systems for the investigations of CPA•CPA•imine complexes. 

 

5.7.2. NMR spectroscopic studies on 3b•3b•9a 

For 3b/9a at a 2:1 ratio, in principle an analogous hydrogen bond pattern (see figure 10) was observed 

as for the CPA•CPA•Qu systems (see chapter 5.3.4.). Due to the 15N labelling of the imine, the PO---H-N 

hydrogen bonded protons show doublet splitting, which allows a clear distinction to the signals reflect-

ing the PO--H--OP hydrogen bond. At a 2:1 ratio, the monomeric 3b•E-9a (red) and 3b•Z-9a (blue) 

complexes are present and were identified by comparison with the spectrum at a 1:1 ratio. In addition, 

the hydrogen bonded proton signals for the PO---H-N hydrogen bond for 3b•3b•E-9a (magenta) and 
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3b•3b•Z-9a (purple) as well as their respective PO--H--OP hydrogen bonds (orange) could be clearly 

identified. A ratio of monomer : dimer of ≈ 1 : 3.6 was determined, showing that at a 2:1 ratio of cata-

lyst and imine, the 3b•3b•9a complexes are not exclusively populated. 

 

Figure 10: Excerpt of the 1H NMR spectra of 3b/9a at a 2:1 (top) or 1:1 (bottom) ratio, showing the hydrogen bonded proton signals. Signals 

for the monomeric 3b•E-9a (red) and 3b•Z-9a (blue) complex are observed and in addition signals for the PO---H-N hydrogen bond for 

3b•3b•E-9a (magenta) and 3b•3b•Z-9a (purple) as well as their respective PO--H--OP hydrogen bonds (orange). 

The assignment of E- and Z-imine was based on the NOESY spectrum and the typical highfield shift of 

the PO---H-N hydrogen bonded proton signal for the E-complexes.[2,3] Based on a series of homo- and 

heteronuclear NMR spectra, a partial chemical shift assignment could be achieved. Based on that, 

DOSY measurements were performed, using the well-separated para-methoxy groups of 3b•E-9a and 

3b•3b•E-9a as probes. For the monomeric complex, a hydrodynamic volume of 2150 Å3 was deter-

mined, while for the dimer a value of 3760 Å3 was derived. The almost doubled volume clearly validates 

the assignment of the CPA•CPA•imine dimers. Analysis of the NMR parameters for the hydrogen 

bonds shows a clear highfield shift of the 1H and 15N chemical shifts and increase of the 1JNH coupling 

constant when comparing the dimeric and monomeric species with the same imine configuration (see 

table 3). As demonstrated in our previous research,[4,5] this reflects a stronger proton transfer onto the 

substrate and a weaker hydrogen bond.  
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Table 3: Hydrogen bond parameters ((1H), (15N) and 1JNH) of the different 3b/9a species derived from the 2:1 sample at a concentration of 

40/20 mM in CD2Cl2 at 180 K. 

System (1H) [ppm] (15N) [ppm] 1JNH [Hz] 

3b•E-9a 15.39 196.0 87.1 

3b•3b•E-9a (OHN) 14.06 188.3 88.6 

3b•3b•E-9a (OHO) 16.53 - - 

3b•Z-9a 16.10 203.8 84.6 

3b•3b•Z-9a (OHN) 14.56 200.0 87.7 

3b•3b•Z-9a (OHO) 16.00 - - 

Based on the partial chemical shift assignment, an analysis of the NOESY spectrum was performed to 

obtain insights into the structure of CPA•CPA•imine dimers. However, given the presence of 4 differ-

ent complexes (monomer, dimer, E and Z) and the resulting chemical shift overlap accompanied by 

line broadening due to exchange processes (e.g. between 3b•E-9a and 3b•3b•E-9a as indicated by 

EXSY peaks for the PO---H-N hydrogen bonded proton signal), detailed insights could not be obtained. 

Nevertheless, in the 1H 19F HOESY spectrum, clear contacts between the 3,3’-substituent and the para-

methoxy and α-CH3 group of the most populated 3b•3b•E-9a could be identified.  

In the previous work on monomeric CPA•imine[2,3] and CPA•quinoline (see chapter 5.3.4.) systems, 

two different conformations were found for each monitored binary complex. These conformations 

differ in the orientation of the imine/quinoline (rotated by 180°) and are exchanging fast on the NMR 

time scale. Thus, they appear as one averaged set of signals, but could be identified via the NOESY 

NMR pattern. Additionally, applying the relaxation dispersion R1 NMR method[6] allowed to access the 

exchange rate as well as the populations of the two underlying conformations for this fast exchange 

process. For 3b•3b•9a, the line broadening and signal overlap prevented a detailed analysis of the 

NOE pattern. Therefore, qualitative R1 NMR measurements were performed to elucidate if a fast ex-

change process between two different conformations is present. These measurements were only done 

for 3b•3b•E-9a, as the respective Z-species was too low populated. As suitable probe signals, the para-

methoxy and α-CH3 group of 9a as well as one signal for the CPA were selected, which belongs either 

to the BINOL backbone or the ortho-protons of the 3,3’-substituents. The measurements were per-

formed analogous to the previous R1measurements with the optimized parameters (see chapter 4 

and reference[6]). For all three probe signals, a clear decay curve was found, which validates the pres-

ence of a fast exchange process (see figure 11). Hence, for 3b•3b•E-9a and most likely also for 

3b•3b•Z-9a, at least two different conformations are present, which are exchanging fast on the NMR 

timescale.  
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Figure 11: Plot of the offset-Lorentzian decay curve from the R1 measurements for 3b•3b•E-9a. 

 

5.7.3. Computational studies on 3b•3b•9a 

To obtain more detailed insights into the structure of CPA•CPA•imine dimers, a preliminary DFT struc-

ture optimization for 3b•3b•E-9a was done based on the previously found CPA•CPA•quinoline struc-

ture.[7] 3b•3b•E-9a was optimized using ORCA 4.1.2[8] employing the implicit SMD solvent model using 

an epsilon value of 16.2 for dichloromethane (to account for the NMR measurements performed at 

180 K)[9], the BP functional, the RI approximation and the def2-SVP basis set. In analogy to the previous 

computations for monomeric CPA•imine complexes and in agreement with the R1 NMR measure-

ments, the structures of two conformers (denoted as Type I and Type II) were optimized for which the 

imine was rotated by 180°. For both optimized structures, the para-methoxy and α-CH3 substituents 

of 9a are in close proximity to one 3,3’-substituent of 3b, which agrees with the 1H 19F HOESY and 1H 

NOESY NMR experiments (see figure 12 red arrows). In the previous structure optimization for 

CPA•CPA•Qu, both PO--H--OP and PO---H-N hydrogen bonds were formed to the same oxygen atom 

of one CPA molecule (see chapter 5.3.4. figure 7). This motif was also found in the Type I structure (see 

figure 12 bottom left). However, for the Type II structure the PO--H--OP and PO---H-N hydrogen bond 

are formed to two different oxygen atoms of the same CPA molecule (see figure 12 bottom right). This 

results in a different orientation of the phosphoryl oxygen of the second CPA molecule (see figure 12, 

marked in green). For the Type I conformer, the phosphoryl oxygen is close to the PO---H-N hydrogen 

bond, while for the Type II conformer it is directed away from the imine. In the previous structure 

optimization for CPA•CPA•Qu•Hantzsch-ester, the quinoline was bound to one CPA, while the 
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Hantzsch-ester formed a hydrogen bond to the second CPA. This resulted in a stacking of quinoline and 

Hantzsch-ester in between two catalyst molecules and determined the stereoselective outcome for 

this step. For 3b•3b•E-9a, in the Type I conformer the phosphoryl oxygen atom of the second CPA is 

close to the imine and offers a free, available binding site for the Hantzsch-ester. This would result in 

a stacked arrangement of imine and Hantzsch-ester without much reorganization. In the Type II con-

former however, the phosphoryl oxygen is directed away from the imine and binding of Hantzsch-ester 

would not result in a close spacial proximity of imine and Hantzsch-ester without significant reorgani-

zation. 

 

Figure 12: Optimized structure for the Type I and Type II conformer for for 3b•3b•E-9a (top) and the schematic differences in their hydrogen 

bond motifs (bottom). Colour code: Black: carbon, grey: hydrogen, red: oxygen, orange: phosphorus, dark blue: nitrogen, light blue: fluorine. 

This indicates that for the Type II conformer subsequent binding of the Hantzsch-ester will either not 

result in an arrangement suitable for the hydride transfer or that major reorganization is needed, 

which makes it unfavourable. However, these computations were performed on a preliminary level 

and a thorough conformer screening and optimization would be needed to validate, if these conform-

ers are indeed the most stable ones. 
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5.7.4. Overview of CPA•CPA•imine systems 

Based on the results for 3b/9a, especially the established hydrogen bonded proton pattern featuring 

monomeric and dimeric, as well as E- and Z-complexes, measurements with systems 3b/9b-d and 

3c-f/9a were performed to shed light onto the influence of catalyst and substrate for populating di-

meric CPA•CPA•imine systems. For the spectra with catalyst 3b, a similar pattern of the hydrogen 

bonded proton signals was found for imines 9a-d (see figure 13). For 3b/9b only the dimeric species 

were populated and no signals for the monomeric complexes were monitored. Similarly, for 3b/9d the 

dimeric species were the major populated ones, although the two signals at 15.9 and 16.4 ppm next 

to the PO--H--OP signals likely correspond to the monomeric species. For 3b/9c, the monomeric spe-

cies are present but the typical dimer pattern was not observed. Likely, the signals between 15.2 and 

16.2 ppm reflect the dimeric species and the signals for the PO---H-N and PO--H--OP hydrogen bonds 

for E- and Z- complex overlap.  

 

Figure 13: Excerpt of the 1H NMR spectra of 3b/9a-d at a 2:1 ratio, showing the hydrogen bonded proton signals. Signals for the monomeric 

3b•E-9 (red) and 3b•Z-9 (blue) complexes are observed and in addition signals for the PO---H-N hydrogen bond for 3b•3b•E-9 (magenta) 

and 3b•3b•Z-9 (purple) as well as their respective PO--H--OP hydrogen bonds (orange). 
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Hence, for catalyst 3b at a 2:1 ratio of CPA and imine, the dimeric CPA•CPA•imine species were found 

to be the major populated species. This indicates that for catalyst 3b the dimeric reaction channel is 

available for a broad scope of substrates. However, similar as for 3b/9a, severe signal overlap and line 

broadening prevented any more detailed insights into the structure of 3b/9b-d. 

When changing the catalyst, a strong effect on the hydrogen bond pattern and the population of the 

dimeric species was observed (see figure 14). For 3d/9a, the monomeric complexes and the 

[CPA•E-imine]2 dimer of the monomeric complex were observed and assigned by comparison to the 

spectrum at a 1:1 ratio.[2] In addition to that, the hydrogen bond signals for the 3c•3c•E-9a complex 

could be identified as minor populated species by the 1JNH coupling constant and EXSY peaks in the 

NOESY spectrum. 

 

Figure 14: Excerpt of the 1H NMR spectra of 3b-f/9a at a 2:1 ratio, showing the hydrogen bonded proton signals. Signals for the monomeric 

3•E-9a (red) and 3•Z-9a (blue) complexes are observed and in addition signals for the PO---H-N hydrogen bond for 3•3•E-9a (magenta) and 

3•3•Z-9a (purple) as well as their respective PO--H--OP hydrogen bonds (orange). Furthermore, signals for the free CPA and [CPA•imine]2 

dimers (green) are monitored. 
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For 3d/9a, the monomeric species were tentatively assigned based on their 1JNH coupling constants 

and pattern similarity to the other spectra. The remaining two doublets are suggested to reflect the 

3d•3d•E-9a and 3d•3d•Z-9a complex based on the EXSY peaks in the NOESY spectrum with the re-

spective monomeric complexes. However, it could also be that these signals correspond to [3d•9a]2 

dimers of the monomeric complex and the signal assigned for the PO--H--OP hydrogen bond corre-

sponds to the free CPA. For 3e/9a, no clear assignment was possible due to the presence of multiple 

species and signal overlap. For 3f/9a, the monomeric species were assigned by comparison to the 

spectrum at a 1:1 ratio. The signal for 3d•3d•E-9a was tentatively assigned based on the 1JNH coupling 

constant but was not further corroborated and the respective PO--H--OP hydrogen bond signal could 

not be clearly assigned. Hence, in summary the formation of CPA•CPA•imine species depends strongly 

on the selection of the catalyst.  

In conclusion, within the investigated set of systems the formation and preference for CPA•CPA•imine 

complexes depended strongly on the selection of the catalyst but not significantly on the selection of 

the imine. These findings were derived for a CPA:imine ratio of 2:1, while under catalytic conditions 

usually a catalyst loading below 10-20% is used. However, the previous studies for quinoline systems 

showed that the dimeric reaction channel can be dominant at such conditions due to its thermody-

namic preference over the monomeric channel. Although there is no direct correlation between the 

population of CPA•CPA•imine complexes at the NMR sample conditions and the activation barrier for 

the hydride transfer in the dimeric/monomeric reaction channel, the observed trends suggest that the 

competition between dimeric and monomeric channel is more strongly affected by the catalyst and 

less by the imine.  

 

5.7.5. Conclusion 

Based on the findings on CPA•CPA•quinoline systems, the role of CPA•CPA dimers in the transfer hy-

drogenation of imines was explored. Low temperature NMR measurements revealed that at a 2:1 ratio 

of catalyst and imine, both monomeric CPA•imine and dimeric CPA•CPA•imine complexes are present, 

which is in analogy to the findings for quinoline systems. In addition, the imine can be present as E- or 

Z-isomer. In the CPA•CPA•imine dimers, the imine is stronger protonated than in the monomeric com-

plex due to the cooperativity effect introduced by the additional PO--H--OP hydrogen bond which re-

sults in a weaker hydrogen bond. Relaxation dispersion R1 NMR measurements revealed the presence 

of at least two conformers for these dimers, which are exchanging fast on the NMR time scale and 

appear as one averaged set of signals. A preliminary DFT study shed light onto the differences of these 

conformers. In the Type I conformer, both PO--H--OP and PO---H-N hydrogen bonds are directed to 



5. What is the Role of Acid-Acid Interactions in Asymmetric Phosphoric Acid Organocatalysis? A 
Detailed Mechanistic Study using Interlocked and Non-Interlocked Catalysts 

 

150 
 

the same oxygen atom of one CPA molecule, while in the Type II conformer they are directed to two 

different oxygen atoms of the same CPA molecule. Due to this difference in the hydrogen bond motif, 

in the Type I conformer the binding site for the Hantzsch-ester nucleophile is available, while in the 

Type II conformer major reorganization would be necessary to result in a suitable arrangement for the 

hydride transfer step. Additionally, the preference for the formation of CPA•CPA•imine dimers was 

found to be strongly dependent on the selected CPA and mostly unaffected by the selection of the 

imine, which suggests that the impact of the dimeric reaction channel is mainly dominated by the se-

lected catalyst. 
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6.1. Abstract 

BINOL derived chiral phosphoric acids (CPAs) are a prominent class of catalysts in the field of asym-

metric organocatalysis, capable of transforming a wide selection of substrates with high stereoselec-

tivities. Exploiting the Brønsted acidic and basic dual functionality of CPAs, substrates with both a hy-

drogen bond acceptor and donor functionality are frequently used as the resulting bidentate binding 

via two hydrogen bonds is expected to strongly confine the possible structural space and thus yield 

high stereoselectivities. Despite the huge success of CPAs and the popularity of a bidentate binding 

motif, experimental insights into their organization and origin of stereoinduction are scarce. Therefore, 

in this work the structural space and hydrogen bonding of CPAs and N-(ortho-hydroxyaryl) imines (19 

CPA/imine combinations) was elucidated by low temperature NMR studies and corroborated by com-

putations. The postulated bidentate binding of catalyst and substrate by two hydrogen bonds was ex-

perimentally validated by detection of trans-hydrogen bond scalar couplings. Counterintuitively, the 

resulting CPA/imine complexes showed a broad potential structural space and a strong preference 

towards the formation of [CPA/imine]2 dimers. Molecular dynamics simulations showed that in these 

dimers, the imines form each one hydrogen bond to two CPA molecules, effectively bridging them. By 

finetuning steric repulsion and noncovalent interactions, rigid and well-defined CPA/imine monomers 

could be obtained. NOESY studies corroborated by theoretical calculations revealed the structure of 

that complex, in which the imine is located in between the 3,3’-substituents of the catalyst and one 

site of the substrate is shielded by the catalyst, pinpointing the origin or stereoselectivity for down-

stream transformations. 
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6.2. Introduction 

Brønsted Acids have emerged as a powerful type of catalyst, adaptable to a myriad of asymmetric 

transformations.3–5 The general concept is to lower the LUMO (Lowest Unoccupied Molecular Orbital) 

energy of the substrate via protonation by the Brønsted acidic catalyst functionality, thus facilitating a 

reaction with a nucleophile. By creating a stereoinductive environment around the substrate due to 

Coulomb-, hydrogen bonding- and other non-covalent interactions, the catalyst paves an asymmetric 

pathway for the reaction. The versatility of chiral Brønsted acids is augmented by a Brønsted basic site, 

which enables additional modes of activation and organization of the reactants (see Figure 1 top).5 

Exemplarily, the phosphoryl functionality of BINOL derived chiral phosphoric acids (CPA) can act as a 

hydrogen bond acceptor towards nucleophiles bearing a hydrogen bond donor, thus organizing both 

electro- and nucleophile in a defined way.6–10 This “three-point-interaction model” was recognized to 

be crucial for delivering high stereoselectivities.11–13 Moreover, by implementing both a hydrogen bond 

acceptor and donor functionality into the substrate,14–20 bidentate binding of the catalyst and substrate 

results in a presumably rigid preorganization of the substrate, in which one side of the substrate is 

shielded by the catalyst residues. In their seminal report on CPA catalysed Mannich-type reactions, 

Akiyama et al. employed such a bidentate binding motif with the intention to furnish a highly confined 

structural space (see Figure 1, right part) and noted a significant change in enantioselectivity, if the 

ortho-hydroxy group was omitted or placed in para-position.14 Their computational study revealed a 

transition state, in which the substrate is anchored by two hydrogen bonds and is located in between 

the 3,3’-substituents.14 This orientation is similar to the transition states which were found e.g. for the 

transfer hydrogenation of imines with Hantzsch Ester11,21 reflecting the “three-point-interaction 

model” and to dimers of complexes featuring CPAs and imines without additional hydrogen bond do-

nors.22 However, to the best of our knowledge experimental insights into the structural space of bi-

dentate CPA/substrate complexes are limited to one recent example in asymmetric photocatalysis pro-

vided by our group, in which no detailed structural analysis could be derived.19 Therefore, in this report 

we present a detailed NMR spectroscopic study corroborated by molecular dynamics (MD) simulations 

on the structural space and hydrogen bonding of complexes featuring 8 CPAs and 8 N-(ortho-hydroxy-

aryl) imines (19 CPA/imine combinations). Low temperature NMR measurements revealed a broad 

structural space with a strong preference for the formation of [CPA/imine]2 dimers, demonstrating 

that the principal idea of using a bidentate binding motif to restrict the structural space is not applying. 

MD simulations revealed that different dimer motifs are thermally accessible, in which each imine 

molecule bridges two different CPA molecules via hydrogen bonding. Breaking these dimers by fine-

tuning steric repulsion and non-covalent interactions gave access to a rigid and well-defined mono-

meric CPA/imine complex. Combined NOESY NMR studies and computations revealed the structure of 
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this monomeric complex and confirmed the assumed origin of stereoselectivity for downstream trans-

formations. 

 

Figure 1: Top) Dual functionality of Brønsted acids enabling either parallel binding of electro- and nucleophile or bidentate binding of the 

substrate in a presumably rigid, defined way by hydrogen bonding.  While the parallel binding motif is well explored experimentally and in 

silico, no detailed experimental insights exist for the bidentate binding motif. Bottom) Key questions and results of the presented work 

feature spectroscopic and computational studies on the monomeric CPA/imine complex, confirming the surmised origin of stereoselectivity 

and unprecedented detection of [CPA/imine]2 bridged dimers. 

 

6.3. Results and Discussion 

6.3.1. Initial System Screening and dimer formation 

To obtain an access to the structural space of bidentate CPA/imine complexes, an initial system screen-

ing with catalysts 1a-c and imines 2a-c was carried out (see Figure 2A). Catalysts 1a-c were selected 

due to their wide application in synthesis, their symmetry, solubility and different steric properties. 

For imines 2a-c, a para-methoxy residue was selected as potential probe for structural investigations 

via NOESY NMR and the α-imine substituent was varied to modulate steric effects and subsequently 

the ratio between E and Z imine (Z population increasing for α-H < α-CH3 < α-Ph). All NMR measure-

ments were carried out at a temperature of 180 K to slow down potential exchange processes and thus 
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to obtain an optimally resolved hydrogen bond pattern. In the previous work by Akiyama,1,14 toluene 

was used as solvent as it yielded the best stereoselectivity in the initial reaction optimization. However, 

similar to our previous studies,23 the low temperature 1H-NMR spectra in toluene gave very broad sig-

nals and were not suitable for further investigations (see SI Figure S4). Hence dichloromethane (CD2Cl2) 

was selected as solvent for the NMR investigations, providing superior signal dispersion, linewidths 

and solubility. In addition, previous studies of CPA/imine complexes were successfully conducted in 

CD2Cl2 in our working group.22–25 For the system 1a/2a, 6 proton signals were monitored in the H-bond 

region of the spectrum, corresponding to 3 distinct CPA/imine complexes with a ratio of ~ 1 : 1.7 : 1.1. 

The signals at ~14 ppm (Figure 2B, blue signals) were assigned to the PO----H-N+ hydrogen bonds based 

on the scalar coupling to the α-H protons of 2a (2hJHH = 13.6 Hz), which was confirmed by 1H 1H COSY 

spectrum. The signals at ~12 ppm (Figure 2B, red signals) reflect the PO---H-O hydrogen bonds and 

were assigned based on cross signals in the 1H 31P HMBC spectrum and cross peaks with the protons 

of the N-aryl group in the 1H 1H COSY spectrum. 

 

Figure 2: A) Selected catalysts and substrates for the initial system screening. B) Section of the 1H NMR spectra of 1a/2a (bottom), 1a/2b 

(middle) and 1a/2c (top) at a 1:1 ratio and a concentration of 50, 10 and 10 mM respectively in CD2Cl2 at 600 MHz and 180 K. For 1a/2a, three 

distinct species were observed, while for 1a/2b-c, a multitude of different signals was monitored. C) Section of the 1H NMR spectra of 1a/2a 

(middle), 1b/2a (top) and 1c/2a (bottom) at a 1:1 ratio and a concentration of 50, 10 and 10 mM respectively in CD2Cl2 at 600 MHz and 180 K. 
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In contrast, for 1a/2b-c (see Figure 2B) a multitude of hydrogen bonded proton signals is detected, 

reflecting an unexpected broad structural space (similar spectra were obtained for 1b/2b-c; see SI S6). 

For 1a/2a, the three observed species could be assigned as different [1a/E-2a]2 dimers, featuring ex-

clusively the E-imine (see below). For 1a-b/2b-c, we strongly assume that analogous [CPA/imine]2 di-

mers are present, featuring either the E- or Z-imine or a mixture of both which increases the number 

of observed species. This variety of dimeric structures in combination with the potential presence of 

additional monomeric [CPA/imine] species causes the observed broad structural space reflected in the 

multitude of different H-bonded proton signals.  

To obtain more detailed structural insights, in the following the system 1a/2a was investigated. Low 

temperature sample preparation and photo-isomerization experiments (see SI Figure S7 and S8 for 

detailed discussion) validated that all 3 species exclusively feature E-imines. This is in agreement with 

previous findings that the size of the α-substituent is one major driving force towards the Z-imine be-

sides reduced steric hinderance within the CPA binding pocket.22,23 Based on a series of two-dimen-

sional NMR spectra, a partial chemical shift analysis could be achieved for the three 1a/2a species (see 

SI Figure S1), however detailed structural insights via analysis of the NOESY spectrum could not be 

obtained due to line broadening and severe signal overlap. To shed light onto the nature of the 1a/2a 

complexes, Diffusion Ordered Spectroscopy (DOSY) NMR measurements were carried out. For all three 

species, similar self-diffusion coefficients were found and an average hydrodynamic radius of 

11.8 ± 0.87 Å was derived, which is similar to the previously reported radius of [1b/imine]2 dimers.22 A 

control experiment with catalyst 1a and a reference imine without ortho-hydroxy group (see SI Tables 

S1-2 for further details) gave a hydrodynamic radius of 8.8 ± 0.15 Å, which matches the previously 

reported radii for monomeric CPA/imine complexes.22 Hence, for 1a/2a, three [CPA/E-imine]2 dimers 

with different hydrogen bonding situations are formed (see below for further discussion). For substrate 

2a, the selected CPA had a strong effect on the number of observed hydrogen bonded proton signals 

and thus number of species present (see Figure 2C). While for catalyst 1a three different species were 

monitored, four species were observed for 1b and only one species for catalyst 1c. For 1c/2a, no fur-

ther detailed NMR-spectroscopic studies were performed due to strong signal overlap in the aromatic 

region. However, DOSY measurements revealed a hydrodynamic radius of ~12.4 Å, clearly indicating it 

as a dimeric species (see SI Table S5). Based on the similar signal pattern and chemical shift range, we 

assume that the 4 different species observed for 1b/2a are also dimers. Noteworthy, for the selected 

set of catalysts 1a-c/2a, the size of the 3,3’-substituents (1c > 1a > 1b)26 correlates with the number of 

observed species (1c < 1a < 1b), hinting that bulkier catalyst residues can restrict the structural space 

of the dimeric [CPA/imine]2 species.  
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6.3.2. Molecular dynamic simulations of [1a/2a]2 dimers 

As a detailed structural analysis by NMR spectroscopy for 1a/2a was not fruitful due to signal overlap 

and line broadening, simulations were performed to shed light onto the general differences between 

the at least three observed dimeric species. Hence, force field MD simulations at conditions similar to 

the NMR experiments (1 bar, 200 K, c = 50 mM in CH2Cl2 – details see SI) were performed. Force field 

MD is the method of choice for investigating dynamic, aggregation and H-bonding behaviour of the 

molecules 1a/2a in solution at finite temperature with reasonable computational cost. Since the NMR 

experiments show that the molecules are hydrogen bond assisted ion pairs (see SI chapter 7 for further 

discussion) exclusively the ion pair protonation state (phosphate and iminium) were simulated. Thus, 

dissociation is unfavourable and was not observed in the simulations. In our previous research on imine 

substrates without an ortho-hydroxy substituent, we detected and characterized dimeric [CPA/imine]2 

complexes, in which the two imines were stacked in a shifted face-to-face arrangement between two 

CPA molecules.22 However, for the ortho-hydroxy substituted imines, in principle two general hydro-

gen bonding arrangements can be envisioned: Either one imine is bound to one CPA via a bidentate 

binding motif (as shown in Figure 1 top right) and two of these units aggregate (non-bridging H-bond 

motif) or each imine molecule bridges two different CPA molecules via hydrogen bonding (bridging H-

bond motif; see Figure 3).  

A cluster analysis for an initial simulation with individual CPA and iminium molecules of 1a/2a showed 

no significant number of non-bridging dimers. This strongly indicates that the bridging motif (one imine 

binds to two CPAs) is favored over the bidentate binding. For the bridged dimers, four different ar-

rangements are generally possible. In all cases two CPA molecules are interconnected by four hydrogen 

bonds over two imine molecules nested in between the CPAs (see Figure 3 top). Their differences orig-

inate in the orientation of the second imine molecule. Both PO---H--N+ hydrogen bonds can be directed 

to one CPA, while both PO--H--O hydrogen bonds point to the second CPA molecule (Dimer 0 and III) 

or each CPA forms one PO---H--N+ and one PO--H--O hydrogen bond (I and II). In addition, the second 

imine can be orientated parallel (0 and I) or antiparallel (II and III). Thermodynamic Integration Free 

Energy simulations revealed that motifs 0, I and II are similarly thermally accessible, while motif III is 

13-14 kJ/mol higher in free energy and thermally not accessible (see SI Table S8). While in dimers 0-II 

the two imines are stacked in a shifted face-to-face arrangement (see Figure 3 bottom), this is not the 

case for motif III (compared to the other motif 0 with similar hydrogen bond orientation, the interac-

tion is much weaker). Thus, we assume that the three dimer species observed in the 1H NMR spectrum 

for 1a/2a (see Figure 2B) correspond to dimer motifs 0, I and II.  
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Figure 3: Top: sketch of the four different bridging H-bond dimer motifs 0-III investigated in the MD simulations for 1a/2a, featuring two CPA 

and two imine molecules. In all motifs, two different CPA molecules are bridged by two imines via hydrogen bonding. Both PO---H--N+ hydro-

gen bonds (blue) can point towards one CPA, while the two PO--H--O hydrogen bonds (red) are directed to the other CPA (motifs 0 and III) 

or each CPA can form one PO---H--N+ and one PO--H--O hydrogen bond (motifs I and II). The imine can be stacked parallel (motifs 0 and I) or 

antiparallel (motifs II and III). Bottom: MD snapshot for dimer motif 0, highlighting the bridging of two CPA molecules by two imines. Colour 

code: red: oxygen; blue: nitrogen; dark grey: carbon; light grey: hydrogen. 

Additionally, the MD simulations of motif 0 suggest that even for one specific bridging motif a high 

degree of flexibility exists, so that transitions between different conformations arising from a rotation 

of the BINOL backbone (on the side given by the iminium OH groups) of one CPA occur on a timescale 

below 100 ns (see SI Figure S19). We explain the presence of two different conformations by a shift in 
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Van der Waals stabilisation from imine-imine to imine-CPA. In our previous studies with imines without 

ortho-hydroxy substituents (only one hydrogen bond between CPA and imine), we identified 

[CPA/imine]2 dimer complexes, in which two stacked imines are nested in between two CPA molecules. 

These dimers are proposed not to  play a role in catalysis and resemble an off-cycle equilibrium with 

the catalytic relevant monomeric CPA/imine complexes, especially as additional binding of a nucleo-

phile by a second hydrogen bond (see Figure 1, left) is assumed to prevent formation of these dimers.22 

However, it was also shown that CPA molecules can form PO--H--OP hydrogen bond bridged dimers 

which then can act as an alternative active catalyst, opening a concentration dependent dimeric reac-

tion channel.25 For CPA catalysed transformations of imines bearing an ortho-hydroxy substituent, orig-

inally a bidentate binding to the catalyst was proposed.1  Typical  third reaction partners1,15,16,20 for 

imines with ortho-hydroxy substituent feature no hydrogen bond donor. Thus, only a weak preorgan-

isation can be envisioned within the CPA/imine/nucleophile complex. However, these transformations 

could in principle also proceed over the observed dimer motifs, in which the imine bridges two CPA 

molecules. This leads to a broad variety of potential transition states, featuring distinct dimer motifs 

combined with different attack pathways for the nucleophile and potentially also contributions of the 

respective monomeric reaction pathways. However, the potential dimeric pathway implies that an ap-

plication of catalyst mixtures (e.g. R and S enantiomers or two catalysts with different 3,3’-substitu-

ents) might prove beneficial for optimizing stereoselectivities. 

 

6.3.3. Accessing CPA/imine monomers 

The strong tendency of 1/2 complexes towards dimerization opens up a multitude of different poten-

tial transition states. Thus, we were intrigued to study, which molecular features suppress dimer for-

mation and force the system towards CPA/imine monomers for an easier selection of optimal catalysts. 

Since the MD simulations showed stacking of the imines in between the catalysts for all accessible 

dimers (see Figure 3 bottom), we aimed to hinder dimerization by introducing electronic or steric re-

pulsion. After screening of 13 CPA/imine combinations (1c-f/2a; 1a-c,g,h/3a; 1b/3a-e; see Figure 4A 

for selected CPAs and imines and SI Figures S9-11 for respective 1H NMR spectra and  further discus-

sion) we were able to obtain the well resolved system 1b/3a, showing only two proton signals in the 

hydrogen bond region of the 1H NMR spectrum (see Figure 4B). DOSY measurements gave a hydrody-

namic radius of 10.9 ± 0.15 Å for 1b/3a and a value of 10.2 ± 0.16 Å was determined for a monomeric 

reference system (see SI Table S3 and S4), clearly demonstrating that the observed species is a mono-

mer. Using a combination of 1H 1H COSY, 1H NOESY, 1H 13C HSQC, 1H 13C HMBC and 1H 31P HMBC spectra 

allowed for a complete chemical shift assignment of the complex (see SI Figure S2). 
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Figure 4: A) CPAs and imines which were tested in order to suppress dimer formation. CPAs 1c-f were employed with substrate 2a but no 

well resolved CPA/imine monomers were obtained (see SI Figure S9 for spectra and discussion). For imines 3a-e well resolved CPA/imine 

monomers were only found for 1b/3a and 1b/3b (see SI Figure S10 and S11 for spectra and discussion). B) 1H NMR spectrum of 1b/3a at a 

1 : 1 ratio and a concentration of 25 mM at 180 K and 600 MHz in CD2Cl2 showing two hydrogen bonded proton signals respecting one single 

complex. 

 

The proton signals at 13.91 ppm (Figure 4B, blue signal) and 12.37 ppm (Figure 4B, red signal) could 

unambiguously be characterized as the PO----H-N+ and PO---H-O hydrogen bonded proton respectively 

by detection of trans-hydrogen bond scalar coupling via 1H 1H COSY and 1H 31P HMBC spectra (see SI 

Figure S12 for spectra and further discussion). In comparison to our previously investigated monoden-

tate 1b/imine systems,27 the PO----H-N+ hydrogen bond proton signal of 1b/3a is significantly highfield 

shifted (~ 2 ppm), which correlates to a weaker H-bond and a stronger proton transfer onto the sub-

strate caused by the cooperativity effect of the second PO---H-O hydrogen bond.25 

To shed light onto the structure of 1b/3a in solution, an analysis of the NOE pattern was done and 

corroborated by calculations. Hence, 1b/3a was optimized in CH2Cl2 (SMD) at the DFT level of theory 
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employing Grimme’s D3 empirical dispersion correction (TPSS-D3/dev2-SVP; see SI for details). The 

resulting most stable complex (see Figure 5) was found to be analogous to the previously reported 

simplified structure model for CPAs and N-(ortho-hydroxyaryl) imines by Akiyama.14 

 

Figure 5: DFT structure model of 1b/3a. The two hydrogen bonds (highlighted in blue) anchor the substrate in between the two 3,3’-substit-

uents of the catalyst. One side of the substrate is effectively shielded by the 3,3’-substituent, which causes the stereoinduction. 

In this complex, the imine is located in between the two 3,3’-substituents of the catalyst and anchored 

by two hydrogen bonds (see Figure 5, blue area). One side of the substrate is sterically shielded by the 

3,3’-substituent, effectively blocking this side for nucleophilic attacks. The computed structure model 

agrees with the performed NOESY NMR studies, which revealed contacts between the N-aryl moiety 

of the imine and one 3,3’-substituent of the CPA as well as between the para-tbutyl phenyl entity of 

the imine and the other 3,3’-substituent (Figure 5, indicated by red arrows; see SI Figure S13 for NOESY 

spectrum). Additionally, no NOE contacts have been detected between the imine and the BINOL back-

bone as it is the case for the respective CPA/imine systems featuring only one hydrogen bond.22,23 

Remarkably, the two halves of the BINOL backbone, the two 3,3’-substituents and especially the two 

ortho as well as para protons of the para-tbutyl phenyl entity of the imine possess different chemical 

shifts. Signal splitting of the ortho and para protons clearly shows that rotation of the para-tbutyl phe-

nyl ring is slow on the NMR timescale, which is in stark contrast to our previous investigations on 
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CPA/imine systems with one hydrogen bond where such splitting was never monitored.22,23 The obser-

vation that even the rotation of the phenyl group is hindered clearly indicates that the bidentate bind-

ing by two hydrogen bonds enforces a rigid and well defined preorganization of catalyst and imine. 

This is further corroborated by the signal splitting of the CPA, which was not present in our previous 

studies for many CPA/imine systems with one hydrogen bond due to signal averaging by fast intercon-

version of different conformers.22,28 

Additionally, in the molecular dynamic simulations for monomeric aggregates of 1a/2a, two different 

hydrogen bonding motifs were found. One features a bidentate binding of the imine towards both 

oxygen atoms of 1a, while the other shows bifurcated binding towards only one oxygen atom (see 

Figure 6A). 

 

Figure 6: A) A) Bidentate and bifurcated hydrogen bonding motives. B) Plot of atom distances of the Brønsted acidic and basic oxygen atom 

(blue and orange) and hydrogen bond protons (green and magenta) during the MD simulations reveals the rare switching event (dashed line) 

between two different binding motifs. 
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The two binding motifs can interconvert (rare event on the 100 ns timescale), indicating an equilibrium 

between these two binding states (the switching process occurs in both directions and thus is no equi-

libration artefact; see SI Figure S15-17). This hints that the Brønsted basic site of the CPA (see Figure 

1) might not be blocked entirely by the bidentate binding of a substrate featuring both a hydrogen 

bond donor and acceptor. Thus, for monomeric CPA/2 complexes, a bifurcated binding of the imine 

substrate and additional binding of a nucleophile with H-bond donor (see Figure 1 left) could be sur-

mised for certain catalyst/substrate/nucleophile combinations.   

Noteworthy, only the combination of 1b/3a and 1b/3b (see SI Figure S11) gave a well resolved NMR 

spectrum of the monomer complex. Slight changes in the catalyst or the substrate led to a variety of 

species or dimerization of CPA and imine (see SI Figures S9-11 for full overview of systems, spectra, 

and detailed discussion), indicating a broad structural space featuring different dimeric [CPA/imine]2 

complexes, hydrogen binding motifs and potentially other monomeric CPA/imine conformers. This is 

surprising, as a bidentate binding motif was expected to confine the structural space and minimize the 

number and variety of potential species. However, it remains elusive if and how this structural diversity 

might affect the catalysis or reflects off-cycle equilibriums. 

6.4. Conclusion 

A selection of BINOL derived chiral phosphoric acid catalysts and N-(ortho-hydroxyaryl) imines (19 

CPA/imine combinations) was studied via NMR spectroscopy to shed light onto the structural space 

and hydrogen bonding of the respective CPA/imine complexes and to pinpoint the origin of stereose-

lectivity for related transformations of the imine substrates. Introducing an additional hydrogen bond 

donor into the substrate (ortho-hydroxy group) led to bidentate binding of catalyst and substrate via 

the formation of two hydrogen bonds. The resulting CPA/imine complexes showed a broad structural 

space with a variety of different species and a preference for the formation of [CPA/imine]2 dimers, 

contradicting the general assumption, that bidentate binding of CPA and substrate results in a highly 

confined structural space, thus yielding high enantioselectivities. MD simulations showed, that in these 

dimers, the imines may form each one hydrogen bond to two CPA molecules, effectively bridging them. 

This indicates that respective transformation might proceed via [CPA/imine]2 dimers instead of biden-

tate bound CPA/imine complexes, implying that catalyst mixtures (either R and S enantiomer or two 

catalysts with different 3,3’-substituents) might prove beneficial for optimizing stereoselectivities. 

Modulating steric repulsion and noncovalent interactions allowed to access rigid and well-defined 

monomer structures. NOESY NMR studies corroborated by theoretical calculations showed, that the 

imine is located in between the two 3,3’-substituents of the catalyst. One side of the substrate is 

thereby shielded by the catalyst, which creates the stereoinductive environment for asymmetric down-

stream transformations. 
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6.6. Supporting Information 

6.6.1. General information 

Chemicals 

Deuterated solvents were purchased from Deutero or Sigma Aldrich. Where dry solvents were essen-

tial, CD2Cl2 was freshly distilled over CaH2 and Toluene-d8 was refluxed over Na/Benzophenone under 

argon atmosphere. Non-deuterated toluene was refluxed over Na/Benzophenone under Argon atmos-

phere or purchased by Sigma Aldrich (dry, stored over molecular sieve). All commercially available 

chemicals were purchased by Sigma Aldrich or abcr and used without further purification.  

Sample preparation 

The chiral phosphoric acid was weighed into a 5 mm NMR tube and dried at 150 °C for at least 20 min 

under reduced pressure. After the tube came to room temperature, the respective imine was weighed 

directly into the NMR tube. The tube was evacuated and flushed with Argon three times. Dry CD2Cl2 

(0.6 mL) was added under Argon flow and TMS atmosphere (0.5 mL) was added. The tube was closed 

and sealed with parafilm. The samples were stored in the fridge at -80 °C. 

For the preparation of the “E-only sample”, prior to adding the solvent the tube was cooled to -80 °C 

in an acetone/liquid nitrogen bath. Under Argon flow, cooled CD2Cl2 (0.6 mL) was added to the CPA 

and imine. TMS atmosphere (0.5 mL) was added and the tube was closed and sealed with parafilm. 

The samples were stored in the fridge at -80 °C. E-only samples were transported at -80 °C in an ace-

tone/liquid nitrogen cooling bath and only inserted in a precooled spectrometer at 180 K. 

For the in situ UV VIS illumination experiments, a glass fiber based illumination setup developed by our 

group was employed.1,2 The sample preparation was analogous, except only 0.35 mL of solvent were 

used. After solvation, the glass fiber was inserted into the ambered tube and fixated with parafilm. 

NMR spectrometer, data procession and referencing 

All NMR spectroscopic investigations on model systems were performed on a Bruker Avance DRX 600 

MHz spectrometer with TBI (Triple resonance broadband inverse) 5 mm CPPBBO 1H/19F-BB probe head 

with Z-gradient and BVT unit. Temperature was controlled in the VT-experiments by a BVT 3000 and 

BVT 3900 unit and liquid nitrogen. Further NMR experiments were performed on Bruker Avance III HD 

400 MHz spectrometer equipped with 5 mm BBO BB-1H/D probe head with Z-Gradients.  Spectrometer 

control and spectra processing was performed with Bruker Software TopSpin (Version 3.2 PL 1). Fur-

ther plotting of the spectra was performed with Corel Draw 2020 software. 1H,13C chemical shifts were 

referenced to TMS or the respective solvent signals. The heteronucleus 31P was referenced, employing 
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ν(X) = ν(TMS) · Ξreference / 100 % according to Harris et al.3  The following frequency ratios and reference 

compounds was used: Ξ(31P) = 40.480742 (H3PO4). For all NMR measurements, 5 mm NMR tubes were 

used. 

Pulse sequences and acquisition parameters 

1H-NMR: Pulse program zg30, Relaxation delay = 2.00 s, Acquisition time = 2.54 s, SW = 22 – 24 ppm, 

TD = 66 K, ns = 16 – 256; 13C NMR: Pulse program: zgpg30, Relaxation delay = 2.00 s, Acquisition time 

= 0.80 s, TD = 66 K; SW = 270.0 ppm, TD = 64k, NS = 1k – 4k; 31P-NMR: Pulse program: zgpg30; Relaxa-

tion delay = 1.00 s, Acquisition time = 2.25 s, SW =20 - 60.0 ppm, TD = 65k, NS = 256 - 512; 2D-1H,1H NO-

ESY: Pulse program: noesygpph; Relaxation delay = 5.00 s, NS = 8-16, mixing time (D8) = 300.00 ms; TD 

= 4096; increments = 512 - 1k; 2D-1H,1H ROESY: Pulse program: roesyphpr.2; Relaxation delay = 5.00 s, 

NS = 8, mixing time (D8) = 100.00 ms; TD = 4096; increments = 1k; 2D-1H,1H COSY: Pulse program: 

cosygpqf; Relaxation delay = 5.00 s, NS = 4-16, TD = 4096; increments = 512; 2D-1H,13C HSQC: Pulse 

program: hsqcedetgpsisp2.3; Relaxation delay = 4 - 8 s, NS = 8-32, 1JXH = 145 Hz; TD = 4096; increments 

= 512 - 1k; 2D-1H,13C HMBC: Pulse program: hmbcgplpndqf; Relaxation delay = 4.00 s, NS = 8-16, 1JXH = 

145 Hz, JXH(long range) = 10 Hz; TD = 4096; increments = 512 - 1k; 2D-1H,31P HMBC: Pulse program: 

inv4gplrndqf; Relaxation delay = 6.00 s, NS = 4-32, TD = 4096; increments = 256 – 512. 
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6.6.2. Imine synthesis 

(E)-2-((4-methoxybenzylidene)amino)phenol (2a) 

 

2-Aminophenol (7.00 mmol, 0.65 g, 0.55 mL, 1.7 eq), 4-Methoxybenzaldehyde (4.05 mmol, 0.55 g, 1.0 

eq) and MgSO4 (4.70 g) were weighed into a 50 mL Schlenk flask and dissolved in 20 mL DCM. The 

solution was stirred for two days at room temperature. Afterwards, the solvent was removed under 

reduced pressure to give a yellow solid. The crude product was recrystallized in methanol two times 

to give the product as yellow crystals. (0.55 g, 2.60 mmol, 37%). 

1H-NMR: (400.1 MHz, CD2Cl2): δH = 8.65 (s, 1H), 7.90 (m, 2H), 7.30 (dd, 1H, 3J = 8.0 Hz, 4J = 1.5 Hz), 7.25 

(s, 1H), 7.16 (m, 1H), 7.01 (m, 2H), 6.97 (dd, 1H, 3J = 8.1 Hz, 4J = 1.4 Hz), 6.90 (m, 1H), 3.88 (s, 1H).  

13C-NMR: (100.6 MHz, CD2Cl2): δC = 162.7, 156.8, 152.2, 135.9, 130.5, 128.9, 128.2, 120.0, 115.8, 114.6, 

114.3, 55.5. 

HR-MS (EI, m/z): found 226.08607 (M-H)+ (calculated 226.08626 for C14H12NO2 ); Diff(ppm) = -0.81. 
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(E)-2-((1-(4-methoxyphenyl)ethylidene)amino)phenol (2b) 

HO

H2NO

O

O

N

HO

Molecular sieves 4 Å

toluene,
reflux,
20 h

+

 

The molecular sieves 4 Å (approx. 4 g) were weighed into a 50 mL Schlenk flask and dried with a heat 

gun at 350 °C for 30 min under reduced pressure. 2-Aminophenol (30.0 mmol, 3.27 g, 3.0 eq) and 1-

(4-methoxyphenyl)ethan-1-one (10 mmol, 1.50 g, 1.0 eq.) were added under argon flow and dissolved 

in 20 mL anhydrous toluene. Under argon flow, a reflux condenser was added to the setup. After flush-

ing it for 3 min with argon, a drying tube containing CaCl2 was added to the setup and the solution was 

refluxed for 20 h. The reaction mixture was allowed to cool down and the solvent was removed under 

reduced pressure. The crude product was obtained as an orange solid and was purified two times using 

a bulb-to-bulb distillation (0.01 mbar, 170 °C) to give the imine 2b as an orange solid (0.313 g, 1.30 

mmol, 13 %). 

1H-NMR: (400.1 MHz, CD2Cl2): δH = 8.02 (m, 2H), 7.06 (m, 1H), 6.97 (m, 2H), 6.94 (m, 1H, 3J = 8.1 Hz, 4J 

= 1.3 Hz), 6.88 (td, 1H, 3J = 7.6 Hz, 4J = 1.5 Hz), 6.79 (dd, 1H, 3J = 7.8 Hz, 4J = 1.5 Hz), 5.86 (s, 1H), 3.87 (s, 

3H), 2.40 (s, 3H). 

HR-MS (EI, m/z): found 240.10166 (M-H)+ (calculated 240.10191 for C15H14NO2 ); Diff(ppm) = -1.04. 
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(E)-2-(((4-methoxyphenyl)(phenyl)methylene)amino)phenol (2c) 

 

The molecular sieves 4 Å (approx. 4 g) were weighed into a 50 mL Schlenk flask and dried at 350 °C 

under reduced pressure for 30 min. 2-Aminophenol (30.0 mmol, 3.27 g, 3.0 eq) and (4-methoxy-phe-

nyl)(phenyl)methanone (10 mmol, 2.12 g, 1.0 eq.) were added under argon flow and dissolved in 20 mL 

anhydrous toluene. Under argon flow, a reflux condenser was added to the setup and flushed with 

argon for 3 min. A drying tube filled with CaCl2 was added to the setup and the solution was refluxed 

for 3 d. After cooling down, the mixture was filtrated, and the solvent was removed under reduced 

pressure to give an orange solid. The crude product was purified two times using a bulb-to-bulb distil-

lation (0.01 mbar, 190 °C) to give the imine 2c as an orange solid (0.516 g, 1.7 mmol, 17 %) as a mixture 

of E and Z-isomer (ratio major/minor = 1.9 : 1). 

1H-NMR: (400.1 MHz, CD2Cl2): δH = 7.74 (m, 2H, minor), 7.72 (m, 2H, major), 7.49 (m, 1H, minor), 7.44 

– 7.33 (m, both), 7.17 (m, 2H, major), 7.11 (m, 2H, minor), 6.99 - 6.86 (m, both), 6.83 (s, 1H, broad, 

both, OH group), 6.52 (m, 1H, minor), 6.45 (m, 1H, major), 6.26 (dd, 1H, 3J = 8.0 Hz, 4J = 1.4 Hz minor), 

6.17 (dd, 1H, 3J = 8.0 Hz, 4J = 1.4 Hz, major), 3.84 (s, 3H, major), 3.81 (s, 3H, minor). 

13C-NMR: (100.6 MHz, CD2Cl2): δC = 169.4 (minor), 169.0 (major), 162.6 (major), 160.8 (minor), 151.9 

(minor), 151.7 (major), 140.6, 140.0, 136.9, 136.8, 132.6, 131.6, 131.3, 131.3, 130.0, 129.4 (minor), 

129.4 (major), 128.8 (major), 128.6, 128.5 (minor), 126.6 (minor), 126.4 (major), 120.9 (major), 120.7 

(minor), 119.6 (minor), 119.5 (major), 114.8 (minor), 114.6 (major), 114.1 (minor), 113.9 (major), 55.8 

(major), 55.7 (minor).  

HR-MS (EI, m/z): found 302.11714 (M-H)+ (calculated 302.11756 for C20H16NO2 ); Diff(ppm) = -1.36. 
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(E)-4-(tert-butyl)-2-((4-(tert-butyl)benzylidene)amino)phenol (3a) 

 

The aldehyde (0.811 g, 0.836 mL, 5.0 mmol, 1.0 eq.) and the hydroxy aniline (0.826 g, 5.0 mmol, 1.0 

eq.) and MgSO4 (5 g) were dissolved in 20 mL DCM and stirred for 3 days at room temperature. After-

wards, MgSO4 was filtrated off and the solvent was removed under reduced pressure. The crude prod-

uct was purified by bulb-to-bulb distillation (160 °C, 0.1 mbar) to give imine 3a (0.883 mg, 2.85 mmol, 

57%) as yellow oil which solidified as yellow to white solid after several days/weeks.  

1H-NMR: (400.1 MHz, CD2Cl2): δH = 8.72 (s, 1H), 7.89 (m, 2H), 7.54 (m, 2H), 7.35 (d, 1H, 4J = 2.3 Hz), 7.23 

(dd, 1H, 3J = 8.5 Hz, 4J = 2.3 Hz), 7.08 (s, 1H), 6.9 (d, 1H, 3J = 8.5 Hz), 1.37 (s, 9H), 1.34 (s, 9H).  

13C-NMR: (100.6 MHz, CD2Cl2): δC = 157.2, 155.7, 150.3, 143.5, 135.4, 133.8, 128.9, 126.3, 126.0, 114.4, 

113.1, 35.4, 34.7, 31.7, 31.3.  

HR-MS (EI, m/z): found 308.20058 (M-H)+ (calculated 308.20089 for C21H16NO); Diff(ppm) = - 1.02. 
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(E)-4-(tert-butyl)-2-((4-isopropylbenzylidene)amino)phenol (3b) 

 

The aldehyde (1.48 g, 1.52 mL, 10.0 mmol, 1.0 eq.) and the hydroxy aniline (1.65 g, 10.0 mmol, 1.0 eq.) 

and MgSO4 (6 g) were dissolved in 20 mL dry DCM and stirred for 2 days at room temperature. After-

wards, MgSO4 was filtrated off and the solvent was removed under reduced pressure. The crude prod-

uct was purified by bulb-to-bulb distillation (180 °C, 0.1 mbar) to give imine 3b (0.93 g, 3.2 mmol, 32 %) 

as a yellow oil.  

1H-NMR: (400.1 MHz, CD2Cl2): δH = 8.72 (s, 1H), 7.89 (m, 2H), 7.37 (m, 2H), 7.35 (d, 4J = 2.3 Hz), 7.23 (dd, 

1H, 3J = 8.4 Hz, 4J = 2.3 Hz), 7.07 (s, 1H), 6.90 (d, 1H, 3J = 8.4 Hz), 3.00 (sept, 1H, 3J = 6.9 Hz), 1.34 (s, 9H), 

1.30 (d, 6H, 3J = 6.9 Hz). 

13C-NMR: (100.6 MHz, CD2Cl2): δC = 156.8, 153.1, 149.9, 143.0, 135.0, 133.9, 128.8, 127.0, 125.6, 114.0, 

112.7, 34.3, 34.2, 31.3, 23.5. 

HR-MS (EI, m/z): found 295.19322 (M)+ (calculated 295.19307 for C20H25NO); Diff(ppm) = + 0.53. 
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(E)-4-(tert-butyl)-2-((4-methylbenzylidene)amino)phenol (3c) 

 

The aldehyde (1.20 g, 1.02 mL, 10.0 mmol, 1.0 eq.) and the hydroxy aniline (1.65 g, 10.0 mmol, 1.0 eq.) 

and MgSO4 (7 g) were dissolved in 20 mL dry DCM and stirred for 2 days at room temperature. After-

wards, MgSO4 was filtrated off and the solvent was removed under reduced pressure. The crude prod-

uct was purified by bulb-to-bulb distillation (175 °C, 0.1 mbar) to give imine 3c (1.76 g, 6.0 mmol, 60 %) 

as a yellow oil.  

1H-NMR: (400.1 MHz, CD2Cl2): δH = 8.71 (s, 1H), 7.85 (m, 2H), 7.34 (d, 1H, 4J = 2.3 Hz), 7.32 (d, 2H, 3J 

= 7.9 Hz), 7.23 (dd, 3J = 8.4 Hz, 4J = 2.3 Hz), 7.05 (s, 1H), 6.90 (d, 1H, 3J = 8.4 Hz), 2.43 (s, 3H), 1.34 (s, 

9H). 

13C-NMR: (100.6 MHz, CD2Cl2): δC = 156.8, 149.9, 143.1, 142.3, 134.9, 133.5, 129.5, 128.7, 125.6, 114.0, 

112.8, 34.3, 31.3, 21.4. 

HR-MS (EI, m/z): found 266.15369 (M-H)+ (calculated 266.15394 for C18H20NO); Diff(ppm) = -0.95. 
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(E)-4-(tert-butyl)-2-((4-methoxybenzylidene)amino)phenol (3d) 

HO

H2N

O

N

HO

MgSO4

DCM,
 r.t.,
 2 d

+

O

O
 

The aldehyde (0.68 g, 0.55 mL, 5.0 mmol, 1.0 eq.) and the hydroxy aniline (0.83 g, 5.0 mmol, 1.0 eq.) 

and MgSO4 (7 g) were dissolved in 20 mL dry DCM and stirred for 2 days at room temperature. After-

wards, MgSO4 was filtrated off and the solvent was removed under reduced pressure. The crude prod-

uct was recrystallized in methanol to give imine 3d (0.55 g, 2.4 mmol, 48 %) as a pale orange solid.   

1H-NMR: (400.1 MHz, CD2Cl2): δH = 8.71 (s, 1H), 7.85 (m, 2H), 7.34 (d, 1H, 4J = 2.3 Hz), 7.32 (d, 2H, 4J 

= 7.9 Hz), 7.23 (dd, 1H, 3J = 8.6 Hz, 4J = 2.3 Hz), 7.05 (s, 1H), 6.90 (d, 1H, 3J = 8.6 Hz), 2.43 (s, 3H), 1.34 

(s, 9H).  
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(E)-4-(tert-butyl)-2-((1-(4-(tert-butyl)phenyl)ethylidene)amino)phenol (3e) 

HO

H2N

O

N

HO

Molecular sieves 4 Å

toluene,
 reflux,

1 d

+

 

The molecular sieves 4 Å (approx. 4 g) were weighed into a 50 mL Schlenk flask and dried with a heat 

gun at 350 °C for 30 min under reduced pressure. The aminophenol (1.65 g, 10.0 mmol, 3.0 eq.) and 

the ketone (0.881 g, 5 mmol, 1.0 eq.) were added under argon flow and dissolved in 20 mL anhydrous 

toluene. Under argon flow, a reflux condenser was added to the setup. After flushing it for 3 min with 

argon, a drying tube containing CaCl2 was added to the setup and the solution was refluxed for 1 d. 

The reaction mixture was allowed to cool down and the solvent was removed under reduced pressure. 

The crude product was obtained as an dark brown solution and purified by recrystallization in 

Et2O/MeOH (4:1) to give the imine 3e (0.108 g, 0.33 mmol, 6.5%) as a colorless powder. 

1H-NMR: (400.1 MHz, CD2Cl2): δH = 7.98 (m, 2H), 7.50 (m, 2H), 7.09 (dd, 1H, 3J = 8.4 Hz, 4J = 2.3 Hz), 6.86 

(d, 1H, 3J = 8.4 Hz), 6.87 (d, 1H, 4J = 2.3 Hz), 5.64 (s, 1H), 2.43 (s, 3H), 1.36 (s, 9H), 1.30 (s, 9H).  

HR-MS (EI, m/z): found 322.21654 (M-H)+ (calculated 322.21654 for C18H20NO); Diff(ppm) = - 0.01. 
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6.6.3. Diffusion ordered spectroscopy (DOSY) 

DOSY measurements were performed with the convection suppressing DSTE (double stimulated echo) 

pulse sequence developed by Jerschow and Müller in a pseudo 2D mode.4 Smoothed square 

(SMSQ10.100) gradient shapes and a linear gradient ramp with 20 increments between 5% and 95% 

of the maximum gradient strength (5.35 G/mm) were used. The diffusion time delay was set to 45 ms. 

For the homospoil gradient strengths, values of 100, -13.17, 20 and -17.13 % were used. Gradient pulse 

lengths (p16) were first optimized to obtain a sigmoidal signal decay for increasing gradient strength 

(3.0 ms for TMS, 6.0 – 6.5 ms for CPA/imine complexes). NMR spectra were processed with Bruker 

TopSpin 3.2 (T1/T2 relaxation package) and diffusion coefficients were derived according to Jerschow 

and Müller4  Tetramethylsilan was added to the samples to reference chemical shifts and the viscosity 

of each sample.  

The molecular radii were derived by the Stokes-Einstein equation5 using Chens correction.6  

                                                  𝐷 =
𝑘 𝑇

6𝜋𝜂𝑟
∗ (1 + 0.695 ∗

𝑟

𝑟

.

                                    

Di is the self-diffusion coefficient derived by the measurement, η is the viscosity of the solvent, rH is 

the hydrodynamic radius of the observed molecule and rsolv the radius of the solvent. No form factor 

correction was applied. The viscosity was determined by measuring the diffusion coefficient of the 

reference tetramethylsilane (TMS) and solving the equation for η with the literature value7 of the ra-

dius of 2.96 Å.  

To estimate the error, diffusion coefficients for different signals of the same complex were averaged 

and the standard deviation was determined. The molecular radii were calculated based on the aver-

aged diffusion coefficient, the averaged diffusion coefficient plus the standard deviation and the aver-

aged diffusion coefficient minus the standard deviation. The resulting radii are given as the radius de-

rived from the averaged diffusion coefficient and the error range is given by: 

𝐸𝑟𝑟𝑜𝑟 𝑟𝑎𝑛𝑔𝑒 =  
1

2
∗ [ 𝑟 − 𝑟 + (𝑟 − 𝑟 )] 

Where 𝑟  is the radius derived from the averaged diffusion coefficient, 𝑟  is the minimum 

radius derived from the averaged diffusion coefficient plus the standard deviation and 𝑟  is 

the maximum radius derived from the averaged diffusion coefficient minus the standard deviation.  
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Table S1: Measured self diffusion coefficients of 1a/2a at a concentration of 50 mM at 180 K in CD2Cl2 for signals 

1-5 which were unambiguously assigned to one of the three different species A, B or C (see chemical shift assign-

ment Figure S1). The determined coefficients are similar for all three species within the precision of the meas-

urement (signal intensities were low). 

Entry Chem. Shift [ppm] Assignment Self diffusion coefficient [m2/s] 
1 9.58 Species C 3.21E-11 
2 8.63 Species A 3.72E-11 
3 8.57 Species B 3.55E-11 
4 6.69 Species B 3.10E-11 
5 3.55 Species C 3.09E-11 
6 0.00 TMS 1.90E-10 

 

The self diffusion coefficients determined for signals 1-5 are similar within the error of the experiment, 

considering the low signal intensities. This clearly shows, that all three species are similar in size, i.e. 

[CPA/imine]2 dimers. An average hydrodynamic radius of 11.8 ± 0.87 Å was derived based on the av-

eraged self diffusion coefficient of entries 1-5.  

As a reference for monomeric CPA/imine systems, the system depicted below was used. The chemical 

shift assignment and structural investigations on this system were done in our previous research.8 As 

probe signals, one signal of the CPA for the CPA/E and CPA/Z complex, as well as one signal of the 

imine for the CPA/E and CPA/Z complex was selected. All signals were similar and based on the aver-

aged self diffusion coefficient, the average hydrodynamic radius of 8.8 ± 0.15 Å was determined.  
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Table S2: Measured self diffusion coefficients of the monomeric reference system (see below) at a concentration 

of 50 mM at 180 K in CD2Cl2. 

Entry Chem. Shift [ppm] Assignment Self diffusion coefficient [m2/s] 
1 7.88 CPA/E (CPA) 4.76E-11 
2 7.75 CPA/Z (CPA) 4.93E-11 
3 3.80 CPA/Z (Imin) 4.98E-11 
4 2.54 CPA/E (Imin) 4.81E-11 
5 0.00 TMS 2.02E-10 

 

  

 

Table S3: Measured self diffusion coefficients of 1b/3a at a concentration of 25 mM at 180 K in CD2Cl2. 

Entry Chem. Shift [ppm] Assignment Self diffusion coefficient [m2/s] 
1 8.81 Imine 4.08E-11 
2 8.03 CPA 3.90E-11 
3 7.92 CPA 3.96E-11 
4 6.29 CPA 3.86E-11 
5 5.90 CPA 3.87E-11 
6 1.44 Imine 3.88E-11 
7 0.98 Imine 3.90E-11 
8 0.00 TMS 2.06E-10 

 

The self diffusion coefficients of entries 1, 6 and 7 (imine) are identical to the ones of the CPA (2-5), 

showing that both molecules are part of the same complex. Hence, the self diffusion coefficients were 

averaged and a hydrodynamic radius of 10.93 ± 0.15 Å was determined.  
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Table S4: Measured self diffusion coefficients of the monomeric reference system depicted below at a concen-
tration of 100 mM and a 1:1 ratio at 180 K in CD2Cl2. 

Entry Chem. Shift [ppm] Assignment Self diffusion coefficient [m2/s] 
1 7.77 CPA/E (CPA) 4.00E-11 
2 2.64 CPA/E (Imin) 4.16E-11 
3 1.16 CPA/E (Imin) 4.12E-11 
4 0.00 TMS 1.99E-10 

 

 

To put the found hydrodynamic radius of 1b/3a (see Table S3) into relation, the reference system de-

picted above was selected to mimic the steric properties and hydrodynamic radius of a monomeric 

CPA/imine complex. The chemical shift analysis for this system was done previously9 and it was also 

clarified that the CPA/imine complex is monomeric. Based on the averaged self-diffusion coefficients, 

a hydrodynamic radius of 10.2 ± 0.16 Å was derived. The obtained radius of the monomeric reference 

system is close to the one of 1b/3a, validating that 1b/3a is indeed a monomeric CPA/imine complex. 

Table S5: Measured self diffusion coefficients of 1c/2a at a 1:1 ratio and a concentration of 10 mM at 180 K in 

CD2Cl2. 

Entry Chem. Shift [ppm] Assignment Self diffusion coefficient [m2/s] 
1 4.02 Imine 3.56E-11 
2 0.00 TMS 2.13E-10 

 

As a probe signal for the 1c/2a complex, the methoxy group of 2a was selected. Based on the self dif-
fusion coefficient, a hydrodynamic radius of ~ 12.36 Å was determined.  
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6.6.4. Chemical Shift assignments 

Chemical shifts of CPA/imine complexes were assigned using 1H-, 13C-, 31P-NMR, 1H 13C HSQC, 1H 13C 

HMBC, 1H 31P HMBC, 1H COSY, 1H TOCSY and 1H NOESY spectra. 1H chemical shifts are given in black, 
13C chemical shifts are given in green, 31P chemical shifts are given in red, multiplicities and coupling 

constants are given in blue.  

 

  

Figure S1: Proton chemical shift assignment of 1a/2a at a concentration of 50 mM in CD2Cl2 at 180 K and 

600 MHz. 
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Figure S2: Proton chemical shift assignment of 1b/3a at a concentration of 25 mM in CD2Cl2 at 180 K and 

600 MHz. 

 

 

 

Figure S3: Proton chemical shift assignment of 1b/3b at a concentration of 25 mM in CD2Cl2 at 180 K and 

600 MHz. 
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6.6.5. Initial system screening 

Solvent screening 

Initially, toluene-d8 was tried as solvent to investigate the CPA/imine complexes, because in this sol-

vent the best stereoselectivities were obtained in the optimization screening by Akiyama.10 However, 

the measured spectra showed severe line broadening and signal overlap. This is similar to our previous 

NMR investigations, where toluene was not suitable as a solvent.11 We assume, that changing the sol-

vent from toluene to dichloromethane does not drastically change the structural space of the investi-

gated CPA/imine systems. However, it should be noted that during the reaction optimization by Aki-

yama on the example of one N-(ortho-hydroxyphenyl) imine and one CPA, the enantioselectivity in 

toluene (87% ee) was significantly higher than in dichloromethane (13% ee).  

 

Figure S4: 1H NMR spectra of 1a/2a and 1b/2a in toluene-d8 at a temperature of 180 K and 600 MHz. 
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Intramolecular hydrogen bonding 

As imines 2a-c have both a hydrogen bond donor (-OH) and acceptor (C=N), the formation of intra- and 

intermolecular hydrogen bonds is possible. To confirm, that all observed hydrogen bonded proton sig-

nals (see Figure 2 and Figure S6) stem from CPA/imine hydrogen bonds, the proton spectra of imines 

2a-c (see Figure S5) were recorded under analogous conditions (temperature, concentration, sample, 

sample preparation) as the CPA/imine samples. The resulting spectra clearly show, that none of the 

monitored hydrogen bonded proton signals for systems 1a-b/2a-c originate from the imines alone.  

 

Figure S5: 1H NMR spectra of imines 2a (25 mM), 2b (10 mM) and 2c (10 mM) in CD2Cl2 at 180 K and 600 MHz 

(concentrations are analogous to the samples of 1a-b/2a-c). For 2b and 2c, broad peaks at 11 ppm are observed 

which indicate the presence of inter- and/or intramolecular hydrogen bonds. However, these signals were not 

observed in the samples with the catalysts. 
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1H NMR spectra for systems 1b/2a-c 

For samples containing catalyst 1b and imines 2a-c, the recorded 1H NMR spectra (see Figure S6) were 

similar to the ones with catalyst 1a (see Figure 2). For imines 2b and 2c many hydrogen bonded proton 

signals were monitored, reflecting a broad structural space of the complexes. For imine 2a however, 8 

hydrogen bonded proton signal, reflecting 4 different complexes were observed. In contrast to 1a/2a 

(see Figure 2), the set of PO----H-N+ hydrogen bonds as well as the set of PO---H-O hydrogen bonds 

have different chemical shifts within the set (2 H-bonds at 14-14.5 ppm, 2 H-bonds at 13 ppm for PO--

--H-N+; 2 H-bonds at 12.4 ppm, 2 H-bonds at 11.5 ppm for PO---H-O), which indicates a structural 

difference. 

 

Figure S6: Section of the 1H NMR spectra of 1b/2a (bottom), 1b/2b (middle) and 1b/2c (top) at a 1:1 ratio and a 

concentration of 10 mM in CD2Cl2 at 600 MHz and 180 K. For 1b/2a, 8 hydrogen bonds reflecting 4 different 

CPA/imine species were observed, while for 2b and 2c a multitude of different species was found. 
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E/Z isomerization experiments 

For the system 1a/2a (see Figure 2), a second sample was prepared at low temperature (see Sample 

Preparation). In our previous work,9 this method was applied to exclusively populate CPA/E-imine spe-

cies. In our previous work,8,12 the employed imines were predominantly present as the E-isomer, but 

in presence of a chiral phosphoric acid, CPA/Z-imine complexes were significantly populated (E:Z ratios 

up to approx. 50:50) due to a reduced steric repulsion within the binding pocket of the catalyst. How-

ever, at temperatures < -80 °C, the E-imine cannot isomerize. Hence, if the sample is prepared at low 

temperatures, it becomes possible to suppress CPA/Z-imine complexes. For 1a/2a, the population of 

hydrogen bonded proton signals A, B and C (see Figure S7) are similar for the low-temperature (“E-

only”) and room-temperature sample (“E/Z”). This indicates, that all 3 species feature an E-imine. The 

slight offset most likely originates in an insufficient equilibration of the “E-only” sample prior to the 

measurement.  

   

Figure S7: Comparison of the 1H NMR spectra of 2 samples of 1a/2a which were prepared at low temperature 

(red) and at room temperature (blue) in CD2Cl2 at 180 K and 600 MHz. No significant differences were observed, 

indicating that all 3 species feature an E-imine. 

To further corroborate the assignment of all species as E-imine, photoisomerization experiments were 

carried out. In our previous work it was shown, that it is possible to increase the population of the 

CPA/Z-imine via illuminating the sample with an appropriate wavelength to induce a photoisomeriza-

tion process.13 Hence, 1a/2a (1 : 1 ratio, 50 mM) was illuminated at 180 K first at a wavelength of 13.5 h 

and afterwards additionally for 3 h at 280 nm (see Figure S8). However, only minor changes in the 

integral ratios of the hydrogen bonded proton signals A, B and C were monitored, which could also 

originate in a change in relaxation times under illumination. This indicates, that all three species fea-

ture the same imine configuration, which is most likely the more stable E.  
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Figure S8: Comparison of the hydrogen bonding section of the 1H-NMR spectra of 1a/2a at 180 K and 600 MHz 

in CD2Cl2. The blue spectrum is the reference spectrum prior to illumination, the red spectra was recorded after 

13.5 h of continuous illumination at 365 nm and the green spectrum was recorded after following illumination 

at 280 nm for 3 h. Minor changes in the populations of species A, B and C were detected but unlikely originate in 

a change of the imine configuration. 
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6.6.6. Accessing CPA/imine monomers 

In our previous research,12 we identified the structure of [CPA/imine]2 complexes featuring CPA 1b and 

imines without additional hydrogen bond donor. In these structures, two stacked imines are nested 

within the binding pocket created by the 3,3’-substituents of the two catalyst molecules in a shifted 

phase to phase arrangement. Thereby, the 3,3’-substituents of the two catalyst molecules are close to 

each other. Initially we tried to modify the catalyst to hinder dimerization.  

O

O
P

OH

O

Si

CF3 NO2

1d1c 1e 1f O

N

HO

2a  

 

Figure S9: Section of the 1H NMR spectra of 1c-f/2a in CD2Cl2 at a ratio of 1:1 and a concentration of 10 mM at a 

temperature of 180 K. 

For the combination of 1c/2a (see Figure S9, top), the steric bulk of the catalyst was increased to min-

imize the available space inside the binding pocket, so that two stacked imines would not fit in. The 
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measured 1H NMR spectrum showed only two hydrogen bonds, reflecting one distinct species. How-

ever, DOSY measurements (see Table S5) showed that the monitored complex is still a dimer, giving a 

hydrodynamic radius of ~ 12.36 Å, which is close to the previously reported hydrodynamic radius of 

monodentate CPA/imine dimers.12 For catalysts 1d-f, the idea was to introduce electronic (1d and 1e) 

or steric (1f) repulsion to the 3,3’-substituents. Catalyst 1e was not soluble in CD2Cl2 at low tempera-

ture and hence no hydrogen bonded proton signals are observed. For 1d/2a and 1f/2a, no clear and 

well defined hydrogen bonded proton NMR signals were observed or the spectra could not be analyzed 

in more detail due to signal overlap and line broadening.  

In our previous research, we observed that installing sterically bulky groups such as tert-butyl groups 

on both sides of the imine can efficiently prevent dimerization of CPA/imine complexes.9 Hence, imine 

3a was selected and screened with different catalysts. 1b/3a gave a well defined spectrum with only 

one monomeric species (see Figure 3), thus showing that this approach can give the intended result. 

For 1a/3a, a similar spectrum was recorded but with significantly broadened lines. Additionally, for 

1a/3a spontaneous gel formation – most likely by CPA catalyzed polymerization of 3a – occurred after 

some time (the shown spectrum in Figure S10 was measured immediately after sample preparation). 

For 1c/3a, 1g/3a and 1h/3a, only severely line broadened hydrogen bonded proton signals were found, 

highlighting the broad possible structural space of bidentate CPA/imine complexes.  

After receiving a well resolved spectrum of monomeric 1b/3a, we slightly changed the para-substitu-

ent or alpha-substituent to explore if the determined structure for 1b/3a is retained if the imines are 

modulated. When changing the tert-butyl group to an iso-propyl group for 1b/3b (see Figure S11), 

again a well resolved spectrum with one defined species was obtained (see Figure S3 for chemical shift 

assignment). However, when going to a methyl-substituent (1b/3c) or methoxy-substituent (1b/3d) or 

if the alpha-substituent is changed from hydrogen to methyl (1b/3e), again various broad hydrogen 

bonded proton signals are detected. This again highlights, that for N-(ortho-hydroxyarl) substituted 

imines, a broad structural space is possible and that only for certain CPA/imine combinations, well 

defined complexes are obtained. 
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Figure S10: Section of the 1H NMR spectra of 1a-c,g,h/3a in CD2Cl2 at a ratio of 1:1 and a concentration of 10 mM 

at a temperature of 180 K. 
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Figure S11: Section of the 1H NMR spectra of 1b/3a-e in CD2Cl2 at a ratio of 1:1 and a concentration of 25 mM at 

a temperature of 180 K. 
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6.6.7. Hydrogen bond analysis 

Due to their partial covalent character, hydrogen bonds can be characterized via the detection of scalar 

coupling between the involved nuclei.13,14 For the system 1b/3a, the full scalar coupling matrix be-

tween the two hydrogen bonded protons (PO----H-N+ in red and PO---H-O blue; see Figure S12) and the 

CPA as well as imine was detected via 1H 1H COSY and 1H 31P HMBC spectra. This clearly validates the 

assignment as hydrogen bonds and confirms the postulated binding motif featuring two hydrogen 

bonds as a rigid anchor. 

In our previous research with imines featuring no additional hydrogen bond donor, the CPA/imine 

complexes could be characterized as hydrogen bond assisted ion pairs by analysis of the 1H and 15N 

chemical shifts as well as JNH coupling constants and comparison to reference systems with weak and 

very strong acids.13,14 For CPA/imine complexes with imines 2 and 3, we assume that the complexes 

are also present mainly as ion pairs, especially as the cooperativity effect of the second PO---H-O hy-

drogen bond is expected to better stabilize the resulting phosphate, which suggests an even stronger 

proton transfer on the imine substrate, resulting in a stronger ion pair character. This would be re-

flected by the 1hJNH coupling constant, which could not be accessed as imines 2 and 3 could not be 15N 

labelled. However, the 3hJHH coupling between the hydrogen bonded proton and the α-H of the imine 

(see e.g. Figure 12; doublet splitting was observed for all systems with α-H imines) can only be present 

if the NH binding order is relatively close to 1, clearly indicating that the proton is strongly transferred 

on the imine, which results in an ion pair character. However, as there is still detectable magnetization 

transfer by scalar coupling to the CPA (see Figure 12 signal C), the proton transfer is not complete and 

the complex is best described as hydrogen bond assisted ion pair. 
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Figure S12: Excerpts of the 1H 1H COSY and 1H 31P HMBC spectra of 1b/3a at a 1:1 ratio and a concentration of 25 

mM at 180 K in CD2Cl2. The cross peaks A-D clearly show the full scalar coupling matrix of the hydrogen bonded 

protons. 
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6.6.8. NOE studies 

In the computed structure model for the bidentate complex 1b/3a (see Figure 4) the imine is located 

in between the two 3,3’-substituents of the catalyst. The performed NOESY study (see Figure S13) val-

idated this structure model, as only NOE contacts between the imine and the two 3,3’-substituents 

were found and none to the BINOL backbone, which would be typical for monodentate CPA/imine 

complexes.8,12 One site of the imine has only contact to one 3,3’-substituent (NOE cross peaks A and B 

or C-E), which could be resolved due to the signal splitting of the C2-symmetric catalyst in the 

CPA/imine complex. 

 

Figure S13: Excerpt of the NOESY spectrum of 1b/3a at a 1:1 ratio and a concentration of 25 mM at 180 K in 
CD2Cl2. The cross peaks A-E shown in red validate the theoretically computed structure model. 
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7.1. Abstract 

A chiral phosphoric acid with a 2,2’-binaphthol core was prepared which displays two thioxanthone 

moieties at the 3,3’-position as light-harvesting antennas. Despite its relatively low triplet energy, the 

phosphoric acid was found to be an efficient catalyst for the enantioselective intermolecular [2+2] 

photocycloaddition of -carboxyl-substituted cyclic enones (e.r. up to 93/7). Binding of the carboxylic 

acid to the sensitizer is suggested by NMR studies and by DFT calculations to occur via two hydrogen 

bonds. The binding event not only enables an enantioface differentiation but also modulates the triplet 

energy of the substrates.  
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7.2. Introduction 

Recent interest in visible light-mediated reactions has triggered a large number of studies towards the 

synthesis of new chromophores and chiral catalysts.[1] The long known thioxanthone chromophore[2] 

has been revisited in the context of triplet sensitization[3] and it has been attached to chiral scaffolds 

for applications in enantioselective photochemistry.[4] The most frequently used chiral modification is 

represented by compound 1 (Figure 1)[4a] in which a thioxanthone is attached via an oxazole to position 

C7 of 1,5,7-trimethyl-3-azabicyclo[3.3.1]nonan-2-one. The latter device serves as a hydrogen bonding 

site[5] and allows to process lactams in [2+2] photocycloaddition[4a,6] and deracemization[7] reactions. 

By attachment to a chiral bisoxazoline, thioxanthone can be part of a bifunctional chiral metal catalyst 

and ligand 2 has been successfully employed in the Ni-catalyzed oxygenation of -ketoesters.[4b] Chiral 

imidazolinone-based organocatalysts have recently been reported for enamine catalysis in which the 

thioxanthone acts via single electron transfer.[4d] However, not any binding motif known from thermal 

reactions will automatically lead to a successful chiral catalyst. Thiourea-linked thioxanthones such as 

3, for example, did not display the expected enantioselectivity in photochemical reactions.[4c] 

 

Figure 1. Structure of chiral thioxanthones 1-3 with a substrate or metal binding site (in gray). 

Nonetheless, given the limited number of substrates that can yet be processed by chiral thioxanthones, 

it seems desirable to further investigate possible binding motifs to which a thioxanthone entity can be 

attached. In this communication, we describe the synthesis of a C2-symmetric chiral phosphoric acid 

with two thioxanthone units and report on preliminary studies as to its mode of action in photochem-

ical [2+2] cycloaddition reactions. 
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7.3. Results and Discussion 

Since their initial use in organocatalysis,[8] chiral phosphoric acids have emerged as a highly efficient 

class of compounds for a plethora of applications.[9] Most phosphoric acids display aryl groups in posi-

tions C3 and C3’ of the 2,2’-binaphthol core and we envisaged that these positions would serve as 

suitable points of attachment for a thioxanthone unit. However, the direct linkage of a 9-oxo-9H-thi-

oxanthen-3-yl group to positions C3 and C3’ led to a phosphoric acid which did not induce any enanti-

oselectivity in photochemical test reactions (see SI for further details). Upon further screening, a more 

promising catalyst 4 (Scheme 1) was discovered which was prepared by Suzuki cross-coupling of aryl 

bromide 7 and known diboronic acid 8.[10]  

 

Scheme 1. Synthesis of phosphoric acid 4 from boronic acid 8 and aryl bromide 7. Conditions and yields for the individual steps a-c: (a) 2.5 

equiv. 7, 10 mol% Pd(PPh3)4, 10 equiv. 2 M Na2CO3 (aq), 85 °C, 16 h (DME), 96%; (b) 6.0 equiv. BBr3, 0 °C → rt, 2 h (CH2Cl2), 83%; (c) 2.0 equiv. 

POCl3, 95 °C, 12 h (py), then H2O, 95 °C, 54%. 

The former component was obtained by a dehydrogenative condensation[11] of 3-bromobiphenyl (5) 

and thiosalicylic acid (6). After demethylation and phosphorylation the free acid was liberated by treat-

ment with water. A major asset of phosphoric acid 4 as compared to thioxanthones 1 and 3 is its C2 

symmetry which invites the coordination of substrates with a symmetric binding motif. In this context, 

carboxylic acids RCOOH seemed particularly interesting to us because studies by List and co-workers 

had established that they can be activated in thermal reactions by coordination to chiral phosphoric 

acids.[12] 

Preliminary experiments commenced with 3,4-dihydro-2,2-dimethyl-4-oxo-2H-pyran-6-carboxylic acid 

(9, Scheme 2) which had been previously employed in intermolecular [2+2] photocycloaddition 

reactions upon UV irradiation ( = 366 nm).[13] To our delight, we found that the previously reported 

reaction with cyclopentene to racemic products rac-10 could be conducted with visible light in the 
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presence of parent thioxanthone (thioxanthen-9-one, see SI for further details). With catalytic quanti-

ties of acid 4, the reaction proceeded at  = 437 nm with improved chemoselectivity (vide infra) and 

the desired product was isolated as a mixture of two diastereoisomers with the cis-anti-cis diastereoi-

somer 10a prevailing over the cis-syn-cis diastereoisomer (d.r. = 69/31). 

 

Scheme 2. [2+2] Photocycloaddition of cyclopentene to acid 9 catalyzed by thioxanthone 4 and subsequent benzylation; schematic CD spec-

trum (calculated in red, vs. measured in blue) of acid 10 (for full details, see SI). 

Although isolation of products 10 was possible (61% yield), the enantiomeric ratio (e.r.) could not be 

determined by chiral HPLC analysis. Derivatization to the UV active benzyl ester was feasible and esters 

11 were formed in 55% yield over two steps. Benzyl ester 11a displayed a remarkable e.r. of 93/7 which 

suggests a high enantioface differentiation in the [2+2] photocycloaddition to product 10a. The abso-

lute configuration of the major enantiomer was determined by comparison of the measured and cal-

culated CD spectra of compound 10a. Formally, the absolute configuration corresponds to a Si face 

approach onto the -carbon atom in the -unsaturated carbonyl compound 9. 

Cyclohex-2-enone-3-carboxylic acid (12) had been previously involved in an enantioselective [2+2] 

photocycloaddition[14,15] employing a chiral amine as chiral template. Enantioselectivities of up to 24% 

ee (e.r. = 62/38) had been achieved employing five equivalents of the template ( > 320 nm). Products 

had not been isolated and the enantioselectivity had been determined by GLC upon derivatization. In 

our case, it was possible to perform the reaction with visible light ( = 437 nm) employing only 10 mol% 

of catalyst 4 but the separation of the polar regioisomeric products 13 and 14 was not feasible. The 

benzylation turned out to be sluggish and yields of products 15 and 16 were low (Scheme 3). 

240 300
-3

0
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Scheme 3. Catalyzed enantioselective [2+2] photocycloaddition of 2-cyclohexenone-3-carboxylic acid (12) and 2-ethylbutene and subsequent 

benzylation; inset: structure of the decarboxylation product 17 obtained from intermediate 13. 

Like for product 11a a significant enantioface differentation was recorded with the higher e.r. (89/11) 

being found for the minor regioisomer 16. The absolute configuration of chiral product 13 was assessed 

by decarboxylation[16] to known cyclobutane 17.[17] The direction of attack at the -carbon atom of 

enone 12 is identical to the direction of attack for compound 9 (Si face). The assignment of the absolute 

configuration for all other major enantiomers in the [2+2] photocycloaddition of 9 and 12 was based 

on analogy. Indeed, it was established that other olefins also react successfully under sensitized 

conditions in the presence of chiral phosphoric acid 4. After benzylation, products 18-21 were isolated 

with high to moderate enantioselectivities (Figure 2). However, the yield for the two-step protocol 

remained relatively low, presumably due to the non-optimized benzylation protocol (26-42%, see SI 

for further details). 

 

Figure 2. Structure and enantiomeric ratio of [2+2] photocycloaddition products 18-21 obtained from acids 9 and 12 via energy transfer from 

chiral phosphoric acid 4. 

A notable feature of thioxanthone 4 as compared to the parent compound (thioxanthen-9-one) was 

the fact that undesired decarboxylation reactions were suppressed and that the photocycloaddition 

reaction was more efficient (see SI for further details). Luminescence measurements in dichloro-

methane (Figure 3) revealed that the triplet energy (ET) of compound 4 is surprisingly low. From the 

phosphorescence emission (77 K, dichloromethane) at the long wavelength shoulder the energy was 
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calculated as ET = 235 ± 2 kJ mol1 which is much lower than the reported triplet energy of thioxanthen-

9-one (ET = 272 kJ mol1).[18] Luminescence spectra of the two carboxylic acids showed the typical sig-

nature of -unsaturated enones[19] with a readily detectable 0-0 transition. The triplet energy calcu-

lated from this transition was ET = 288 ± 2 kJ mol1 for compound 9 and ET = 287 ± 2 kJ mol1 for com-

pound 12 (77 K, pentane/isopentane). Combined with the results obtained from the thioxanthen-9-

one irradiation experiments, the data suggest a preferred energy transfer within a complex between 

the carboxylic acids and compound 4 while thioxanthen-9-one leads to partial oxidation of the acid. 

Given the high energy difference of the triplet energies in a non-complexed situation it is also likely 

that the phosphoric acid lowers the triplet energy of the carboxylic acids upon association. Although it 

is known that coordination of Lewis acids to carbonyl groups alters the triplet state energy[1,20] we are 

not aware of this phenomenon having been observed for phosphoric acid/carboxylic acid combina-

tions. 

 

Figure 3. Fluorescence (red) and phosphorescence (blue) spectra recorded at r.t. (fluorescence) and 77 K (phosphorescence) for catalyst 4 

(left) in a dichloromethane matrix and for acid 9 (right) in a pentane/isopentane matrix (for futher details, see the SI). 

At the reaction temperature (40 °C) binding of carboxylic acid 9 to phosphoric acid 4 was proven by 

NMR studies in CDCl2. The identification of two NOE contacts between 4 and 9 as well as Diffusion 

Ordered Spectroscopy (DOSY) experiments validated 4·9 complex formation, the latter showing a sig-

nificant increase (≈ 1.7 Å) of the hydrodynamic radius of carboxylic acid 9 in the presence of catalyst 4 

(see SI for details and spectra).[12a] Significant line broadening and a slight highfield shifting (≈ 0.1 ppm) 

of the signals of 9 in the presence of 4 demonstrate a fast exchange on the NMR timescale between 

4·9 complex and the separated molecules 4 and 9 at this temperature (see SI for spectra). 
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Figure 4: Hydrogen bond region of the 1H spectra of 4, 9 and an equimolar solution of 4 and 9 at 600 MHz and -40° C in CD2Cl2, showing the 

presence of different species of the catalyst.  

Next, NMR measurements between 40 °C and 93 °C were applied to gain information about the 

hydrogen bond situation in this system. Indeed, specific signals of hydrogen bonds could be detected, 

which is to our knowledge the first time for complexes between chiral phosphoric acids and carboxylic 

acids. The hydrogen bond region[21] of 4 showed various minor populated signals summarized as HX 

(blue region in Figure 4) and two distinct signals H2 and H3 (green region). The temperature coefficients 

of H2 and H3 are very small (0.9 ppb/K) indicating that these protons are effectively sequestered from 

solvent interactions. This is typical for molecules featuring strong internal H-bonds or stable complexes 

with internal H-bonds, e.g. dimers (or higher aggregates) of 4.[22] The minimum temperature coefficient 

of the signals labelled HX is significantly higher (9.6 ppb/K) than that for H2 and H3, but still by far 

smaller than the one of carboxylic acid 9 (38.6 ppb/K). This indicates a partial sequestration of the HX 

protons from the solvent, which would be rational for different rotational isomers of monomeric 4. 

Indeed, signals HX of the catalyst collapse to one signal H1 in the presence of 9, while signals H2 and H3 

are unaffected.[23] The respective 31P NMR spectra show a similar behaviour (see SI) and thus support 

the assignment of HX and H1 as monomeric, and H2 and H3 as dimeric (or oligomeric) catalyst species. 

The averaged proton signal H1 indicates very low rotation barriers of and within the 3,3’-substituent in 

the 4·9 complex, which is in accordance with the theoretical calculations (vide infra). In contrast, in the 

absence of 9 the various proton signals HX indicate higher rotation barriers in monomeric 4 despite 
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reduced absolute steric hindrance. The combination of a medium temperature coefficient, higher ro-

tation barriers and significant spreading of the chemical shifts of HX protons over ≈ 3 ppm hints at 

various internal hydrogen bonds of the phosphoric acid to the aromatic moieties of the 3,3’-substitu-

ent (see SI for further discussion), which stabilize different rotational isomers of the free catalyst. To 

the best of our knowledge, this feature has not yet been observed for chiral phosphoric acids and is 

potentially useful as a concept for preorganization. 

Preliminary DFT calculations revealed a relatively shallow energy hypersurface for the 1:1 complex of 

catalyst 4 with carboxylic acid 12. There are several local minima detected upon rotation around the 

indicated bonds (for more details, see SI). Due to the free rotation around the thioxanthone-phenyl 

bond (Figure 5, left) the C2 symmetry of the catalyst is lost in most rotamers which complicates the 

analysis. The energetically lowest diastereomeric conformation is according to the calculation 3.5 kJ 

mol1 more stable than the shown conformation (Figure 5, right). While the former conformation does 

not account for the correct product configuration, the latter arrangement illustrates the observed pref-

erential approach of the olefin from the Si face of the -carbon atom. The extent of the enantioface 

differentiation depends on the exact trajectory of the olefin and on the position of initial attack. 

O

O
P

O

O

H

H

O

O

O

S
O

S

O

12·4

 

Figure 5. Models for the complex of cyclohex-2-enone-3-carboxylic acid (12) with chiral phosphoric acid 4: Rotatable single bonds influencing 

the reactive conformation (left), optimized structure of a 1:1 complex in which the Si face at the -carbon atom of acid 12 is accessible (right). 

DFT calculations were performed using the M06-2X functional[24] with the def2-TZVP[25] basis set for all atoms employing Gaussian09[26] with 

D3 dispersion[27] and low-frequency entropy[28] corrections by Grimme. 
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7.4. Conclusion 

In conclusion, the first member of a new class of bifunctional photocatalysts has been synthesized and 

screened in [2+2] photocycloaddition reactions. The catalyst appears to lower the triplet energy of the 

substrates by hydrogen bonding and enables a notable enantioface differentiation. Different catalyst 

species (monomeric rotational isomers and higher aggregates) were observed by NMR, but only the 

monomeric catalyst participates in the complexation to the substrate, while higher aggregates are not 

affected by the substrate. The formation of a catalyst substrate complex was proven by NMR studies 

and a potential structure of the 1:1 complex was revealed by DFT calculations. A better understanding 

of the binding mode and of the interaction between the sensitizing unit and the substrate is expected 

to facilitate the design of modified catalysts. 
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7.6. Supporting Information 

Chemicals 

Deuterated solvents were purchased from Deutero or Sigma Aldrich. CD2Cl2 was freshly distilled over 

CaH2 prior to use. 

Sample preparation 

A 5 mm NMR- tube was dried at 650 °C at vacuum (< 10-3 mbar) for 20 minutes. The NMR tube was 

brought into a glovebox under argon and pre-dried catalyst 4 and/or pre-dried carboxylic acid 9 were 

directly weighed into the NMR tube. Afterwards, 4 and 9 were dried in the NMR tube at 100 °C at 

vacuum (<10-3 mbar) for 30 minutes outside of the glovebox. Dry CD2Cl2 (0.6 mL, less than 5 ppm H2O) 

and 0.5 mL of tetramethylsilane atmosphere were added to the tube under argon flow. The NMR tube 

was closed and sealed with parafilm. The samples were stored in a -80 °C freezer. In case the sample 

contains catalyst 4, brown-glass NMR tubes were used. For the sample with the equimolar solution of 

4 and 9, a concentration of 10 mM was used. For the sample containing only 4 or only 9, concentrations 

of 4 mM or 7 mM respectively were used.  

To exclude thermal decomposition of the catalyst during the sample preparation, a sample of catalyst 

4 was prepared as described above but dissolved in non-dried DMSO. No decomposition products were 

observed by NMR. 

Spectrometer data 

Low temperature NMR experiments were performed on Bruker Avance III HD 600 MHz spectrometer, 

equipped with a 5 mm CPPBBO BB-1H/19F. Temperature was controlled in the VT-experiments by BVT 

3000 and BVTE 3900. NMR Data were processed, evaluated and plotted with TopSpin 3.2 software. 

Further plotting of the spectra was performed with Corel Draw X14 – X17 software. 1H,13C chemical 

shifts were referenced to TMS. The heteronucleus 31P was referenced, employing  (X) =  (TMS) x 

reference / 100 % according to Harris et al.[7]  

Pulse programs 

All pulse programs used are standard Bruker NMR pulse programs. The pulse program for Diffusion 

Ordered Spectroscopy (DOSY) is described in the respective chapter. 

Acquisition Parameters 

1H NMR: Pulse program: zg30; Relaxation delay = 2 – 3 s, Acquisition time = 2.48 s, SW = 22.0 ppm, TD 

= 64k, NS = 64 – 2048; 
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31P NMR: Pulse program: zgpg30; Relaxation delay = 3 s, Acquisition time = 4.49 s, SW = 30.0 ppm, TD 

= 64k, NS = 64 – 18k; 

2D-1H,1H NOESY: Pulse program: noesygpph; Relaxation delay = 5 - 8 s, NS = 12, mixing time (D8) = 

300.00 ms; TD = 4096; increments = 1024; 

2D-1H,31P HMBC: Pulse program: inv4gplrndqf; Relaxation delay = 4 - 8 s, NS = 8-32, TD = 4096; incre-

ments = 256 - 1k; 

Content of water 

The NMR experiments revealed, that careful exclusion of water is a key prerequisite to observe hydro-

gen bonded proton signals and complexation of acids 4 and 9. In case 4 and 9 were not pre-dried and 

dried a second time prior to solvation, the hydrogen bond region of the spectra showed no signals and 

complexation of the carboxylic acid could not be shown by DOSY measurements (a similar hydrody-

namic radius of 9 in presence and absence of 4 was observed).  
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Line broadening and chemical shift offsets 

Line broadening and a chemical shift offset of the signals of 9 was observed in presence of 4 (see Figure 

S4). This shows, that 9 is involved in an exchange process fast on the NMR time scale if 4 is present. 

This occurring fast exchange process is the formation of a 4·9 complex. 

 

Figure S4: Comparison of the 1H spectra of 9 in presence (free 9) or absence of 4 (4:9 = 1:1) at 233 K and 600 MHz in CD2Cl2. The spectra are 

referenced on TMS.   

Signal A: δ(1H) = 6.309 ppm, Halfline width = 2.1 Hz → δ(1H) = 6.234 ppm, Halfline width = 12.5 Hz 

Signal B: δ(1H) = 2.616 ppm, Halfline width = 2.3 Hz → δ(1H) = 2.570 ppm, Halfline width = 9.9 Hz 

Signal C: δ(1H) = 1.510 ppm, Halfline width = 2.3 Hz → δ(1H) = 1.470 ppm, Halfline width = 10.2 Hz 
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Comparison of spectra at 233 K and 180 K 

Further cooling of a sample containing an equimolar solution of 4 and 9 lead to additional line broad-

ening of the signals of 9, indicating that the occurring fast exchange process (4·9 complex formation) 

is slowed down, but still fast on the NMR time scale (see Figure S5). The offset in chemical shifts can 

also be caused by the temperature difference. 

 

Figure S5: Excerpt of the 1H spectra of an equimolar solution of 4 and 9 at 233 or 180 K at 600 MHz in CD2Cl2. Signals A and B belong to the 

carboxylic acid 9.  

Signal A: Halfline width = 10.2 Hz (233 K) → 25.9 Hz (180 K) 

Signal B: Halfline width = 9.9 Hz (233 K) → 31.8 Hz (180 K) 

 

NOE analysis 

The presence of a complex of the phosphoric acid 4 and the carboxylic acid 9 was proven by the de-

tection of intermolecular NOE signals between 4 and 9 (see Figure S6). Besides the intramolecular 

(purple) NOE from protons Ha (blue) and Hb (red) to proton Hc (green) of the carboxylic acid, also two 

intermolecular (orange) NOE signals from protons Ha and Hb to two different protons of the phosphoric 

acid could be detected.  
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Figure S6: Excerpt of the 1H1H NOESY spectrum of an equimolar solution of 4 and 9 in CD2Cl2 at 233 K and 600 MHz. Intramolecular NOES 

within the carboxylic acid are highlighted in purple, while intermolecular NOES between 4 and 9 are highlighted in orange.  

 

Diffusion Ordered Spectroscopy 

The DOSY measurements were performed with the convection suppressing DSTE (double stimulated 

echo) pulse sequence developed by Jerschow and Müller in a pseudo 2D mode.[8] TMS was used to 

reference the viscosity of the solvent. The diffusion time delay was set to 45 ms. The gradient pulse 

lengths (p16, SINE.100 pulse shape) were optimized for each species to give a sigmoidal signal decay 

for varying gradient strengths and range between 900 to 2500 μs at 233 K. For each species, twenty 

spectra with linear varying gradient strength of 5% - 95% have been measured. Suitable probe signals 

(good base line separation) for the analysis were used. The signal intensities of the respective groups 

were analyzed as a function of the gradient strength by Bruker TopSpin 3.2 software T1/T2 relaxation 

package by employing the Stejskal-Tanner equation.[9] The molecular radii were derived by the Stokes-

Einstein equation[10] using Chens correction.[11] 

                                                  𝐷 =
𝑘 𝑇

6𝜋𝜂𝑟
∗ (1 + 0.695 ∗

𝑟

𝑟

.

                                    



7. A Thioxanthone Sensitizer with a Chiral Phosphoric Acid Binding Site: Properties and Applications in 
Visible Light-Mediated Cycloadditions 

 

215 
 

Di is the self-diffusion coefficient derived by the measurement, η is the viscosity of the solvent, rH is 

the hydrodynamic radius of the observed molecule and rsolv the radius of the solvent. No form factor 

correction was applied. The viscosity was determined by measuring the diffusion coefficient of the 

reference tetramethylsilane (TMS) and solving the equation for η with the literature value[12] of the 

radius of 2.96 Å. The solvent radius of CD2Cl2 (2.46 Å) was taken from the reference.[13] 

Table S6: List of parameters and results for the DOSY measurements. 

Sample Molecule 
chem. Shift 

[ppm] 
p16 
[ms] Di [m2/s] 

Di [m2/s] (avera-
ged) 

hydrodynamic ra-
dius [A] 

  TMS 0.00 1.3 1.059E-09 1.059E-09 --- 
4:9 = 1:1 9 6.32 1.6 5.934E-10     

  9 2.62 1.6 6.046E-10 5.939E-10 6.058 
  9 1.51 1.6 5.837E-10     
              
  TMS 0.00 1.6 1.040E-09 1.040E-09 --- 
4 9 2.57 2.5 4.069E-10 3.805E-10 4.329 
  9 1.47 2.5 3.541E-10     

 

Hydrogen bond region at 180 K and 233 K  

At 233 K in the spectrum of the equimolar solution of 4 and 9, proton H3 of the catalyst is overlapped 

by proton H4 of the carboxylic acid (see Figure 4 in the manuscript or Figure S7 in the SI). Further cooling 

to 180 K lead to a significant shift of proton H4 and not the detection of proton H3 is feasible (see Figure 

S7).  

 

Figure S7: Hydrogen bond region of an equimolar solution of 4 and 9 at 233 K or 180 K. At lower temperatures, the detection of proton H3 of 

the catalyst is again feasible.  
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1H and 31P spectra of 4 and 4·9 

The 1H spectra of 4 at 180 K shows various signals in the H-bond region of the 1H spectrum, as well as 

in the 31P spectrum, corresponding to different species of the catalyst (see Manuscript). In the presence 

of 9, several signals in the 1H and 31P spectra collapse (named HX in the manuscript). However, two 

signals (protons H2 and H3 in figure 4 of the manuscript) and their respective 31P signals remain un-

changed (see Figure S8 and S9). This indicates, that the species corresponding to these 1H and 31P sig-

nals are dimers (or higher aggregates) of 4 und thus unaffected by the complex formation with 9. 

Figure S8: Section of the 1H spectrum of 4 in presence or absence of 9 at 180 K and 600 MHz in CD2Cl2. Protons H2 and H3 are not affected by 

the presence of 9, indicating that they correspond to dimers (or higher aggregates) of the catalyst.  

 

 

Figure S9: 31P spectrum of 4 in presence or absence of 9 at 180 K and 600 MHz in CD2Cl2. Signals P2 and P3 (corresponding to protons H2 and 

H3 in Figure S8) are not affected by the presence of 9, indicating that they correspond to dimers (or higher aggregates) of the catalyst.  
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Temperature coefficients 

For determination of the temperature coefficients, all spectra were referenced on the solvent signal, 

which was calibrated to 5.32 ppm. The following chemical shifts for protons HX and H1-H4 were ob-

served between 180 K and 233 K:  

In an equimolar solution of 4 and 9: 

Proton H1: 16.23 ppm at 180 K → 16.16 at 233 K → -1.32 ppb/K 

Proton H2: 13.08 ppm at 180 K → 13.03 at 233 K → -0.94 ppb/K 

Proton H4: 12.93 ppm at 190 K → 11.27 at 233 K → -38.6 ppb/K 

In the spectra of 4: 

Proton HX:  17.55 ppm at 180 K → 17.04 at 233 K → -9.62 ppb/K 

Due to differences in the occurring signals, only the minimum temperature coefficient was deter-

mined.  

Proton H3: 11.92 ppm at 180 K → 11.87 at 233 K → -0.94 ppb/K 
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8.1. Abstract 

N,O-Acetals derived from -unsaturated -aryl substituted aldehydes and (1-aminocyclohexyl)meth-

anol were found to undergo a catalytic enantioselective [2+2] photocycloaddition to a variety of olefins 

(19 examples, 54-96% yield, 84-98% ee). The reaction was performed by visible light irradiation ( = 

459 nm). A chiral phosphoric acid (10 mol%) with an (R)-1,1′-bi-2-naphthol (binol) backbone served as 

the catalyst. The acid displays two thioxanthone groups attached to position 3 and 3’ of the binol core 

via a meta-substituted phenyl linker. NMR studies confirmed the formation of an iminium ion which is 

attached to the acid counterion in a hydrogen-bond assisted ion pair. The catalytic activity of the acid 

rests on the presence of the thioxanthone moieties which enable a facile triplet energy transfer and 

an efficient enantioface differentiation. 
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8.2. Introduction 

Apart from their occurrence in nature,1 cyclobutanes represent useful building blocks for synthetic 

applications2 and serve as valuable scaffolds for the precise spatial location of functional groups, e.g. 

in drug design.3 The intermolecular [2+2] photocycloaddition reaction between two different olefins 

represents one of the most straightforward methods to access this compound class.4 Each carbon atom 

of the cyclobutane core can be stereogenic, which in turn requires control of the configuration within 

the ring system. Enantioface differentiation5 arguably poses the most complex challenge in this con-

text. Research efforts towards an enantioselective photochemical synthesis of cyclobutanes have in-

creased in recent years and the number of contributions is growing rapidly.6,7 A key question that needs 

to be addressed in catalytic enantioselective [2+2] photocycloaddition chemistry relates to the selec-

tive excitation of a given substrate in a chiral environment. Since photochemical reactions occur rapidly 

after excitation it is of pivotal importance that the substrate is bound to the catalyst once it is promoted 

to the reactive singlet or triplet state. A possible means to achieve this goal relies on the use of chiral 

Brønsted acids. If the acid catalyzes reversible formation of a species, that invites a selective excitation, 

the chiral counterion potentially controls the ensuing carbon-carbon bond forming process. The con-

cept of chiral Brønsted acid catalysis is well established in thermal chemistry8 and there are also several 

elegant applications in photoredox catalysis.5c,9 However, chiral Brønsted acids have so far not been 

successfully exploited to allow for an enantioselective intermolecular [2+2] photocycloaddition reac-

tion.10 We have now found that iminium ions, which are reversibly formed upon protonation of chiral 

N,O-acetals, serve as useful intermediates to promote an enantioselective reaction on the triplet 

hypersurface. 

 

Scheme 1. Previous Work on the Activation of Thioacetals by a Brønsted Acid and Current Study towards an Enantioselective [2+2] Photocy-

cloaddition via Iminium Ions II (A*: chiral anion). 
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Previously, it was shown that thioacetals, such as compound 1, are activated towards an intramolecu-

lar [2+2] photocycloaddition by protonation with strong acids (Tf = trifluoromethylsulfonyl) and by for-

mation of thioniumions, such as 2 (Scheme 1).10a Unfortunately, the search for chiral acids that allow 

for a protonation of dithianes remained unsuccessful which is why other acetals were considered as 

potential precursors for a [2+2] photocycloaddition reaction. Pioneering work by Akiyama and co-

workers on the Mannich reaction of aldimines derived from ortho-hydroxyaniline11 inspired us to study 

N,O-acetals for this purpose. It was hypothesized that they deliver upon protonation a similar binding 

element as the aldimines. In addition, the propensity of iminium ions to undergo [2+2] photocycload-

dition reactions via triplet energy transfer has been established recently.12 Taken together, we consid-

ered N,O-acetals of the general structure I to be ideally suited to form iminium ions II which are acti-

vated towards energy transfer and display a suitable binding element to coordinate to a chiral coun-

terion A*. The formation of the open-chain form I’ was considered inconsequential because the triplet 

energy of imines13 is higher than the triplet energy of the respective iminium ion (vide infra). 

 

8.3. Results and Discussion 

Preliminary work commenced with substrate 4.14 A dual catalysis approach was considered according 

to which the chiral acid would deliver the desired iminium ion pair and excitation would occur by en-

ergy transfer from a sensitizer. 2,3-Dimethylbutadiene was employed as the olefin component in the 

reaction. The intermediate product was hydrolyzed to deliver chiral cyclobutanecarbaldehyde 5a dis-

playing three contiguous stereogenic centers. Irradiation at  = 459 nm was performed for a limited 

time period (3 hours) to test the efficacy of the catalysts. Under these conditions, there was no back-

ground reaction in the absence of a catalyst. Ru(bpy)3(PF6)2 (bpy = 2,2’-bipyridine) was used as the 

sensitizer (3 mol%) in combination with chiral phosphoric acids (20 mol%) 6a-6e derived from (R)-1,1′-

bi-2-naphthol (binol) (Scheme 2). Although a catalytic reaction was observed, the enantioselectivity 

did not exceed 34% ee (see the SI for details). A major breakthrough was achieved when phosphoric 

acid 6f was employed as a single catalyst. 

The acid displays two C2-symmetrically positioned thioxanthone chromophores which capture long 

wavelength light (max = 394 nm) and promote an energy transfer (triplet energy ET = 235 kJ mol1, 77 

K, CH2Cl2).15,16 With this acid (10 mol%), the enantioselectivity of the [2+2] photocycloaddition rose to 

66% ee. Further experiments addressed the role of the substituents in the 2-position of the used 2-

aminoalcohol. A bridging cyclohexane unit was found to further improve the performance (52%, 70% 

ee). Gratifyingly, a decrease in the reaction temperature to 50 °C significantly improved the enanti-

oselectivity. 
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Scheme 2. Search for a Chiral Phosphoric Acid that Promotes the Enantioselective Intermolecular [2+2] Photocycloaddition of Substrate 4. 

Under optimized conditions (Table 1), the N,O-acetal derived from cinnamic aldehyde and (1-amino-

cyclohexyl)methanol (7a, Ar = phenyl) produced in the presence of 10 mol% 6f the desired cyclobutane 

5a in 81% yield and with 95% ee. A single diastereoisomer prevailed and only traces of a second dia-

stereoisomer were detectable (dr = diastereomeric ratio). 

Table 1. Variation of the Aryl Group in the Catalytic Enantioselective [2+2] Photocycloaddition of N,O-Acetals Derived from the Substituted 

Cinnamic Aldehydes. 

 
a Irradiation time t = 9 h. b Incomplete Conversion. c Irradiation time t = 16 h. 



8. Enantioselective [2+2] Photocycloaddition via Iminium Ions: Catalysis by a Sensitizing Chiral 
Brønsted Acid 

 

223 
 

A variation of the para-substituent at the phenyl ring revealed that several useful functional groups 

were tolerated (products 5b-5f). Of particular note is the boronate 5f (pin = pinacolate) which opens 

several possibilities for further synthetic transformations17 and which was generated in 93% ee. Yields 

and selectivities remained high without adaptation of the conditions except for the bromo-substituted 

product 5d which required an extended irradiation time. A substituent in ortho-position also retarded 

the reaction rate and product yields were moderate (products 5g, 5h). The same substituents (methyl, 

chloro) in the meta-position, however, turned out to be fully compatible with the optimized conditions. 

Both products 5i and 5j were obtained in excellent yields and with high enantioselectivity. A limitation 

relates to substrates with acid sensitive hetaryl groups (2-furyl, 2-thiophenyl) which gave only low 

product yields. The absolute configuration of the products was assigned based on the known absolute 

configuration of compound 5a.12 

The acid catalyzed transformation allows to access cyclobutanecarbaldehydes by an enantioselective 

catalytic [2+2] photocycloaddition reaction and its synthetic utility relies on the relative wide variety 

of olefin components which were successfully applied (Table 2). In all reactions of representative N,O-

acetal 7a, enantioselectivities exceeded 90% ee. Apart from styrenes (products 8b, 8c, 8g) 1,3-enynes 

(products 8a and 8f) and 1,3-dienes (products 8d, 8e, 8h, 8i) underwent the [2+2] photocycloaddition 

cleanly and delivered 1,2,3-tristubstituted cyclobutanes with exquisite enantiocontrol.  

Table 2. Variation of the Olefin Component in the Intermolecular Enantioselective [2+2] Photocycloaddition of N,O-Acetal 7a. 

 
a Irradiation time t = 15 h. 
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While the relative configuration between the phenyl group in 2-position and the formyl group at C1 is 

consistently trans in cyclobutanes 5 and 8, the relative configuration between the stereogenic centers 

C2 and C3 is variable. NOESY experiments were employed to assign the relative configuration of the 

major and minor diastereoisomer. 

NMR studies revealed that all N,O-acetals 7 existed as a mixture of the closed (I, scheme 1) and the 

open (I’) form with a preference for the closed form (ca. 2/1). Upon protonation, the formation of the 

open protonated form II was indicated by a strong bathochromically shifted UV/vis absorption. How-

ever, the species is not competent18 to undergo a [2+2] photocycloaddition upon irradiation at  = 459 

nm. Also in the presence of a chiral Brønsted acid, like compound 6e, there was no reaction of sub-

strate 7a in the absence of a sensitizer. 

In order to assess the triplet energy of the iminium ion, the imine of para-bromocinnamic aldehyde 

and (1-aminocyclohexyl)methyl methyl ether was prepared. Due to the heavy-atom effect19 we hoped 

that a phosphorescence signal was detectable upon direct excitation under cryogenic conditions. In-

deed, iminium ion 9 obtained from the imine by protonation with HBF4 emitted a signal at 77 K (Figure 

1) which differed clearly from the respective fluorescence. From the emission in the short-wavelength 

regime, the triplet energy ET was determined as 213 kJ mol1. The value is lower than ET of compound 

6f (235 kJ mol1) enabling an exothermic energy transfer to the iminium ion. Interestingly, the imine 

from which the iminium ion 9 derived did not exhibit any phosphorescence despite the heavy atom 

present.  

 

Figure 1. Absorption and luminescence spectra (exc = 360 nm) of iminium ion 9 in MeCN. Colors: Absorption – black; fluorescence (rt) - red; 

phosphorescence (77 K) – blue. The energy of the (0,0) transition was calculated from the point of inflection at  = 562 nm.  

The enantioselectivity of the [2+2] photocycloaddition can be tentatively explained in analogy to a 

model proposed by Akiyama and co-workers for the addition to related prochiral iminium ions. They 

suggested a 1:1 complex 10 with the chiral phosphoric acid in which the aryl groups of the acid invite 

an attack from the Re face (Figure 2a).11 If we assume a similar coordination of the iminium ions derived 

from compounds 7 and an extended s-trans conformation, the same enantioface differentiation should 

apply and it should account for a Si face attack in complex 11 (Figure 2b). 
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Figure 2. (a) Previously established model for the enantioselective addition to N-(ortho-hydroxyphenyl) substituted imines in their complex 

10 with a chiral phosphoric acid (* = stereogenic center).11 (b) Analogy-based model for the enantioface differentiation in complex 12 of 

phosphoric acid 6f and the iminium ion derived from N,O-acetal 7a. (c) 1H-NMR spectrum of a 1:1 mixture of 6c and 7e (1:1, 10 mM, CD2Cl2) 

at 93 °C and 600 MHz. Three different hydrogen bond signals with an integral ratio of ca. 1 : 1.1 : 2.1, corresponding to two conformational 

isomers of 11 were observed. 

Extensive low temperature NMR studies on the complexes between acids 6c, 6f and substrates 7a, 7b, 

and 7e validated the existence of a 1:1 complex as hydrogen-bond assisted ion pair. For 6c/7e, two 

distinct species A and A‘ were observed (see Figure 2c), differing in the conformation of the cyclohex-

ane ring. For both species, the O----H-N+ and O--H--O proton signals could be identified and unambig-

uously assigned as hydrogen bonded protons by the detection of trans-hydrogen bond scalar coupling 

via 1H,15N/31P-HMBC and 1H,1H-COSY spectra.20 Thus, the bidentate binding motif is clearly confirmed 

by the complete network of magnetization transfers. Moreover, the assigned 15N, 1H and 13C chemi-

cal shifts of A and A‘ precisely match the expected values for a protonated iminium ion21 and thus 

validate, that the open protonated form II of the N,O-acetals is bound to the catalyst. Additionally, 

diffusion ordered spectroscopy (DOSY) NMR experiments confirmed, that the observed species are 

monomeric and not higher aggregates. For complexes with catalyst 6f, the identical O----H-N+ hydrogen 

bond patterns were detected. In this case, additional hydrogen bonded species were observed, but 

the significant line broadening induced by rotational isomers of the catalyst and the flexibility of the 

substrate-backbone have so far prevented a further assignment. Decreasing the basicity of the sub-

strate (7e > 7b > 7a) led to a downfield shift of the O---H-N+ proton signal, which reflects an increasing 
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hydrogen bond strength. In accordance with our previous results on the analysis of hydrogen bonding 

in chiral phosphoric acid/imine systems,20 the observation confirms that the observed species are hy-

drogen-bond assisted ion pairs. 

Phosphoric acid 6f thus provides not only the required energy to promote the substrates to the triplet 

state but also guarantees the required enantioface differentiation. Remarkably, the enantioselective 

reactions display a higher degree of diastereoselectivity22 than related reactions with achiral iminium 

ions which were used to prepare racemic cyclobutanes12 for comparison. For example, the d.r. for the 

formation of product 8c was 67/33 in the racemic case but 95/5 in the catalytic reaction. In the case 

of product 8e, the relative configuration at C2/C3 was opposite (d.r. = 85/15) to the racemic series (d.r. 

= 30/70). It is therefore conceivable that the iminium ion remains bound to the phosphoric acid after 

initial CC bond formation and that the acid influences the simple diastereoselectivity. 

 

8.4. Conclusion 

In summary, an enantioselective [2+2] photocycloaddition reaction has been accomplished which de-

livers cyclobutanecarbaldehydes 5 and 8 in high yields and with excellent ee. Key to the success of the 

reaction is the use of a chiral phosphoric acid 6f that displays two C2-symmetrically arranged thioxan-

thone substituents for energy transfer. The association of the iminium ion to the phosphoric acid war-

rants further study to shed light on the enantioface differentiation and to elucidate its potential role 

in the second carbon-carbon forming step. 
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8.6. Supporting Information 

8.6.1. General information 

Chemicals 

Deuterated CD2Cl2 was purchased from Deutero or Sigma Aldrich. CD2Cl2 was freshly distilled over CaH2 

and stored over molecular sieves (3 Å) under argon atmosphere.  

Spectrometer data 

Low temperature NMR experiments were performed on Bruker Avance III HD 600 MHz spectrometer, 

equipped with a 5 mm CPPBBO BB-1H/19F. Temperature was controlled in the VT-experiments by BVT 

3000 and BVTE 3900. NMR Data were processed, evaluated and plotted with TopSpin 3.2 software. 

Further plotting of the spectra was performed with Corel Draw 2020 software. 1H and 13C chemical 

shifts were referenced to TMS. 

Pulse programs 

All pulse programs used are standard Bruker NMR pulse programs. The pulse program for Diffusion 

Ordered Spectroscopy (DOSY) is described in the respective chapter. 

Acquisition Parameters 

1H NMR: Pulse program: zg30; Relaxation delay = 2 – 3 s, Acquisition time = 2.48 s, SW = 18-30 ppm, 

TD = 64k, NS = 16 – 512; 

31P NMR: Pulse program: zgpg30; Relaxation delay = 3 s, Acquisition time = 0.66 s s, SW = 30.0-

200 ppm, TD = 64k, NS = 64 – 512; 

2D-1H,1H NOESY: Pulse program: noesygpph; Relaxation delay = 5 - 8 s, NS = 8, mixing time (D8) = 

300.00 ms; TD = 4096; increments = 512; 

2D-1H,31P HMBC: Pulse program: inv4gplrndqf; Relaxation delay = 4 - 8 s, NS = 8-32, TD = 4096; incre-

ments = 256; 

2D-1H,1H COSY: Pulse program: cosygpqf; Relaxation delay = 5.00 s, NS = 8, TD = 4096; increments = 

512; 

2D-1H,13C HSQC: Pulse program: hsqcedetgpsisp2.3; Relaxation delay = 4 - 8 s, NS = 8, 1JXH = 145 Hz; TD 

= 4096; increments = 512; 

2D-1H,13C HMBC: Pulse program: hmbcgplpndqf; Relaxation delay = 4.00 s, NS = 8, 1JXH = 145 Hz, 

JXH(long range) = 10 Hz; TD = 4096; increments = 512; 
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2D-1H,15N HMBC: Pulse program: inv4gplrndqf; Relaxation delay = 4.00 s, NS = 64, delay for evolution 

of long range couplings (D6) = 20.00 ms; TD = 4096; increments = 256; 

 

8.6.2. Sample preparation 

Catalyst and substrate were weighed directly into a 5 mm NMR tube (for all samples containing catalyst 

6f, brown-glass NMR tubes were used; For samples containing other catalysts as 6f, the chiral phos-

phoric acid was first weighed in and dried at 130 °C under vacuum for 30 min). The NMR tube was 

evacuated and flushed with argon three times and dry CD2Cl2 (0.6 mL) and TMS atmosphere (1.0 mL) 

were added under argon flow. The tube was closed and sealed with parafilm. For the E-only sample, 

the NMR tube and CD2Cl2 Schlenk flask were precooled to < -80 °C in an acetone/liquid nitrogen cooling 

bath and the sample was kept at < -80 °C at all times.  

 

8.6.3. Variable temperature NMR 

Temperatures as low as 180 K were necessary to sufficiently slow down exchange processes and to 

detect separated hydrogen bond signals (see Figure S7). At the reaction temperature of 

– 50°C/223.2 K, the signals corresponding to species A and A’ (differing in the orientation of the N-

(Cyclohexylmethanol) residue; see below) coalescence and hence a temperature of 180 K was chosen 

for the structural investigations to obtain better insights. For a detailed discussion about the difference 

in the monitored species see below. 
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Figure S7: Hydrogen bond region of 6f/7e (1:1, 10 mM) in CD2Cl2 at 600 MHz at variable temperatures. For a detailed discussion about the 

structures of species A, A’, B and C see chapter below. 
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8.6.4. Chemical shift assignment and structural analysis of 6c/7e 

For the system 6c/7e a partial chemical shift assignment was accomplished by a combination of 1H, 
13C, 31P, 1H,1H COSY, 1H,1H NOESY, 1H,13C HSQC, 1H,13C HMBC, 1H,15N HMBC and 1H,31P HMBC. However, 

not all chemical shifts, especially of the catalyst could be assigned due to the line broadening and signal 

overlap induced by the flexibility of the N-(Cyclohexylmethanol) backbone.  

 

Figure S8: Partial chemical shift assignment of species A (left) and A’ (right) 6c/7e (1:1, 50 mM) in CD2Cl2 at 180 K and 600 MHz. Black: 1H; 

Red: 13C; Blue: 15N.  

Most importantly, the 1H and 13C chemical shifts (7.82; 164.7 / 7.84; 167.8) match precisely the ex-

pected values[13] and differ strongly from the values expected for N,O-acetals (~5.00 ppm; ~90 ppm; 

see chapter 4.1). 

For both species, the chemical shifts of the cinnamaldehyde part of the imine are almost identical. 

Additionally, the NOE patterns of the O---H-N hydrogen bonded protons (13.76 ppm or 13.34 ppm) to 

the cinnamaldehyde part are identical (see Figure S9), corroborating an E-trans conformation and an 

EE configuration of the CN and CC double bonds, as the NOE cross peak to the β-hydrogen atom is the 

most intense. The only significant offset in proton chemical shifts is observed for the N-(Cyclohexyl-

methanol) residue. The diastereotopic CH2 group next to the OH group was identified via COSY and the 

associated chemical shifts of the cyclohexyl substituent were identified via NOESY spectrum. In con-

clusion, this shows that the difference between both species is based on a different conformation of 

the nitrogen substituent. However, the exact structural difference could not be identified due to the 

severe line broadening and signal overlap in the spectra. In the spectra of the respective complex with 

a dimethyl backbone, only one species is detected (see Figure S10).  
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Figure S9: NOE pattern of the O---H-N hydrogen bond proton signals to the cinnamaldehyde part of the substrate of the complex 6c/7e at 

180 K and 600 MHz in CD2Cl2. For both species, an identical NOE pattern is observed, demonstrating that they do not differ in the CN or CC 

double bond configuration. 

 

Figure S10: Hydrogen bond region of the 1H spectra of 6c/S28 (top) and 6c/7e (bottom) at a 1:1 ratio and a concentration of 10 mM in CD2Cl2 

and 600 MHz. While for the complex with the cyclohexyl backbone two species are observed, only one is observed for the respective complex 

bearing a dimethyl backbone. 
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8.6.5 Hydrogen bonding analysis in 6c/7e 

Hydrogen bonds are often described as beginning proton transfer reactions and hence can be experi-

mentally proven by detecting their covalent nature via magnetization transfer by scalar couplings.  For 

6c/7e, the O---H-N hydrogen bond proton signals belonging to A and A’ showed cross peaks in the 
1H,15N- and 1H,31P-HMBC spectra (see Figure S12 and S13). For the O--H--O hydrogen bond proton sig-

nals belonging to A and A’, cross signals in the 1H,31P-HMBC and COSY (Figure S14) spectra were ob-

served. The magnetization transfer by scalar couplings of the O---H-N and O--H--O hydrogen bonds to 

the imine 7e as well as to the chiral phosphoric acid 6c clearly show, that these signals are part of a 

hydrogen bond. Hence, the bidentate binding of catalyst and substrate is clearly proven by the detec-

tion of the above described network of magnetization transfers (see Figure S11).  

 

Figure S11: Bidentate binding motive and detected scalar couplings for both species A and A’ of the complex 6c/7e.  

 

Figure S12: Cross section of the 1H,15N-HMBC spectrum of 6c/7e at 180 K and 600 MHz in CD2Cl2. 
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Figure S13: Cross section of the 1H,31P-HMBC spectrum of 6c/7e at 180 K and 600 MHz in CD2Cl2. Both, the O---H-N hydrogen bonded protons 

(blue) and the O—H--O hydrogen bond protons (red) show cross peaks and hence scalar couplings to the respective 31P signals of species A 

and A’. 

 

Figure S14: Cross section of the 1H-COSY spectrum of 6c/7e at 180 K and 600 MHz in CD2Cl2. Both, the O---H-N hydrogen bonded protons 

(blue) and the O—H--O hydrogen bond protons (red) show cross peaks to the imine. 
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8.6.6. Diffusion ordered spectroscopy (DOSY) 

The DOSY measurements were performed with the convection suppressing DSTE (double stimulated 

echo) pulse sequence developed by Jerschow and Müller in a pseudo 2D mode.[14] Smoothed square 

(SMSQ10.100) gradient shapes and a linear gradient ramp with 20 increments between 5% and 95% 

of the maximum gradient strength (5.35 G/mm) were used. The diffusion time delay was set to 45 ms. 

For the homospoil gradient strengths, values of 100, -13.17, 20 and -17.13 % were used. Gradient pulse 

lengths (p16) were first optimized to obtain a sigmoidal signal decay for increasing gradient strength 

(3.0 ms for TMS, 6.0 ms for 6c/7e). NMR spectra were processed with Bruker TopSpin 3.2 (T1/T2 re-

laxation package) and diffusion coefficients were derived according to Jerschow and Müller[14]  Tetra-

methylsilan was added to the samples to reference chemical shifts and the viscosity of each sample.  

The molecular radii were derived by the Stokes-Einstein equation[15] using Chens correction.[16]  

                                                  𝐷 =
𝑘 𝑇

6𝜋𝜂𝑟
∗ (1 + 0.695 ∗

𝑟

𝑟

.

                                    

Di is the self-diffusion coefficient derived by the measurement, η is the viscosity of the solvent, rH is 

the hydrodynamic radius of the observed molecule and rsolv the radius of the solvent. No form factor 

correction was applied. The viscosity was determined by measuring the diffusion coefficient of the 

reference tetramethylsilane (TMS) and solving the equation for η with the literature value[17] of the 

radius of 2.96 Å. The solvent radius of C6D6 (2.655 Å) was calculated according to the increment system 

by Bond.[18]  

Table S7: Measured self diffusion coefficients of various signals in the spectrum of 6c/7e. For signals 1-3, the chemical shift of A and A’ overlap 

and hence the averaged self diffusion coefficient is measured. Signal 4 belongs to species A’ and signal 5 to species A (see Figure S8). Both 

signals 4 and 5 are similar in the error range of the experiment, hence indicating that both species are similar in size (and that therefore the 

diffusion coefficient for both species can be averaged for signals 1-3 without falsifying the result). 

Signal δ [ppm] Di [m2/s] 

1 7.83 4.42E-11 

2 5.72 4.31E-11 

3 3.77 4.23E-11 
4 3.07 4.77E-11 
5 3.02 4.51E-11 

 

Based on the averaged self diffusion coefficient of signals 1-5 and the measured value for TMS 

(1.73E-10 m2/s), a hydrodynamic radius of ~8.3 Å was determined, which is in line with values previ-

ously reported for monomeric complexes of chiral phosphoric acids and imine substrates. [13b] 
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8.6.7. Low temperature NMR studies with catalyst 6f 
1H NMR spectra of complexes with catalyst 6f and substrates 7a, 7b, 7e, 4, S28 and S29 with a ratio of 

catalyst:substrate = 1:1 and a concentration of 10 mM were measured at 180 K and 600 MHz (see 

Figure S15). Similar to the systems of catalyst 6c and substrates 7e and S28, two species A and A’ were 

observed for the substrates bearing a cyclohexyl backbone, while only one species A is observed for 

the respective systems with dimethyl backbone. The O---H-N hydrogen bond pattern for all six com-

plexes matches the observed pattern for the investigated system with catalyst 6c, demonstrating that 

the same binding motive as described in chapter 10.3 is present for catalyst 6f. However, some addi-

tional signals corresponding to the new species B and C are monitored and discussed below. For the 

system 6f/S28 (Figure S9, bottom right), a partial chemical shift analysis for species A could be achieved 

(see Figure S16) and the assigned chemical shifts are similar to the ones determined for 6c/7e (see 

Figure S8). Especially the ones for H and C (7.68; 159.2 ppm), clearly show that species A is the open 

protonated form of the imine. For all species, severe line broadening and signal overlap was observed, 

originating in the flexibility of the nitrogen substituent and the degree of rotational freedom of the 

3,3’-substituent of catalyst 6f, preventing any clear and detailed structural analysis.  

Decreasing the basicity of the substrate by modulating the phenyl substituent from methoxy to methyl 

to hydrogen led to a downfield shift of the O---H-N hydrogen bond proton signals. In accordance with 

our previous analysis about the hydrogen bonding in chiral phosphoric acid/substrate complexes, this 

reflects an increasing hydrogen bond strength (i.e. the proton is moved more towards the PO hydrogen 

bond donor).[19] Hence, according to the previously established Steiner-Limbach correlation for these 

systems,[19] the the O---H-N proton is almost completely transferred onto the substrate (which is also 

corroborated by the detection of scalar coupling to the nitrogen or α-hydrogen atom as shown in Fig-

ures S12 and S14). Hence, the complex is best described as a hydrogen bond assisted ion pair.  
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Figure S15: Excerpt of the 1H spectra of catalyst 6f with substrates 7a, 7b and 7e bearing a cyclohexylbackbone (left) and the respective 

complexes with 4, S28 and S29 bearing a dimethyl backbone. 
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Figure S16: Partial chemical shift assignment of 6f/S28 at 180 K and 600 MHz in CD2Cl2. Due to the severe line broadening and signal overlap, 

only some chemical shifts could be assigned via various 2D NMR experiments. 

Species B and C, which are only present in the systems with catalyst 6f and not in the respective sys-

tems with catalyst 6c, could not unambiguously be assigned. For species B we tentatively propose a 

complex similar to A or A’ but with a Z-configurated C=N double bond, as previously reported for chiral 

phosphoric acid/imine systems.[13]  While the free substrate is only present as the E-isomer of the open 

imine or N,O-acetal, upon protonation and complexation by the acid, the Z-isomer of the C=N double 
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bond could be stabilized. If the sample of 6f/7a is prepared at < -80 °C with addition of precooled 

solvent and constant cooling in an acetone/liquid nitrogen bath and measured at the spectrometer 

precooled to 180 K, the signal corresponding to species B is not detected (see Figure S17). Analogous 

experiments have been carried out before on chiral phosphoric acid/imine systems and revealed, that 

by this approach isomerization of the C=N double is effectively prevented (in these systems, the Z-

isomer of the imine was unambiguously identified via NOESY spectra).[17]
 After heating the sample up 

to the reaction temperature of -50 °C/223.2 K inside the spectrometer, species B was detected (see 

Figure S17) as the increased temperature now allowed for E→Z isomerization of the C=N double 

bond.[19b] Additionally, the population of species B relative to A and A’ increases with increasing tem-

perature up to 270 K (see Figure S7), showing that the suggested C=N Z-isomer is less thermodynami-

cally favored compared to A and A’. These observations are in line with our previous investigations 

regarding the E/Z isomerization of imines and thus suggest, that species B is indeed the C=N Z-isomer 

of either A or A’. However, an unambiguous assignment was not achievable due to the low population, 

line broadening and signal overlap in the spectra. 

 

Figure S17: Excerpt of the 1H spectra of 6f/7a at a 1:1 ratio in CD2Cl2 at 600 MHz. The sample was prepared at temperatures below – 80 °C 

and continuously cooled in an acetone/liquid nitrogen bath. Afterwards the spectrometer was heated up to 223.2 K and the upper spectrum 

was recorded. While at low temperatures species B was not observed, it was monitored at higher temperatures. 

The nature of species C remained elusive. One possible assignment is a dimeric structure (catalyst/sub-

strate)2 of the identified complexes described above. In our previous investigations, this type of dimer 

was observed at significantly highfield shifted chemical shifts, i.e. with weakened, more ionic hydrogen 

bonds.[13b] Additionally, in these dimers the imine occupies a position in between the two 3,3’-substit-
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uents similar to the theoretically calculated structures of chiral phosphoric acids and N-(ortho-hydrox-

yphenyl) substituted imines,[21] which also bind to the catalyst by two hydrogen bonds. Hence, the 

position of the imine in between the two 3,3’-substituents might already be preformed due to the 

bidentate binding, thus facilitating dimerization. However, it was not achievable to validate this by 

DOSY measurements carried out for the system 6f/S28, as the assigned chemical shifts for species C 

were to severely line broadened to allow appropriate DOSY curves. 
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8.7. Additional Findings 

8.7.1. Structural studies at 298 K 

In the low temperature NMR measurements for 6c and 6f with substrates 4a/b/e and 7a/b/e (see 

figure 3), no detailed structural insights could be obtained due to signal overlap and line broadening. 

Therefore, measurements were performed for 6c/4e and 6f/4a at 298 K. Due to the higher tempera-

ture exchange processes are faster, which leads to fewer and narrower signals. The downside to this 

approach is that different catalyst/substrate aggregates cannot be distinguished anymore. However, 

this allows to obtain at least some qualitative insights into the arrangement of the complexes.  

O

O
P

OH

O

S

O

N

HO

4/7a: R = H
4/7b: R = CH3
4/7e: R = OCH3

CF3

CF3 R
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4 7

Figure 3: Catalysts and substrates used for the structural investigations. 

For 6c/7e, the spectra at 298 K were adequately resolved and a chemical shift assignment could be 

achieved based on a series of homo- and heteronuclear 2D NMR experiments. In the NOESY spectrum, 

cross peaks between the nitrogen substituent (see figure 4, green) and the aryl entity (figure 4, blue) 

of the imine to the 3,3’-substituents of the CPA were observed (red arrows). Additionally, no NOE con-

tacts to the BINOL backbone could be observed. 

 

Figure 4: Observed NOE pattern for 6c/7e showing NOE contacts between the imine and the 3,3’-substituent of the catalyst. No NOE contacts 

to the BINOL backbone were observed.
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This NOE pattern suggests, that the imine is located in between the two 3,3’-substituents of the cata-

lyst. This arrangement is analogous to binary CPA/imine complexes with imines bearing an N-(ortho)-

hydroxyaryl substituent, which also feature bidentate binding of CPA and catalyst by two hydrogen 

bonds (see chapter 6). However, for 6c/4a which gave the best resolution and fewest species at low 

temperature, such an analysis could not be performed. Even at 298 K, the signals for the imine were 

significantly line broadened and no chemical shift analysis could be achieved. In the NOESY and ROESY 

spectra, no NOE contacts for the signals which are suggested to stem from the imine could be ob-

served.  

 

8.7.2. Illumination experiments 

To elucidate, if isomerization processes of the substrates are possible at synthetic conditions, NMR 

kinetic measurements under illumination were performed using the in situ glass fiber LED NMR tube 

insert.[1] First, the reference system 6c/7a was investigated. As the 3,5-di-(trifluoromethyl)phenyl sub-

stituent of 6c is not a photosensitizer in contrast to the thioxanthone unit of 6f, [Ru(bpy)3](PF6)2 was 

added as photocatalyst in analogy to the screening reactions for suitable CPA catalysts (see chapter 

8.3, scheme 2). The measurements were done at a ratio of 6c : 7a : [Ru(bpy)3](PF6)2 of 0.5 : 1 : 0.2 at 

an imine concentration of 10 mM in CD2Cl2 at 180 K under continuous illumination at 455 nm. Before 

illumination the hydrogen bond region showed two signals (see figure 5) belonging to the species A 

and A’, which correspond to two conformers of the binary 6c/7a complex differing in the cyclohexyl 

backbone (see chapter 8.3. figure 2). Illumination at 455 K led to the population of two new minor 

species (figure 5, orange signals), which are slightly lowfield shifted. Changing the illumination wave-

length to 375 nm led to a strong population increase of these two species (figure 5, left).  

 

Figure 5: NMR kinetic measurements of 6c : 7a : [Ru(bpy)3](PF6)2 at a ratio of 0.5 : 1 : 0.2 at an imine concentration of 10 mM in CD2Cl2 at 

180 K under continuous illumination at 455 nm.  
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The formation of these two new species was shown to be thermally reversible (see figure 5 right). 

Heating the sample (without illumination) from 180 K to 298 K, equilibrating it at this temperature for 

1 hour and cooling it down to 180 K again caused the two new signals to disappear. Due to this revers-

ibility, most likely these two new species are the respective C=N Z-isomers of the A and A’ complexes. 

In the previous studies on CPA/imine systems, it was shown that imines can undergo C=N isomerization 

upon illumination and that the population of CPA/Z-imine complexes can be increased by that at low 

temperature, where thermal back-isomerization is prevented.[2,3] It is assumed, that this isomerization 

process is enabled by direct absorption and is possible in absence of the [Ru(bpy)3](PF6)2 catalyst. 

Next, 6f/4a was investigated. Prior to illumination, the hydrogen bond region of the spectrum showed 

one major species A, as well as one minor species B (see figure 6 top). It is assumed, that A and B 

correspond to the CPA/imine complex featuring either an E- or Z-configuration of the C=N double bond, 

respectively (see figure S15). Illumination at 455 K for 130 min led to the formation of an additional 

signal corresponding to species D (for species C see figure S15). Equilibrating the sample at 300 K with-

out illumination and cooling back down to 180 K did not significantly change the integral ratio of 

D : A+B (1 : 2.82 before and 1 : 2.94 after equilibration) within the error of the measurement. This 

shows that in contrast to 6c/7a the formation of species D is not thermally reversible. This strongly 

suggests that species D features a C=C Z-double bond, which is only accessible by light driven photo-

sensitized isomerization. However, due to severe line broadening and signal overlap, this could not be 

confirmed by analysis of the NOESY spectrum. Additionally, for species D the configuration of the C=N 

double bond remained elusive. 

 

Figure 6: NMR kinetic measurements of 6f : 4a at a 1 : 1 ratio at an imine concentration of 10 mM in CD2Cl2 at 180 K before (top) and after 

(middle) continuous illumination at 455 K, as well as after equilibrating the sample at 300 K for 1 hour and cooling back to 180 K (bottom). 
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After elucidating the isomerization processes in these two simplified reference systems, kinetic meas-

urements close to reaction conditions were performed. Therefore, a sample with catalyst 6f, imine 7a 

and olefin 2,3-dimethylbutadiene at a ratio of 1 : 1 : 20 respectively was studied. Prior to illumination, 

in the hydrogen bond region of the 1H NMR spectrum the species A and A’ are observable, which fea-

ture an E-configuration of the C=N and C=C double bond and differ in the conformation of the cyclo-

hexyl backbone. At 180 K, illumination at 455 nm led to the continuous build-up of two new species D 

and D’, as well as the continuous decrease of the species A and A’, resulting in an exclusive population 

of D and D’ after approximately 100 min (see figure 7). 

 

Figure 7: NMR kinetic measurements of 6f : 7a : 2,3-dimethylbutadiene at a ratio of 1 : 1 : 20 at an imine concentration of 10 mM in CD2Cl2 

at 180 K under continuous illumination at 455 K. 

In analogy to the measurements for 6f/4a it is assumed that species D and D’ correspond to the 

CPA/imine complexes featuring a Z-configurated C=C double bond. Again, the C=N double bond con-

figuration remained elusive. At 180 K, no [2+2] photocycloaddition with the olefin could be observed. 

Therefore, the temperature was increased to 198 K, where the reaction is still possible (see table S5 of 

reference[4]). After heating the sample to 198 K and illuminating it for 30 min, signals for the major 

species D and D’, as well as signals for the minor species A and A’ were detectable (see figure 8). Illu-

minating the sample for 15 hours led to a decrease of these signals, as well as to the build-up of signals 

E and F. Most likely, these signals correspond to the PO---H-N and PO---H-O hydrogen bonded protons 

of the complex of catalyst 6f and the cycloaddition product. Additional formation of new species, es-

pecially the 6f/7a complexes with a C=N Z-configurated double bond were not observable. However, 

it was not possible to identify, which of the species D, D’, A or A’ is primarily converted to the product.  

 



8. Enantioselective [2+2] Photocycloaddition via Iminium Ions: Catalysis by a Sensitizing Chiral 
Brønsted Acid 

 

245 
 

 

Figure 7: NMR kinetic measurements of 6f : 7a : 2,3-dimethylbutadiene at a ratio of 1 : 1 : 20 at an imine concentration of 10 mM in CD2Cl2 

at 198 K under continuous illumination at 455 K. Before the measurement, the sample was illuminated at 180 K for 100 min (see figure 7). 

 

In conclusion, the low temperature illumination NMR studies indicated that for catalyst 6c isomeriza-

tion of the C=N double bond is possible. Direct absorption by the substrate allows to form the C=N Z-

configurated isomer and it was shown, that this process is thermally reversible. In contrast, for catalyst 

6f bearing the thioxanthone photosensitizer unit as 3,3’-substituent, no isomerization of the C=N dou-

ble bond is observed. Most likely, this is because the light is mainly absorbed by the catalyst and not 

by the imine, which prevents this direct photoisomerization. However, for catalyst 6f most likely isom-

erization of the C=C double bond occurs upon illumination and was found not to be thermally reversi-

ble. E- and Z-isomers of the C=C double bond translate to different diastereoisomers of the product, 

having either a trans or cis orientation of the aryl and nitrogen residues respectively. In the reaction, 

the trans-isomer is obtained as the main product, showing that although C=C double bond isomeriza-

tion can occur under catalytic conditions, it is not significant for the reaction outcome. It can have a 

minor influence on the reaction yield as it would give a side-product. On the other hand, isomerization 

of the C=N double bound will not have a direct influence on the stereoconfiguration of the products 

(the imine is hydrolyzed in the reaction workup). However, C=N double bond isomerization will lead to 

a different orientation of the imine inside the binding pocket of the catalyst, which will affect the en-

antiodiscrimination upon cycloaddition with the olefin. Hence, light-driven C=N double bond isomeri-

zation of the imine during the reaction will enable more reaction pathways and respective transition 

states. If these additional C=N Z-imine transition states are close in energy to the E-imine ones, lower 

enantioselectivities are expected. This can explain the significantly lower enantioselectivities obtained 

for CPAs 6a-e in combination with a photocatalyst in comparison to only using catalyst 6f, where no 

C=N double bond isomerization is possible. 
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9.1. Abstract 

London dispersion (LD) is attracting more and more attention in catalysis since LD is ubiquitously pre-

sent and cumulative. Since dispersion is hard to grasp recent research concentrated mainly on the 

effect of LD in individual catalytic complexes or on the impact of dispersion energy donors (DED) on 

balance systems. The systematic transfer of LD effects onto confined and more complex systems in 

catalysis is still in its infancy and no general approach for using DED residues in catalysis has emerged 

so far. Thus, on the example of asymmetric Brønsted acid catalyzed transfer hydrogenation of imines 

we translated the findings of previously isolated balance systems onto confined catalytic intermedi-

ates, resulting in a systematic enhancement of stereoselectivity when employing DED substituted sub-

strates. As the imine substrate is present as Z and E isomer, which can respectively be converted to the 

R- and S-product enantiomers, implementing tert-butyl groups as DED residues led to an additional 

stabilization of the Z-imine by up to 4.5 kJ/mol. NMR studies revealed that this effect is transferred 

onto catalyst/imine and catalyst/imine/nucleophile intermediates and that the underlying reaction 

mechanism is not affected. A clear correlation between ee and LD stabilization was demonstrated for 

3 substrates and 10 catalysts, allowing to convert moderate-good to good-excellent enantioselectivi-

ties. Our findings conceptualize a general approach on how to beneficially employ DED residues in 

catalysis: They clearly showcase that bulky alkyl residues such as tert-butyl groups must not only be 

considered regarding their repulsive steric, but also their attractive properties even in catalytic com-

plexes. 
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9.2. Introduction 

Although the first examples of Organocatalysis date back to the 19th century,1,2 it only manifested itself 

within the last two decades as the third pillar of asymmetric catalysis besides bio- and metal catalysis. 

It is now an essential part of an organic chemists toolbox,3 as recently highlighted by awarding the 

Nobel Prize 2021 to two pioneers in this field. To promote reactivity and shape a stereoinductive envi-

ronment, organocatalysts often rely on a framework of intermolecular interactions. These feature e.g. 

Coulomb-, hydrogen bonding-, π-π-, CH-π and van der Waals interactions. London Dispersion (LD), the 

attractive part of van der Waals interactions originates in spontaneous polarization and induced di-

poles. LD is ubiquitously present but frequently neglected due to its hard to pinpoint nature.4,5 How-

ever, London Dispersion is cumulative over the number of involved atoms and thus can significantly 

stabilize conformations relevant for catalysis. In recent years, the impact of London Dispersion on 

structure,6–10 bonding,11–15 aggregation16–21 and reactivity22–30 has been more and more explored in sil-

ico and experimentally. Several molecular balance systems have been employed to quantify London 

dispersion and to probe solvent effects on it.5,31–36 Exemplarily, Wegner et al. used meta-substituted 

azobenzenes to probe the balance between steric repulsion and London dispersion attraction for var-

ious alkyl substituents (see Figure 1A).31 While in the E-isomer the substituents of the two fragments 

are directed away from each other, they come close to each other in the Z-isomer. Counterintuitive to 

purely steric considerations, it was shown that big alkyl substituents such as tert-butyl and adamantyl, 

typically considered only regarding their bulkiness can significantly stabilize the Z-azobenzene by Lon-

don dispersion, effectively overwriting steric repulsion.31 Due to the ongoing paradigm shift that Lon-

don dispersion is not in general negligible, there is an increasing number of studies highlighting the 

presence and impact of London dispersion interactions in catalysis. Employing a combination of com-

putational analysis/non-covalent interaction analysis and spectroscopic methods, it becomes possible 

to track down dispersion interactions and elucidate their impact on e.g. stereoselectivities.24,25,30 Addi-

tionally, these insights allow to further optimize reactions by modulating the respective moieties deci-

sive for dispersion interactions.28,37 

However, there are only very few examples where dispersion effects are used in a systematic approach 

to enhance stereoselectivities in catalysis so far, e.g. given by Schreiner et al. for the Corey-Bakshi-

Shibata reduction.28 A general approach can be applied to reactions in which the substrate is present 

as two isomers, whose relative populations can be modulated via dispersion energy donor (DED38,39) 

substituents. In case one of these isomers is converted into the major, and the other into the minor 

product stereoisomer via a robust and conserved mechanistic pathway, it should be possible to influ-

ence the stereoselective outcome of the reaction by implementing DED residues. 
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Figure 1: A) E⇌Z isomerization of azobenzenes by Wegner et al. demonstrated that bigger alkyl substituents significantly stabilize the Z-

isomer by London dispersion (adamantyl > tBu > cyclohexyl > iPr > Me).31 B) Transfer hydrogenation of N-aryl imines 2 with Hantzsch Ester 3 

catalyzed by chiral phosphoric acids 1 (CPA). Upon complexation by the catalyst, CPA/E- and Z-imine complexes can be formed and were 

characterized as hydrogen bond assisted ion pairs. After binding of the Hantzsch ester by an additional hydrogen bond, a ternary 

CPA/imine/HE complex is formed, in which a hydride and proton are transferred onto the substrate. Four possible transition states EI, EII, ZI 

and ZII were found, where either the E- or Z- isomer is attacked from bottom (type I) or top (type II) by the nucleophile.40–42 C) Qualitative 

representation of transition state energies and activation barrier for the hydride transfer step. For previous substrates 2, ZI was found to be 

the lowest lying transition state, followed by EI, ZI and EII (not shown). Through the higher ground state energy for the Z-pathway, the ZI and 

ZII pathways had the lowest activation barriers (dark green and bright green arrows). Stabilizing the Z-imine ground state by London dispersion 

might lead to a shift of operating transition states to ZI versus EI (right side) by increasing the activation barrier for the Z-pathway in case the 

effect of London dispersion is lesser in the transition states. D) Exemplarily, for a ZI versus EI transition state combination, stabilization of the 

Z-imine via dispersion analogously to Wegners et al. azobenzene systems31 leads to a population increase of the Z-intermediates. As the 

reaction rates of E⇌Z -imine isomerization and hydride transfer were shown to be similar in magnitude, a higher Z-imine population will lead 

to a faster overall reaction rate of the Z-pathway, potentially resulting in a systemic enhancement of stereoselectivity. 

Analogously, the idea that light driven isomerization can be used to shift the population of systems 

featuring E/Z-double bonds for enhancement of stereoselectivity (and/or reactivity) was previously 

established by our group in the concept “Decrypting Transition States by Light” (DTS-h)40 and proved 

beneficial in catalysis e.g. by Gilmour et al..43–46 The beauty of light as isomerization stimulus is that the 

general mechanistic pathway is not affected at all in these light independent reactions.  However, the 

general drawbacks of this approach are fast thermal back-isomerization, relative kinetics of isomeriza-

tion versus stereoselective reaction step and potential light-induced side reactions. In contrast, using 

London dispersion energy donor (DED) substituents offers the opportunity to thermodynamically in-

crease the Z-isomer population versus E-isomer population in a controlled and directed way. This pre-
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vents potential problems with back-isomerization, relative kinetics and induced side reactions.  How-

ever, typically bulky DED residues such as tert-butyl groups can change the relative energy levels within 

the mechanistic pathway or in extreme cases the mechanistic pathway itself. Therefore, the successful 

application of DED substituents to enhance stereoselectivities via population changes of e.g. E/Z-iso-

mers requires ideally i) a highly conserved structural space of reaction intermediates and transition 

states independent of the substrate structure, ii) similar energetic effects of the DED substituents on 

the relevant intermediates and iii) conserved transition state combinations (in case more than two 

transition states are accessible). 

The chiral phosphoric acid 1 (CPA) catalyzed transfer hydrogenation of N-aryl substituted imines 2, 

which we extensively studied in our previous research40,47–51 is promising in meeting these criteria (see 

Figure 1B for reaction mechanism). For the binary CPA/imine complexes, composed of catalyst 1 and 

imine 2 we showed an extremely stable structural space independent of the substituent pattern of 

CPA or imine,48,50 due to the strong hydrogen bond acting as a structural anchor.47 In the subsequent 

ternary CPA/imine/Hantzsch ester complexes and following transition states of the hydride transfer an 

additional hydrogen bond to the Hantzsch ester 3 was proposed and calculated. This supports the as-

sumption of stable structural spaces also in these stages of the mechanism.40–42 The existence of this 

second hydrogen bond was experimentally confirmed on the example of analogous disulfonimide 

Brønsted acid catalysts.52 Within this confined ternary CPA/imine/Hantzsch ester complex, the hydride 

is transferred onto the imine substrate. This stereo determining step can proceed via four different 

transition states (ZI, ZII, EI and EII), featuring either the E- or Z-imine or transfer from the bottom (type 

I) or top (type II). Goodman et al. proposed in his seminal calculations a ZI vs. EI transition state combi-

nation for obtaining the major and minor product enantiomer respectively. Thus, ideal conditions 

should be given for the enhancement of enantioselectivities via Z-isomer stabilization using dispersion 

energy donors. Theoretical calculations of the relative transition state energies by our group confirmed 

the ZI vs. EI combination to be the lowest energy transition states (see Figure 1C).40 However, this anal-

ysis only accounted for the relative transition state energies and not the respective activation barriers 

for the hydride transfer steps. Thus, an experimental analysis of the transition state combinations using 

“Decrypting Transition States by Light” (DTS-h revealed a ZI versus ZII pathway. Theoretical calcula-

tions revealed that the high energy difference between the E- and Z-configuration in combination with 

a high isomerization barrier can explain this offset (see Figure 1C). 

Dispersion energy donors as substituents now offer in principle the potential to modulate these E/Z-

imine energy differences. In case a Z versus E transition state combination can be reached (e.g. via 

similar energies of E and Z isomers; see Figure 1C) an enhancement of the enantioselectivities by in-
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creasing the Z-imine population should be possible (see Figure 1D). The reaction rates for imine isom-

erization and hydride transfer are assumed to be in a similar order of magnitude. Hence, an increased 

Z-imine population could lead to a faster overall reaction rate of the Z-pathway compared to the E-

pathway, resulting in higher enantioselectivities. In this work, an experimental approach was preferred 

to validate this hypothesis, since there are severe difficulties to theoretically reproduce the energetics 

of the experimental E:Z ratios of CPA/imine complexes as mechanistic intermediates.50 

Thus, in this work tert-butyl groups are used as dispersion energy donor substituents to boost the 

relative population of Z-imines in a CPA catalyzed transfer hydrogenation in order to enhance enanti-

oselectivities. The effect of tert-butyl groups on the E/Z ratios of the free imines and the subsequent 

binary and ternary complex intermediates is investigated. Finally, the effect of DED substituents on the 

enantioselectivities for three imines and twelve catalysts is elucidated, showing a systematic increase 

of enantioselectivity with increasing dispersion effects. 

 

9.3. Results and Discussion 

9.3.1. Accessing Z-imine populations via CEST 

Initially, it was necessary to stabilize the Z-imines by London dispersion and quantify the effect by 

comparing it to imines without such intramolecular London dispersion interactions. However, in our 

previous work we found that imines such as 2a (see Figure 2) are predominantly present as their E-

isomer and no additional set of signals was identified by 1H-NMR for the Z-imine.48 Low sensitivity is 

one major limitation of NMR-spectroscopy but certain methods can enhance the detection limit. If two 

different molecules (e.g. E-imine and Z-imine) are exchanging slow on the NMR-timescale (i.e. there 

are two different sets of NMR signals), a signal of the low populated exchange partner can be selec-

tively saturated. This leads to a decrease in signal intensity of the respective signal of the major ex-

change partner as the saturation is transferred by chemical exchange. This approach is called chemical 

exchange saturation transfer (CEST)53,54 and can increase sensitivity by a factor of ~ 1055,56 as now not 

the build-up of a small signal is monitored, but the decrease of a signal with good signal/noise ratio. 
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Figure 2: E⇌Z equilibrium of imine 2a and section of the 1H NMR spectrum of 2a at 330 K in toluene-d8. If a selective saturation is applied on 

the α-CH3 signal of Z-2a at 2.38 ppm, a decrease in signal intensity of the α-CH3 signal of E-2a at 1.94 ppm is observed due to chemical 

exchange saturation transfer (bottom right). Sweeping the saturation offset in 50 Hz increments allows to identify the chemical shift of the 

minor exchange partner (bottom left). 

As a proof of concept, we applied CEST NMR to the α-CH3 group of 15N labelled imine 2a. Due to the 
3JHN coupling, the α-CH3 shows doublet splitting and thus can be easily recognized. The saturation offset 

was swept in 25 and 50 Hz steps between 1.00 and 3.00 ppm and the decrease in signal intensity of 

the E-imine α-CH3 compared to a reference spectrum was monitored. Thus, a CEST profile (see Figure 

2) could be obtained showing two distinct drops in intensity. The main decrease of signal intensity is 

observed if the saturation is applied close to the monitored signal of the E-imine α-CH3 group. The 

second, minor drop is observed if the saturation is applied at the chemical shift of the minor exchange 

partner (Z-2a). This identifies the signal belonging to the Z-imine α-CH3 group and is further corrobo-

rated by a 3JNH doublet splitting observed at lower temperatures. Based on the Z : E integral ratio of ≈ 
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1:80, an energetic difference GE-Z of ≈ -12.0±0.3 kJ/mol favoring the E-imine was determined (see SI 

for error estimation). Modulating the electronic properties of the imine by replacing the -OCH3 group 

of 2a with -CH3, -CF3 or -NO2 did not show any significant change on the Z : E integral ratios (Z : E ≈ 1:60 

/ 1:78 / 1:66 respectively; see SI Figure S1 for CEST profiles).  

After this proof of principle we focused on elucidating if the Z-imine can be significantly stabilized via 

intramolecular dispersion interaction similar to Wegners et al.31 azobenzene systems or if steric repul-

sion between the bulky dispersion energy donor (DED) groups would be dominant. Hence, imines 2b-

d with tBu-groups in para- and/or meta- position were selected to increase the putative dispersion 

interactions in the Z-imine while retaining steric and electrostatic properties as closely as possible. For 

all imines, the E-imine was the major populated species and the Z-imine was identified by 1H CEST NMR 

as the minor exchange partner (see Figure 3). Z : E ratios in toluene at 330 K of 1 : 70, 1 : 46 and 1 : 14 

were determined for imines 2b-d, reflecting an energetic difference GE-Z of ≈ -11.7±0.3/ -10.5±0.2/ -

7.2±0.1 kJ/mol respectively. 

 

Figure 3: Excerpts of the 1H spectra of imines 2b-d in toluene-d8 at 330 K and 600 MHz, showing an increasing population of the Z-imine with 

an increasing number of tBu-residues. The Z-imine was identified via CEST NMR plots (right), elucidating the minor exchange partner (blue 

circle) of the E-imine. 

Imine 2b shows a similar Z/E ratio to 2a (and to the -CH3, -CF3 or -NO2 substituted analogues depicted 

in the SI Figure S1), highlighting that for para-substitution the putative effect of the DED groups is 
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negligible as the substituents are too far away in the Z-isomer to interact. For imine 2c, a slightly higher 

Z/E ratio was observed, reflecting a stabilization of G2c-2b = 1.2±0.3 kJ/mol introduced by the meta-

substitution pattern. For imine 2d, the highest Z/E ratio was monitored, accounting for a G2d-2b = 

4.5±0.4 kJ/mol, if DED groups are placed in all meta positions. This clearly shows that the attractive 

dispersion interactions introduced by the tBu groups is overwriting the steric repulsion between these 

groups in the Z-imine, corroborating the findings by Wegner et al.31 on meta-substituted azobenzene 

systems. Additionally, the stabilization by the all-meta substitution pattern is similar in magnitude, but 

slightly smaller as for a diarylthiourea balance systems (G = 4.5 kJ/mol for the imine balance and 

7.1 kJ/mol for the thiourea balance when comparing tert-butyl groups to hydrogen atoms in all meta-

positions).57  

Replacing the -CH3 group of imine 2d with -H led to an exclusive population of the E-imine, as the 

steric size of the -substituent is the main driving force towards the Z-imine (see SI Figure S2 for ratios 

and CEST profile). Replacing the N-phenyl with a N-benzyl residue resulted in an even higher stabiliza-

tion of the Z-imine for both -CH3 and -H (1 : 13 and 1 : 28 respectively), presumably due to less steric 

hindrance and a better interaction pattern in the Z-imine (see SI Figure S2 for systems, spectra and 

further discussion). These findings suggest that the beneficial effect of DED substituents on stereose-

lectivities as described below can be transferred onto analogous N-benzyl systems, frequently used in 

synthesis. 

 

9.3.2. London dispersion in CPA/N-aryl imine complexes 

In our previous work, we observed that although imines such as 2a are present predominantly as their 

E-isomer (Z:E ratio ~ 1 : 80), the population of the Z imine is significantly enhanced in hydrogen bonded 

CPA/imine complexes. These are formed in presence of a chiral phosphoric acid and Z:E ratios up to 

~ 55 : 45 are reached.48,50 This is caused by a more compact structure of the Z-imine, allowing it to fit 

into the binding pocket of the CPA with reduced steric repulsion between CPA and imine compared to 

the E-imine. Hence, we needed to control whether the stabilization of Z-imines by intramolecular Lon-

don dispersion is transferred on the binary CPA/imine complexes (and subsequently on the ternary 

CPA/imine/nucleophile complexes and transition states). To validate this, detailed low temperature 

(180 K) NMR studies were performed. Such low temperatures are necessary to slow down exchange 

processes between different species (e.g. the isomerization of E- and Z-imine in presence of a CPA) and 

to monitor the proton signals corresponding to the hydrogen bonds anchoring the binary complex. 

Dichloromethane (CD2Cl2) was selected as solvent for all measurements, as it provided superior line 

widths and solubility in our previous investigations.48 No significant changes of the stabilization of Z-
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2b-d were observed when changing the solvent from toluene to dichloromethane (see SI Figure S5). 

For all samples, a ratio of catalyst to imine of 1 : 1 was used and the concentration typically ranged 

from 10 to 50 mM. 

Binary complex samples of CPAs 1a-c and imines 2b-d were prepared and analyzed (see Figure 4 and 

SI Figure S6). The assignment of Z- and E-complex was achieved via NOESY NMR and the typically ob-

served slight highfield shift of the hydrogen bond signal of CPA/E-imine compared to the CPA/Z-

imine.47,48 Exemplarily for 1a/2b-d, Z:E ratios of 55:45, 70:30 and 90:10 were determined. This reveals 

an increasing stabilization of the Z-complexes with increasing number of tBu groups and reflects the 

general trend for free imines 2b-d. Similar trends were observed for CPAs 1b and 1c (see Table 1), 

reaching an almost Z-exclusive ratio of 99:1 for 1c/2d. For the systems 1a/2d and 1b/2d a set of 2D 

spectra was measured to achieve a chemical shift assignment for 1a/Z-2d and 1b/Z-2d. Based on an 

analysis of the NOESY spectra, the characteristic NOE contacts between BINOL backbone and imine 

fragments were detected, ensuring that the core structures of CPA/Z-imine complexes elucidated in 

our previous work are conserved (for structures see references48,50).  
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Figure 4 Excerpt of the 1H NMR spectra of 1a/2b-d in CD2Cl2 at 180 K and 600 MHz depicting the hydrogen bonding region, highlighting the 

H-bond signal of 1a/Z-2b-d (blue) and 1a/E-2b-d (red). When increasing the number of tBu groups from 2b to 2c to 2d, an increasing stabili-

zation of the 1a/Z-imine complex is observed, reflecting the trend of free imines 2b-d (for spectra with 1b and 1c see SI Figure S6). 

Based on the determined Z/E ratios, the energetic differences GE-Z for free imines 2b-d at 330 K in 

toluene (values in dichloromethane at 298 K are similar; see SI Figure S5) and 1a-c/2b-d at 180 K in 

dichloromethane were determined. To shed light onto the contribution of intramolecular London dis-

persion on the stabilization of the CPA/Z-imine complex,G2d-2c and G2d-2b were derived (see Table 

1). Assuming similar structures for 1a-c/2b-d,50 these G values to some extend account for the effect 

of intramolecular London dispersion. However, these are modulated by the different interaction pat-

terns of imines 2b-d with the respective catalyst and the steric repulsion introduced by additional tBu 

groups. 

Comparing the G values of the binary complexes to the free imines (see Table 1) shows an identical 

trend (Z-stability: 2d > 2c > 2b) and similar magnitude, giving slightly lower G values for catalysts 1a 
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and 1b and slightly higher G values for catalyst 1c. These small offsets reflect the different intermo-

lecular interaction pattern between CPA and imine for the CPA/Z-imine and CPA/E-imine complexes 

including intermolecular dispersion and steric.  Additionally, the imine inside the binding pocket is par-

tially sequestered from the solvent, while the free imine is solvent-exposed. This change in solvent-

solute interaction pattern might modulate the Z/E ratios, but the difference is expected to be by far 

smaller than between vacuum and solution as shown for H-bond complexes by Chen et al..36 However, 

the G values for free imines and CPA/imine complexes are very similar, clearly indicating that the 

stabilization of the Z-imine via intramolecular London dispersion is transferred on the binary cata-

lyst/substrate complexes. This is further corroborated by the detection of NOE contacts between the 

tert-butyl groups of the two aryl moieties in the NOESY spectrum of 1a/Z-2d (see SI figure S6). This 

validates a spacial proximity of the tert-butyl groups and thus strongly suggests the presence of intra-

molecular dispersion interactions between these groups even inside the CPAs binding pocket.  

Table 1: Comparison of Z/E ratios of 2b-d at 330 K in toluene and 1a-c/2b-d at 180 K in CD2Cl2. 

 Z/E ratio for CPA/imine G [kJ/mol] 

 2b 2c 2d 2d-2b 2d-2c 

no CPA 1:70 1:46 1:14 4.5±0.4 3.3±0.3 

1a 55:45 70:30 90:10 3.0±0.2 2.0±0.2 

1b n.d. 75:25 89:11 n.d. 1.5±0.2 

1c 48:52 73:27 99:1 5.9±0.3 4.3±0.3 

For 1b/2b, the Z/E ratio could not be determined precisely due to signal overlap, but a preference for the 1b/Z-2b complex is assumed. Based 

on the ratios, the energetic differences GE-Z between E and Z were determined and the difference G2d-2b = (GE-Z(2d) - GE-Z(2b) and G2d-

2c = (GE-Z(2d) - GE-Z(2c) was determined. Assuming similar structures for 1a-c/2b-d, the G values give qualitative insights about the 

contribution of intramolecular London dispersion towards the stabilization of the CPA/Z-imine complex, showing that the contribution in the 

free imine (no CPA) is in the same range as for the binary complexes with CPAs 1a-c. 

Noteworthy, for an analogous system to 2d featuring an N-benzyl instead of N-phenyl substituent, 

similar results were obtained, leading to an inversion of Z/E preference by London dispersion (see SI 

Figure S4 and Table S1 for spectra, ratios and further discussion). This further corroborates the as-

sumption that the beneficial effect of DED residues on stereoselectivities as described below can be 

transferred onto analogous N-benzyl systems, hinting a broader applicability for different substrates. 

9.3.3. London dispersion in CPA/imine/nucleophile complexes 

After demonstrating that London dispersion significantly affects the Z/E ratios in binary CPA/imine 

complexes, next we aimed to ensure that the same applies for ternary CPA/imine/nucleophile com-

plexes. The ternary complexes are spectroscopically accessible precursors to the transition states for 

the hydride transfer. More importantly, it is necessary to ensure that the ternary complex can still be 
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formed despite the bulky substrate occupying the binding pocket of the catalyst., This ensures that the 

underlying reaction mechanism proceeding via the “three-point-interaction model” is still available.41 

Exemplarily, Hantzsch ester 3a was selected as a model nucleophile, as the CPA catalyzed transfer hy-

drogenation is well optimized and deeply investigated in silico.40–42 Computational studies showed that 

the transition states feature a ternary complex in which both the imine and Hantzsch ester are bound 

to the catalyst via hydrogen bonding. However, accessing ternary CPA/imine/3a complexes by NMR 

spectroscopy is not achievable due to the reactivity of this mixture and mainly due to the low solubility 

of 3a in the necessary solvents like toluene or dichloromethane, especially at lower temperatures 

(-93 °C) needed for detailed investigations. This can be overcome by employing the phenyl-substituted 

Hantzsch ester 3b as an unreactive and well soluble mimic of 3a.52 Additional 15N labelling allows to 

access the PO---H-15N(3b) hydrogen bond via 1hJNH coupling. 

Addition of one equivalent of 3b to 1a-b/2d led to line broadening (half widths increase by ~10 Hz for 

1a, ~15 Hz for 1b) and a significant highfield shift (~0.2 ppm) of the hydrogen bonded proton signal 

(see Figure 5A). No new additional set of signals for the ternary CPA/2d/3b complex was observed. 

This indicates that the binary CPA/2d and ternary CPA/2d/3b complex are exchanging fast on the NMR 

time scale and one averaged signal set is observed for both species. This is further corroborated by 

severe line broadening of the signals of 3b in presence of 1a or 1b and 2d. Noteworthy, the strong 

preference for Z-intermediates observed for the binary complexes is also present for the ternary com-

plexes leading to an almost exclusive population of the Z-species (see Figure 5A). This further highlights 

the transfer of dispersion interactions within the imine onto the highly confined ternary intermediates. 

To further corroborate the formation of the ternary complex, system 1d/2d/3b was selected and in-

vestigated in detail as the spectra with this catalyst were better resolved, giving narrower line widths 

and less signal overlap (see Figure 5B). Only one species was observed, corresponding to the binary 

1d/Z-2d and ternary 1d/Z-2d/3b complex which are fast exchanging on the NMR time scale. Based on 

a set of homo- and heteronuclear spectra featuring 1H, 13C, 19F, 31P, 1H 1H COSY, 1H NOESY, 1H 13C HSQC, 
1H 13C HMBC, 1H 31P HMBC and 1H 19F HOESY, a chemical shift assignment could be achieved. The Z-

imine configuration was determined via the NOE pattern of the hydrogen bonded proton and α-CH3 

group. Analysis of the 1H NOESY (see SI Figure S7) and 1H 19F HOESY spectra showed NOE contacts be-

tween 3b and 1d and especially between 3b and 2d, which only can originate from the ternary complex 

(see Figure 5C),52 thus validating that indeed the ternary 1d/2d/3b complex is formed. 
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Figure 5: A) Excerpt of the 1H NMR spectra of 1a-b/2d and 1a-b/2d/3b at a 1:1 or 1:1:1 ratio in CD2Cl2 at 180 K and 600 MHz depicting the 

hydrogen bonding region. Addition of 3b causes line broadening and a highfield shift of the hydrogen bonded proton signal, indicating a fast 

exchange process of the binary CPA/2d and ternary CPA/2d/3b complex. B) 1H spectrum of 1d/2d/3b at a 1:1:1 ratio in CD2Cl2 at 180 K and 

600 MHz. One set of signals is observed for the fast exchanging binary 1d/2d and ternary 1d/2d/3b complex. C) Observed NOE pattern for 

1d/2d/3b demonstrating the presence of the ternary complex. 

To estimate, whether the system is present mainly as binary complex and free 3b or mainly as ternary 

complex, diffusion ordered spectroscopy (DOSY) measurements were carried out to determine self-

diffusion coefficients Di for 1a/b/d, 2d and 3b. If DOSY measurements are performed on a signal which 
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reflects two fast exchanging species, the resulting self-diffusion coefficient is the sum of the self-diffu-

sion coefficients of each species weighed by their population.58 Hence, if the two exchanging species 

have a significant offset in size (e.g. free Hantzsch ester and complexed one), the derived self-diffusion 

coefficient gives qualitative insights about the dominant species. For all systems, CPA and imine 

showed identical self-diffusion coefficients, while for 3b slightly higher values (smaller aggregate) were 

determined (see SI Table S2 for values and further discussion). However, Di for free 3b (in absence of 

CPA and imine) was significantly higher. In combination with the observed line broadening and NOE 

pattern this clearly shows that despite the increased steric bulk of the imine 2d, the ternary complex 

can still be formed in a significant amount. Thus, the general reaction mechanism is conserved and the 

clear preference for Z-intermediates for imines with dispersion energy donor substituents is present 

in the ternary complexes as precursors to the transition states for the hydride transfer. Noteworthy, 

by employing Hantzsch ester 3b it was to our knowledge for the first time possible to access by NMR-

spectroscopy ternary complexes with CPA catalysts despite the use of a bulky substrate 2d. 

 

9.3.4. Impact of London dispersion on enantioselectivity 

We demonstrated the impact of London dispersion on the stabilization of Z-imines and ensured the 

transfer on catalyst/substrate and catalyst/substrate/nucleophile reaction intermediates. Based on 

these findings we aimed to showcase that this additional stabilization can affect the stereoselective 

outcome of CPA catalyzed transformations on the example of transfer hydrogenations with Hantzsch 

ester 3a. Theoretical calculations of Goodman41  and our group40 showed that the lowest energy tran-

sition state is ZI (attack from bottom; Z-imine) followed by EI (attack from bottom; E-imine). In case the 

Z-imines and their intermediates are equal in energy or lower than the E-imines, this ZI/EI transition 

state combination should be operative (see Fig. 1C). Thus, stabilizing the Z-imine via dispersion and 

increasing the populations of the Z-imine and all subsequent Z-imine intermediates (binary CPA/Z-

imine and ternary CPA/Z-imine/Hantzsch ester complex) can have a beneficial effect on the stereose-

lectivity. Previously, it was shown that the imine isomerization is not fast compared to the hydride 

transfer,49 meaning that an increased population of CPA/Z-imine/Hantzsch ester will result in an in-

creased overall reaction rate of the hydride transfer for the Z-pathway compared to the E-pathway. 

Additionally, the effect of London dispersion on stabilizing the Z-imine could also contribute in a ben-

eficial way to the relative transition state energies of the hydride transfer. Dispersion could reduce the 

activation barrier for the Z-pathway compared to the E-pathway without changing the transition state 

combination. Thus, stabilizing the Z-imine via London dispersion could lead to a systematic increase in 

enantioselectivities by kinetically and potentially also thermodynamically favoring the Z-pathway for 

the hydride transfer step. Given the previous offsets between experimental and computed ground 
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state energies for binary complexes50 and inadequate description of dispersion attenuation in solution 

by current implicit solvent models,36 we preferred an experimental approach to ensure the necessary 

Z versus E transition state competition. If a clear correlation between stereoselectivity and dispersion 

stabilization is observed over a broad set of catalysts, a Z versus E transition state competition can be 

assumed. This is because the increase in enantioselectivity should be rather independent of the cata-

lysts 3,3’-substituents and mainly be enforced by the dispersion energy donor residues. Hence, to pin-

point the applicability of utilizing dispersion interactions to enhance stereoselectivities, transfer hy-

drogenations of substrates 2b-d with a series of 12 different catalysts were performed (see Figure 6). 

Imines 2b-d were selected to modulate the contribution of intramolecular London dispersion on the 

Z-imine stability while conserving the steric and electrostatic properties of the imine as much as pos-

sible. CPAs 1a-k were selected as examples typically used in synthesis and disulfonimide (DSI) catalyst 

1l was selected to account for modulations of the acidic functionality. 

 

Figure 6: Selected catalysts for the screening of enantiomeric excess for the CPA catalyzed transfer hydrogenation of imines 2-d. For the 

disulfonimide (DSI) catalyst 1l, the R- or S-enantiomer was used, while for CPAs 1a-k, the R-enantiomer was used. Imine 2b and 2c were 

selected as steric mimics with reduced (2c) or negligible (2b) intramolecular dispersion interactions. 

The reaction conditions were taken over from previous optimization studies.59–61 However, as the re-

action proceeded rather slowly compared to the transfer hydrogenation of imines such as 2a, a catalyst 

loading of 10 mol% and a reaction temperature of 75 °C was necessary to achieve sufficient conversion 
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within a reaction times of 3 days. Control experiments were performed to ensure that these conditions 

do not affect the enantioselective outcome. Although an uncatalyzed reaction is possible at 75 °C, it is 

negligible in presence of the catalyst. Additionally, hydrogen-bond bridged dimers of the catalyst as 

previously reported as active catalyst species for the transfer hydrogenation of quinolines are not af-

fecting the enantioselectivities (see SI Table S3 for experimental data and full discussion).62 

Table 2: enantioselectivities for the transfer hydrogenation of imines 2b-d for a variety of catalysts 1a-l.  

 

Entry Catalyst 3,3’ ee (4d) ee (4c) ee (4b) 

1 2,4,6-(Me)3C6H2 (1a) 90 71 58 

2 2,4,6-(iPr)3C6H2 (1b) 99 98 86 

3 3,5-(CF3)2C6H3 (1d) 88 76 77 

4 9-anthryl (1e) 91 58 44 

5 4-(tBu)C6H4
 (1f) 66 65 40 

6 4-(CF3)C6H4
 (1g) 68 71 55 

7 1-naphthyl (1h) 77 61 45 

8 9-phenanthryl (1i) 74 50 46 

9 C6H5 (1j) 64 56 36 

10 3,5-(CH3)2C6H3 (1k) 72 65 49 

11 SiPh3 (1c) 58 68 80 

12 DSI-4-(CF3)C6H4 (1l)a -66 58 64 

 

In general, the highest ee values were obtained for 4d, followed by 4c and 4b, reflecting the trend of Z-imine stabilization by London disper-

sion of substrates 2b-d as highlighted in the graphic on the top right (note that catalyst 1c and 1l are excluded in the graphic). a For substrate 

2d and 2c, the S enantiomer of 1l was employed, resulting in ee values of +66 and -58 respectively. To avoid confusion, the inverted ee values 

for the R enantiomer are given in the table. 
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Enantioselectivities up to 99% were received, with 4d yielding in general the highest ee, followed by 

4c and 4b (see Table 2). For 4d, the absolute (R)-stereo configuration was determined via X-ray crys-

tallography after tosyl-protection of the amine received from entry 2 (99% ee) and is coherent with 

previous reports.59–61 For 4b and 4c, an identical stereo configuration of the major enantiomer was 

assumed based on analogy. Excluding catalysts 1c and 1l where we assume a change in transition state 

combination (see discussion below), the catalyst independent trend of enantioselectivity (4d > 4c > 4b) 

clearly correlates with the Z-imine stabilization of the substrate (2d > 2c > 2b) by London dispersion 

(see Table 2 bottom graphic). This validates the Z versus E transition state competition (see above) and 

showcases a systematic approach to enhance stereoselectivities with DED residues. Noteworthy, when 

comparing the same catalyst similar ee values are reported for substrate 2a (and analogous imines 

with a para-CH3 or -CF3) as determined for substrate 2b and 2c, all featuring no or weak dispersion 

stabilization. On the other hand, for the same catalyst the ee values of substrate 2d in general exceed 

the reported values for imines without DED residues (see SI Table S4).50,59,61 This highlights the poten-

tial benefit of DED residues on stereoselectivity if assuming the same transition state competition. 

Catalysts 1c and 1l however deviate from the correlation of dispersion stabilization (2d > 2c > 2b) and 

enantioselectivity (ee 4d < 4c < 4b) due to presumable changes from the ZI versus EI transition state 

combination. Previously, it was shown that DSI catalysts (1l) can adapt a broader structural space due 

to the additional S=O hydrogen bond acceptor functionalities. Most likely the observed inversion of ee 

originates in a different hydrogen bonding pattern of substrate and Hantzsch ester, resulting in a dif-

ferent transition state combination.52,63 For catalyst 1c, it was shown that the Z-imine stabilization in 

the binary complex exceeds the amount observed in the free imine (see Table 1), which likely originates 

in the extremely small binding pocket of 1c, which is additionally favoring the Z-complexes.64 We as-

sume that  therefore a competition of Type I Z versus Type II Z (attack of the hydride over bottom or 

top) instead of Z versus E is operating and thus the dispersion effects are not reflected in the enanti-

oselectivities. However, the clear correlation between ee and Z-imine stabilization by London disper-

sion observed for the vast majority of systems demonstrates the potential impact of London dispersion 

in catalysis, allowing to convert moderate-good to good-excellent enantioselectivities. Additionally, it 

highlights that dispersion can have a crucial impact even in a highly confined structural space. It show-

cases that substituents such as tert-butyl must not only be considered regarding their steric bulk, but 

also regarding their dispersion energy donor properties. 
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9.4. Conclusions 

London dispersion (LD) is frequently neglected in designing catalytic systems despite its ubiquitous 

presence and cumulative property. On the example of Brønsted acid catalyzed transfer hydrogenation 

of imines we could conceptualize a systematic approach on beneficially using dispersion energy donor 

(DED) residues for catalysis. The imine substrate is present as Z and E isomer, which can be transformed 

to the R- and S-product enantiomer respectively. Employing tert-butyl DED groups led to a stabilization 

of the Z-imine by up to 4.5 kJ/mol, corroborating previous findings on azobenzene dispersion balances. 

Due to the strong offset in populations of the E-imine (major species; ~99% without LD) and Z-imine 

(minor species; ~1% without LD), chemical exchange saturation transfer (CEST) NMR was used for sen-

sitivity enhancement and identification of the low populated Z-imine. Low temperature NMR meas-

urements allowed to analyze the transfer onto confined catalyst/imine and catalyst/imine/nucleophile 

complexes, resembling the catalytic intermediates. It was shown that the intrinsic stabilization of the 

Z-imine by LD is conserved in these binary and ternary catalytic intermediates. Counterintuitively and 

despite the intrinsic steric bulkiness of the DEDs the stabilization is added on top of the reduced steric 

repulsion (compared to the E-imine) between catalyst and Z-imine in the binding pocket of the catalyst, 

leading potentially to an almost exclusive population of the Z-intermediates. Furthermore, this study 

shows that the general reaction mechanism and involved intermediate structures are not affected by 

the increased steric bulk of the substrate when decorated with tert-butyl groups. As the reaction pre-

sumably proceeds over a Z-imine transition state leading to the major enantiomer and E-imine transi-

tion state leading to the minor enantiomer, the effect of stabilizing the Z-intermediates via LD could 

be read out on the enantioselectivities. A clear correlation between ee and LD stabilization was demon-

strated for 3 substrates and 10 catalysts. Our results showcase the potential impact of LD in catalysis, 

allowing to convert in a systematic way moderate-good to good-excellent enantioselectivities by dis-

persion control. This highlights that substituents such as tert-butyl must not only be considered re-

garding their steric bulk, but also regarding their dispersion energy donor properties even in confined 

spaces such as crowded catalytic intermediates and transition states. 
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9.6. Supporting Information 

9.6.1. General information 

Chemicals 

Deuterated solvents were purchased from Deutero or Sigma Aldrich. Where dry solvents were essen-

tial, CD2Cl2 was freshly distilled over CaH2 and Toluene-d8 was refluxed over Na/Benzophenone under 

argon atmosphere. Non-deuterated toluene was refluxed over Na/Benzophenone under Argon atmos-

phere or purchased by Sigma Aldrich (dry, stored over molecular sieve). All commercially available 

chemicals were purchased by Sigma Aldrich or abcr and used without further purification. Hantzsch 

ester 3b was prepared according to literature.1 

Sample preparation 

The chiral phosphoric acid was weighed into a 5 mm NMR tube and dried at 150 °C for at least 20 min 

under reduced pressure. After the tube came to room temperature, the respective imine was weighed 

directly into the NMR tube. The tube was evacuated and flushed with Argon three times. Dry CD2Cl2 

(0.6 mL) was added under Argon flow and TMS atmosphere (0.5 mL) was added. The tube was closed 

and sealed with parafilm. The samples were stored in the fridge at -80 °C. 

For the preparation of the “E-only sample”, prior to adding the solvent the tube was cooled to -80 °C 

in an acetone/liquid nitrogen bath. Under Argon flow, cooled CD2Cl2 (0.6 mL) was added to the CPA 

and imine. TMS atmosphere (0.5 mL) was added and the tube was closed and sealed with parafilm. 

The samples were stored in the fridge at -80 °C. E-only samples were transported at -80 °C in an ace-

tone/liquid nitrogen cooling bath and only inserted in a precooled spectrometer at 180 K. 

NMR spectrometer, data procession and referencing  

All NMR spectroscopic investigations on model systems were performed on a Bruker Avance DRX 600 

MHz spectrometer with TBI (Triple resonance broadband inverse) 5 mm CPPBBO 1H/19F-BB probe head 

with Z-gradient and BVT unit. Temperature was controlled in the VT-experiments by a BVT 3000 and 

BVT 3900 unit and liquid nitrogen. Further NMR experiments were performed on Bruker Avance III HD 

400 MHz spectrometer equipped with 5 mm BBO BB-1H/D probe head with Z-Gradients.  Spectrometer 
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control and spectra processing was performed with Bruker Software TopSpin (Version 3.2 PL 1). Fur-

ther plotting of the spectra was performed with Corel Draw 2020 software. 1H,13C chemical shifts were 

referenced to TMS or the respective solvent signals. The heteronucleus 31P was referenced, employing 

ν(X) = ν(TMS) · Ξreference / 100 % according to Harris et al.2  The following frequency ratios and reference 

compounds was used: Ξ(31P) = 40.480742 (H3PO4). For all NMR measurements, 5 mm NMR tubes were 

used. 

Pulse sequences and acquisition parameters  

1H-NMR: Pulse program zg30, Relaxation delay = 2.00 s, Acquisition time = 2.54 s, SW = 20 – 24 ppm, 

TD = 66 K, ns = 16 – 256; 13C NMR: Pulse program: zgpg30, Relaxation delay = 2.00 s, Acquisition time 

= 0.80 s, TD = 66 K; SW = 270.0 ppm, TD = 64k, NS = 1k – 4k; 31P-NMR: Pulse program: zgpg30; Relaxa-

tion delay = 1.00 s, Acquisition time = 2.25 s, SW =20 - 60.0 ppm, TD = 65k, NS = 256 - 512; 2D-1H,1H NO-

ESY: Pulse program: noesygpph; Relaxation delay = 5.00 s, NS = 8-16, mixing time (D8) = 300.00 ms; TD 

= 4096; increments = 512 - 1k; 2D-1H,1H ROESY: Pulse program: roesyphpr.2; Relaxation delay = 5.00 s, 

NS = 8, mixing time (D8) = 100.00 ms; TD = 4096; increments = 1k; 2D-1H,1H COSY: Pulse program: 

cosygpqf; Relaxation delay = 5.00 s, NS = 4-16, TD = 4096; increments = 512; 2D-1H,13C HSQC: Pulse 

program: hsqcedetgpsisp2.3; Relaxation delay = 4 - 8 s, NS = 8-32, 1JXH = 145 Hz; TD = 4096; increments 

= 512 - 1k; 2D-1H,13C HMBC: Pulse program: hmbcgplpndqf; Relaxation delay = 4.00 s, NS = 8-16, 1JXH = 

145 Hz, JXH(long range) = 10 Hz; TD = 4096; increments = 512 - 1k; 2D-1H,31P HMBC: Pulse program: 

inv4gplrndqf; Relaxation delay = 6.00 s, NS = 4-32, TD = 4096; increments = 256 – 512. 2D-1H,15N HMBC: 

Pulse program: inv4gplrndqf; Relaxation delay = 4.00 s, NS = 4-16, delay for evolution of long range 

couplings (D6) = 20.00 ms; TD = 4096; increments = 256; 2D-1H,19F HOESY: Pulse program: hoesyph; 

Relaxation delay = 5.00 s, NS = 8, mixing time (D8) = 350.00 ms; TD = 4096; increments = 512 - 1024; 
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Crystallographic details 

Dull colorless prism-shaped crystals of 5 were obtained after recrystallization in methanol.  
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Compound  5 
    
Formula  C37H53NO2S  
Dcalc./ g cm-3  1.120  
/mm-1  1.067  
Formula Weight  575.86  
Colour  dull colorless  
Shape  prism-shaped  
Size/mm3  0.32×0.17×0.13  
T/K  123.01(10)  
Crystal System  orthorhombic  
Flack Parameter  -0.008(7)  
Hooft Parameter  -0.017(6)  
Space Group  P212121  
a/Å  10.14400(10)  
b/Å  10.89390(10)  
c/Å  30.9176(4)  
/°  90  
/°  90  
/°  90  
V/Å3  3416.63(6)  
Z  4  
Z'  1  
Wavelength/Å  1.54184  
Radiation type  Cu K  
min/°  4.303  
max/°  66.657  
Measured Refl's.  23950  
Indep't Refl's  6006  
Refl's I≥2 (I)  5837  
Rint  0.0457  
Parameters  415  
Restraints  45  
Largest Peak  0.378  
Deepest Hole  -0.339  
GooF  1.047  
wR2 (all data)  0.0953  
wR2  0.0938  
R1 (all data)  0.0391  
R1  0.0378  
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9.6.2. Imine synthesis and transfer hydrogenations 

General procedure for imine synthesis (GP I) 

Molecular sieves 4 Å (approx. 3 - 5 g) was weighed into a 50 mL Schlenk flask and dried with a heat gun 

at 450 °C for at least 30 min under reduced pressure. Under Argon flow, the respective amine 

(1.0 equiv) and respective ketone (1.0 equiv.) were added and dissolved in 25 mL anhydrous toluene. 

Under Argon flow, a reflux condenser was added to the setup and flushed with argon for 3 min and 

afterwards the setup was closed with a septum and balloon insert. The solution was refluxed for 3 d. 

Afterwards, the heating bath was removed, and the reaction mixture allowed to cool down. The mix-

ture was filtrated, and the solvent was removed under reduced pressure. The crude product was either 

recrystallized in methanol or distilled via a bulb-to-bulb distill to give the respective imine. 

Imines 2a-b, 2e-g were synthesized following GP I. The spectral data matched the previous literature 

reports.3,4 
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(E)-N,1-bis(3,5-di-tert-butylphenyl)methanimine (2h) 

 

MgSO4 (500 mg) was given into a Schlenk flask and dried at 350°C for 30 min. 3,5-di-tert-butylbenzal-

dehyde (1.00 mmol, 218 mg, 1.0 eq.) and 3,5-di-tert-butylaniline (1.00 mmol, 205 mg, 1.0 eq.) and dry 

toluene (5 mL) were added under argon flow and the mixture was stirred at 80°C for 3 d. Afterwards, 

the mixture was filtrated and the solvent was removed under reduced pressure. The crude product 

was purified by recrystallization from MeOH to yield the product as colorless needles (264 mg, 0.65 

mmol, 65%) exclusively as the E-isomer (Z : E < 1 : 99 in CD2Cl2 at 298 K). 

1H-NMR: (400.1 MHz, CD2Cl2): δH = 8.48 (s, 1H), 7.75 (d, 2H, 4J = 1.8 Hz), 7.58 (t, 1H, 4J = 1.8 Hz), 7.31 (t, 

1H, 4J = 1.7 Hz), 7.05 (d, 2H, 4J = 1.8 Hz), 1.39 (s, 18H), 1.36 (s, 18H). 

13C-NMR: (100.6 MHz, CD2Cl2): δC = 160.6, 151.9, 151.8, 151.4, 135.9, 125.6, 123.0, 119.8, 115.1, 34.9, 

34.8, 31.2, 31.1. 

HR-MS (EI, m/z): found 406.3472 (M+H)+ (calculated 405.3399 for C29H43N); Diff(ppm) = 0.92. 
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3,5-di-tert-butylacetophenone 

 

3,5-di-tert-butylbenzaldehyde (2.18 g, 10.0 mmol, 1.0 equiv.) was dissolved in Et2O (25 mL), cooled to 

0 °C and a solution of methylmagnesium bromide (3.0 M in Et2O, 5.0 mL, 15.0 mmol, 1.5 equiv.) was 

added dropwise over 15 minutes. Afterwards, the reaction mixture was quenched by slow addition of 

a saturated NH4Cl solution and extracted with EtOAc (3x 30 mL). The organic phase was dried over 

MgSO4, filtered and the solvent was removed under reduced pressure to receive a white solid, which 

was dissolved in acetone (30 mL) and cooled to 0 °C. Jones reagent (CrO3 in H2SO4, 2.67 M, 7.5 mL, 20.0 

mmol, 2.0 equiv.) was added dropwise and the reaction was stirred at room temperature for 2 h. The 

reaction mixture was quenched by addition of a saturated NaHCO3 solution and extracted with CH2Cl2 

(3x 50 mL). The organic layers were combined, dried over MgSO4, filtered and the solvent was removed 

under reduced pressure to receive the product 3,5-di-tert-butylacetophenone as a yellowish oil (2.30 g, 

99%). 

1H NMR (400 MHz, CDCl3):  = 7.81 (d, 4J = 1.8 Hz, 2H), 7.65 (t, 4J = 1.8 Hz, 1H), 2.62 (s, 3H), 1.36 (s, 

18H). 

The spectral data matches the literature report.5 

  



9. Tilting the Balance: London Dispersion Systematically Enhances Enantioselectivities in Brønsted 
Acid Catalyzed Transfer Hydrogenation of Imines 

 

277 
 

3,5-di-tert-butylphenyl)methanamine 

 

3,5-di-tert-butylbenzylbromide (5.67 g, 20.0 mmol, 1.0 equiv.), K2CO3 (4.15 g, 30.0 mmol, 1.5 equiv.) 

and phthalimide (3.83 g, 26.0 mmol, 1.3 equiv.) were stirred for 24 h at room temperature in THF 

(25 mL). The reaction mixture was diluted with Et2O (75 mL) and the organic layer was washed with 

water (4x 250 mL). The organic phase was dried over MgSO4, filtered and the solvent was removed 

under reduced pressure to receive a colorless solid, which was dissolved in THF (50 mL). Hydrazine 

monohydrate (5.89 g, 5.71 mL, 120.0 mmol, 6.0 equiv.) was added dropwise to that stirred solution. 

Afterwards the reaction mixture was heated at reflux (70 °C) for 3 h, whereby a colorless solid precip-

itated. After cooling to room temperature, the precipitate was dissolved by addition of water and the 

mixture was extracted with tertbutylmethylether (2x 70 mL). The combined organic layers were 

washed with brine, dried over MgSO4, filtered and the solvent was removed under reduced pressure 

to give the product as a yellow oil (2.20 g, 10.0 mmol, 50%). 

1H NMR (400 MHz, CDCl3): = 7.34 (t, 4J = 1.8 Hz, 1H), 7.20 (d, 4J = 1.8 Hz, 2H), 3.91 (s, 2H), 3.24 (br s, 

2H), 1.32 (s, 18H). 

The spectral data matches the literature report.6  
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(E)-N,1-bis(3,5-di-tert-butylphenyl)ethan-1-imine (2d) 

 

Following GP I, 3,5-di-tert-butylacetophenone (4.65 g, 20 mmol, 1.0 equiv.) and 3,5-di-tert-butylaniline 

(4.11 g, 20.0 mmol, 1.0 equiv.) were reacted. The crude product was distilled via a bulb-to-bulb distil-

lation (0.1 mbar, 140-180 °C) and the was product received as a highly viscous, yellow oil (4.70 g, 

11.2 mmol, 56%). The product was received as a mixture of E and Z isomer (Z : E ≈ 1 : 14 in CD2Cl2 at 

298 K). 

1H NMR (E-imine; 400 MHz, CD2Cl2): = 7.34 (t, J = 1.8 Hz, 1H), 7.20 (d, J = 1.8 Hz, 2H), 3.91 (s, 2H), 3.24 

(br s, 2H), 1.32 (s, 18H). 

13C NMR (E-imine; 100 MHz, CD2Cl2):  = 165.6, 151.5, 151.4, 150.7, 139.4, 124.4, 121.3, 116.8, 113.6, 

34.9, 34.7, 31.2 (2C), 17.4. 

HR-MS (EI, m/z): found 419.35389 (M)+ (calculated 419.35465 for C30H45N); Diff(ppm) = -0.76. 
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(E)-N-(3,5-di-tert-butylbenzyl)-1-(3,5-di-tert-butylphenyl)methanimine (2i)  

O

NGP I

NH2

 

Following GP I, 3,5-di-tert-butylbenzaldehyde (218.34 mg, 1.00 mmol, 1.0 eq.) and (3,5-di-tert-bu-

tylphenyl)methanamine (219.37 mg, 1.00 mmol, 1.0 eq.) were dissolved in toluene (5 mL) and stirred 

at 120 °C for 3 d. The reaction mixture was filtered and the solvent was removed under reduced pres-

sure. The crude product was distilled twice via a bulb-to-bulb distillation (0.1 mbar, 180-210 °C) and 

the product was product received as a highly viscous, yellow oil (130 mg, 0.31 mmol, 31%). The product 

was received as a mixture of E and Z isomer (Z : E ≈ 1 : 22 in CD2Cl2 at 298 K). 

1H NMR (E-imine; 400 MHz, CD2Cl2): = 8.43 (s, 1H), 7.63 (d, 4J = 1.8 Hz, 2H), 7.53 (t, 4J = 1.8 Hz, 1H), 

7.35 (t, 4J = 1.8 Hz, 1H), 7.20 (d, 4J = 1.8 Hz, 2H), 4.76 (s, 2H), 1.35 (s, 18H), 1.33 (s, 18H). 
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(E)-N-(3,5-di-tert-butylbenzyl)-1-(3,5-di-tert-butylphenyl)ethan-1-imine (2j) 

O

NGP I

NH2

 

Following GP I, (3,5-di-tert-butylphenyl)methanamine (1.05 g, 4.8 mmol, 1.0 equiv.) and 3,5-di-tert-

butylacetophenone (1.16 g, 5.0 mmol, 1.05 equiv.) were reacted. The crude product was distilled via a 

bulb-to-bulb distillation (0.1 mbar, 170-195 °C) and the was product received as a highly viscous, yel-

low oil (0.69 g, 1.6 mmol, 33%). 

1H NMR (400 MHz, CD2Cl2): = 7.74 (d, 4J = 1.8 Hz, 2H), 7.50 (t, 4J = 1.8 Hz, 1H), 7.35 (m, 2H), 7.33 (m, 

1H), 4.69 (s, 2H), 2.35 (s, 3H), 1.37 (s, 18H), 1.35 (s, 18H). 
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N-(4-methoxybenzyl)-1-(4-methoxyphenyl)ethan-1-imine (2k) 

 

Following GP I, ketone (3.75 g, 25 mmol, 1.0 equiv.) and amine (4.46 g, 5.25 mL, 32.5 mmol, 1.3 equiv.) 

were refluxed for 1 d. The yellow crude product was recrystallized in methanol to give imine 3e (3.53 g, 

13.8 mmol, 55%) was received as colorless needles and stored at -35 °C in the glovebox (at air atmos-

phere, the product turns slightly yellowish due to decomposition).  

1H NMR (400 MHz, CD2Cl2): = 7.84 (m, 2H), 7.33 (m, 2H), 6.90 (m, 4H), 4.60 (s, 2H), 3.83 (s, 3H), 3.79 

(s, 3H), 2.30 (s, 3H). 

13C NMR (E-imine; 100 MHz, CD2Cl2):  = 164.1, 160.9, 158.4, 133.7, 128.8, 113.6, 113.3, 55.3, 55.2, 

54.9, 15.1. 
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1-(4-(tert-butyl)phenyl)-N-(3,5-di-tert-butylphenyl)ethan-1-imine (2c) 

 

Ketone (1.76 g, 10 mmol, 1.0 equiv.) and amine (2.05 g, 10.0 mmol, 1.0 equiv.) were reacted following 

GP I. The crude product was purified via recrystallization from methanol and the product was received 

as colorless to beige needles (2.07 g, 5.7 mmol, 57%) predominantly as the E-isomer (Z : E ≈ 1 : 64 in 

CD2Cl2 at 298 K).  

1H NMR (400 MHz, CD2Cl2): = 7.91 (m, 2H), 7.84 (m, 2H), 7.15 (t, J = 1.8 Hz, 1H), 6.61 (d, J = 1.8 Hz, 

2H), 2.21 (s, 3H), 1.37 (s, 9H), 1.33 (s, 18H).  

13C NMR (100 MHz, CD2Cl2):  = 164.4, 153.6, 151.5, 151.3, 137.0, 126.8, 125.2, 116.9, 113.7, 34.8, 34.7, 

31.2, 31.0, 16.9. 

HR-MS (EI, m/z): found 364.2999 (M+H)+ (calculated 364.2999 for C26H37N); Diff(ppm) = 0.2. 

  



9. Tilting the Balance: London Dispersion Systematically Enhances Enantioselectivities in Brønsted 
Acid Catalyzed Transfer Hydrogenation of Imines 

 

285 
 

 

 



9. Tilting the Balance: London Dispersion Systematically Enhances Enantioselectivities in Brønsted 
Acid Catalyzed Transfer Hydrogenation of Imines 

 

286 
 

General procedure for the asymmetric transfer hydrogenation of imines (GP II) 

Imine (0.2 mmol, 1.0 eq.), hydride source (0.28 mmol, 1.4 equiv.) and catalyst (0.02 mmol, 0.1 equiv.) 

were weighed into a flame dried Schlenk tube. The Schlenk tube was evacuated and flushed with argon 

three times. Afterwards, toluene (2 mL) was added under argon flow and the reaction was stirred for 

1-5 days at the given temperature. The solvent was removed under reduced pressure. Either the crude 

product was subjugated to HPLC or the mixture was first purified by column chromatography (flash 

silica gel, petrolether/EtOAc = 9:1) before subjugating it to HPLC. No yields were determined. 

For the transfer hydrogenation of imine 2d at 75 °C (for both hydride sources), the reaction time was 

3 d and the crude mixture was subjugated directly to HPLC. 

For the transfer hydrogenation of imine 2d at room temperature, the reaction time was 5 d and the 

crude mixture was first purified by column chromatography and then subjugated to HPLC. 

For the transfer hydrogenation of imine 2b and 2c at 75 °C, the reaction time was 1 d and the crude 

mixture was subjugated directly to HPLC. 

General procedure for the racemic transfer hydrogenation of imines (GP III) 

Imine (0.6 mmol, 1.0 equiv.) and NaBH4 (227.0 mg, 6.0 mmol, 10 equiv.) were dissolved in CH2Cl2 (5 

mL) and MeOH (1 mL) was added and the mixture was stirred at room temperature for 3 days. After-

wards, the mixture was quenched by addition of a saturated NaHCO3 solution and extracted three 

times with Et2O. The organic layers were combined and dried with MgSO4, filtrated and the solvent 

was removed under reduced pressure. The crude mixture was purified via flash silica gel column chro-

matography.  
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(R)-4-(tert-butyl)-N-(1-(4-(tert-butyl)phenyl)ethyl)aniline (4b) 

 

Racemic amine 4b was synthesised following GP III, eluting with PE/EtOAc 10:1 during column chro-

matography and received as yellowish solid (117 mg, 0.38 mmol, 63%). The racemate could be sepa-

rated by CSP-HPLC, CHIRALCEL OD-H column, eluent n-hexane, flow 0.7 mL/min, retention times: τ1= 

24.38 min, τ2= 33.68 min, column compartment temperature 25 °C, λ= 254 nm. 

1H NMR (400 MHz, CDCl3): = 7.32(m, 4H), 7.13 (m, 2H), 6.49 (m, 2H), 4.43 (q, J = 6.7 Hz, 1H), 3.90 (s, 

1H), 1.49 (d, J = 6.7 Hz, 3H), 1.30 (s, 9H), 1.24 (s, 9H). 

13C NMR (100 MHz, CD2Cl2):  = 149.6, 145.2, 142.4, 139.8, 125.9, 125.6, 125.5, 112.9, 53.3, 34.4, 33.8, 

31.5, 31.4, 24.8. 

HR-MS (EI, m/z): found 310.2528 (M+H)+ (calculated 309.2456 for C30H45N); Diff(ppm) = -0.26. 
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3,5-di-tert-butyl-N-(1-(4-(tert-butyl)phenyl)ethyl)aniline (4c) 

 

Racemic amine 5f was synthesised following GP III, eluting with PE/EtOAc 10:1 during column chroma-

tography and received as colourless oil (117 mg, 0.32 mmol, 54%). The racemate could be separated 

by CSP-HPLC, CHIRALCEL OD-H column, eluent n-hexane, flow 0.2 mL/min, retention times: τ1= 45.93 

min, τ2= 49.66 min, column compartment temperature 20 °C, λ= 254 nm. 

1H NMR (400 MHz, CDCl3): = 7.33 (m, 4H), 6.74 (s, 1H), 6.41 (s, 2H), 4.45 (q, J = 6.6 Hz, 1H), 1.54 (d, J 

= 6.6 Hz, 3H), 1.29 (s, 9H), 1.20 (s, 18H). 

13C NMR (100 MHz, CDCl3):  = 151.4, 149.6, 146.8, 142.7, 125.8, 125.5, 111.8, 108.2, 53.6, 34.8, 34.4, 

31.4, 31.4, 24.6.  

HR-MS (EI, m/z): found 366.3162 (M+H)+ (calculated 365.309 for C26H39N); Diff(ppm) = 2.07. 
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3,5-di-tert-butyl-N-(1-(3,5-di-tert-butylphenyl)ethyl)aniline (4d) 

 

Racemic amine 4d was synthesised following GP III, eluting with PE/EtOAc 9:1 during column chroma-

tography and received as colourless oil (168 mg, 0.4 mmol, 66%). The racemate could be separated by 

CSP-HPLC, CHIRALCEL OD-H column, eluent n-hexane, flow 0.2 mL/min, retention times: τ1= 13.15 min, 

τ2= 14.86 min, column compartment temperature 20 °C, λ= 254 nm. 

1H NMR (400 MHz, CDCl3): = 7.28 (t, 4J = 1.5 Hz, 1H), 7.22 (d, 4J = 1.6 Hz, 2H), 6.72 (d, 4J = 1.5 Hz, 1H), 

6.42 (d, 4J = 1.5 Hz, 2H), 4.47 (q, 3J = 6.7 Hz, 1H), 3.93 (broad s, 1H), 1.55 (d, 3J = 6.7 Hz, 3H), 1.30 (s, 

18H), 1.22 (s, 18H). 

13C NMR (100 MHz, CDCl3):  = 151.3, 150.8, 147.1, 144.7, 120.5, 111.8, 108.4, 54.8, 34.9, 34.8, 31.6, 

31.4, 24.4. 

HR-MS (EI, m/z): found 422.3783 (M+H)+ (calculated 422.371 for C30H48N); Diff(ppm) = 0.46. 
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(R)-N-(3,5-di-tert-butylphenyl)-N-(1-(3,5-di-tert-butylphenyl)ethyl)-4-methylbenzenesulfonamide 

(5) 

 

Amine 4d (253.0 mg, 0.6 mmol, ee >98%, 1.0 equiv.) and tosyl chloride (148.7 mg, 0.78 mmol, 

1.3 equiv.) were weighed in a round bottom flask and pyridine (6 mL) was added. The reaction was 

stirred at 100 °C for 3 days giving a red-brownish mixture. Water (15 mL) was added and the mixture 

was extracted with EtOAc (3x 25 mL). The organic layers were combined, dried over MgSO4, filtrated 

and the solvent was removed under reduced pressure. The crude product was recrystallized from 

methanol to yield the product as colorless needles (187 mg, 0.32 mmol, 54%), which were sufficient 

for single crystal X-Ray analysis.   

1H NMR (400 MHz, CDCl3): = 7.70 (m, 2H), 7.26 (m, 2H), 7.18 (t, J = 1.7 Hz, 1H), 7.16 (t, J = 1.7 Hz, 1H), 

6.73 (d, J = 1.7 Hz, 2H), 6.39 (d, J = 1.7 Hz, 2H), 5.59 (q, J = 7.0 Hz, 1H), 2.42 (s, 3H), 1.61 (d, J = 7.0 Hz, 

3H), 1.12 (s, 18H), 1.09 (s, 18H). 

13C NMR (100 MHz, CDCl3):  = 150.6, 150.3, 142.8, 139.1, 138.8, 134.8, 129.3, 127.7, 126.6, 122.4, 

121.6, 58.6, 34.6, 34.5, 31.4, 31.3, 21.5, 19.3 

HR-MS (EI, m/z): found 576.3871 (M+H)+ (calculated 575.3799 for C37H53NO2S); Diff(ppm) = 0.33. 
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9.6.3. Chemical exchange saturation transfer (CEST) experiments 

Qualitative CEST measurements were done using an adapted pulse sequence previously introduced in 

our group.7 For the selective saturation, a power (PLW10) of 40-50 -dBW (hard pulse: 12 [W], -10.79 [-

dBW]) and a saturation length (D6) of 0.5-1.0 s was applied. The saturation power was optimized to 

achieve a maximum signal reduction of the observed signal of the major exchange partner (saturation 

applied on respective signal of minor exchange partner), while still not affecting the signal of the major 

exchange partner directly. Therefore, the saturation was applied on the same chemical shift difference 

minor - major on the other side of the observed peak. For the reference spectrum, the saturation power 

was set to 0 W. The saturation length was optimized to obtain a significant drop in signal intensity 

while still being the shortest length possible. To obtain the CEST profiles, the saturation offset was 

swept through the part of the spectrum in 25 or 50 Hz increment steps and referenced to the reference 

spectrum to obtain the signal reduction.  

Additional CEST measurements 

In addition to imine 2a, CEST profiles of imines 2e-g were recorded to reveal, if the Z/E ratio is affected 

by the electrostatic properties of the substituent. For all three imines, similar CEST profiles were rec-

orded, revealing the presence of the Z-imine. Z/E integral rations of 1:60, 1:78 and 1:66 were deter-

mined, which is similar to the Z/E ratios of imines 2a and 2b, considering the error range of integration 

for two peaks with a strong difference in intensity. The population difference reflects an energetic 

difference GE-Z of ≈ -11.2 / -11.5 / -12.0 kJ/mol, which is close to the one determined for imines 2a 

and 2b. Hence, modulating the electrostatic properties of the substrate does not significantly influence 

the Z/E ratios.  

 

Figure S1: CEST plot of imines 2e-g in toluene at 330 K. 

Next, imines 2h-j (see Figure S2) were employed to elucidate the impact of London dispersion on the 

Z/E equilibrium. Hence, tert-butyl groups in all meta-positions were selected as suitable London dis-

persion energy donors as the respective starting materials were readily available and an observable 

impact was expected if – similar to the azobenzene systems investigated by Wegner et al.8 – London 
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dispersion overwrites steric repulsion. Additionally, the α-substituent as one key factor affecting the 

Z/E ratio was modulated (α-H and α-CH3) to see, whether Z-aldimines can be populated as aldimines 

are a suitable target for various nucleophiles whereas ketimines are usually only targeted in asymmet-

ric transfer hydrogenations. Moreover, the N-aryl moiety was modulated to a N-benzyl moiety to add 

more flexibility and to include the N-benzyl protected imine framework which is frequently used in 

synthesis.  

For 2h, no Z-imine was detectable. Given that an increased size of the α-substituent is the main driving 

force to populate the Z-imine, it is not surprising that the potential London dispersion interactions 

between the tert-butyl groups in Z-2h cannot overcome this. Due to the significant offset in chemical 

shifts of the α-H signal observed e.g. for Z-2j (8.72 ppm) and E-2j (8.31 ppm), it is unlikely that the 

signals of Z-2h and E-2h overlap. A fast exchange on the NMR time scale between Z-2h and E-2h is also 

unlikely due to the expected similar activation barrier compared to e.g. imine 2a-d. 

For 2d, both imine isomers were unambiguously identified via the CEST profile (see Figure S2, B, high-

lighted area) and an Z/E integral ratio of 1 : 14 was determined, reflecting an energetic difference GE-

Z of = -7.2 kJ/mol. Comparison to the London dispersion free reference systems 2b (GE-Z ≈ -11.7 

kJ/mol) clearly shows, that the attractive interactions caused by the tert-butyl groups overwrite their 

steric repulsion and account to ~ 4-5 kJ/mol stabilizing the Z-imine.  
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Figure S2: Z/E ratios of imines 2d and 2h-j determined by integration at 330 K in C6D6 and energetic difference derived by the Boltzmann 

equilibrium. For imine 2h, no Z-imine was detectable (see CEST profile A). For imine 2d, the Z-imine was unambiguously identified via the 

CEST profile (see highlighted part of B). For imine 2i, the Z-imine could be identified via qualitative CEST at 360 K and was validated by 1H 13C 

HSQC spectrum. For imine 2j, CEST measurements were not fruitful, but the minor exchange partner could be identified via the exchange 

signals observed in the phase-sensitive NOESY spectrum.  
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For aldimine 2i, the presence of Z-2i could be shown by qualitative CEST measurements at 360 K (see 

Figure S2C) and was validated by 1H 13C HSQC and an integral ratio of Z/E of 1 : 28 (at 330 K) was ob-

tained, reflecting an energetic difference of GE-Z of = -9.1 kJ/mol. We assume, that for 2i – in contrast 

to 2h – now the Z-imine is energetically more stable because the N-benzyl group acts as a flexible 

spacer, reducing the steric repulsion between the two aryl moieties in the Z-imine and allowing for an 

optimised interaction pattern.  

For imine 2j, CEST measurements were not fruitful in identifying the Z-imine most likely due to selec-

tivity issues. However, the exchange signals monitored in a 1H NOESY spectrum (see Figure S2D high-

lighted area) clearly pinpointed the presence of the Z-imine and an integral ratio of Z/E of 1 : 13 was 

obtained, reflecting an energetic difference of GE-Z of = -7.0 kJ/mol. For imines 2d and 2j, the addi-

tional flexibility introduced by the N-benzyl group has close to no effect on the Z/E ratio, indicating 

that for already in 2d the London dispersion interaction pattern is optimal. 

 

Error estimation for Z/E ratios 

All Z/E ratios which were translated to thermodynamic data were determined by integration in the 1H 

NMR spectra. All samples were equilibrated at the temperature of the measurements inside the spec-

trometer for a sufficient amount of time. No significant changes in the ratios were monitored over the 

course of the measurements (>1 hour). The signals selected for integration where well baseline sepa-

rated. A sufficient relaxation time delay was set in between the scans to achieve full relaxation. We 

assumed a general integration error of 5, 7 or 10% for ratios of < 1:20; 1:20 < ratio < 1:50 and > 1:50 

respectively (e.g. at a Z/E ratio of 1:100, the error range would be ratios of 1:90 – 1:110). When esti-

mating the error of GE-Z we calculated the GE-Z values for the lower and upper limit of the ratio range 

and the error is given as the average by: (GE-Z(ratio+error) - GE-Z(ratio) + GE-Z(ratio) - GE-Z(ratio-

error))/2. The values were rounded to the first decimal. For the error for GE-Z values we added the 

rounded errors of the two GE-Z contributions. This was applied to the ratios obtained for the free 

imines as well as for the ratios of binary CPA/imine complexes. 
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9.6.4. Additional measurements on CPA/N-aryl complexes 

Initially, we investigated complexes of imine 2h with various catalysts 1 to control, if a CPA/Z-aldimine 

complex can be sufficiently populated by combining reduced steric repulsion between CPA and imine 

with the putative stabilization of Z-2h by London dispersion (see Figure S3).  

 

Figure S3: Excerpt of the 1H NMR spectra of 1/2h in CD2Cl2 at 180 K and 600 MHz depicting the hydrogen bonding region. For all systems, one 

dominant species highlighted in blue was observed, corresponding to the CPA/E-2h complex. No significant signal corresponding to CPA/E-2h 

was monitored. For 1e-g/2h, additional signals highlighted in red could be assigned as dimers of CPA/E-2h based on DOSY NMR measure-

ments. 

For all systems, one dominant hydrogen bonded proton signal (see Figure S3, highlighted in blue) was 

observed, corresponding to the CPA/E-2h complex as validated by 1H NOESY spectra and the prepara-

tion of E-only samples (samples prepared at low temperature to prevent E→Z imine isomerization and 

thus bearing near exclusive E-imine population). For 1e-g/2h, some characteristic additional signals 

highlighted in red were monitored. For 1g/2h, a chemical shift assignment for this species was achieved 

via a series of homo- and heteronuclear 2D spectra and diffusion ordered spectroscopy (DOSY) NMR 

measurements revealed, that this species likely is a [1d/2h]2 dimer, giving a hydrodynamic volume of 

~7800 Å3 compared to a hydrodynamic volume of ~4800 Å3 for the monomeric 1d/E-2h (red signal). 

Such dimers were previously characterised for e.g. 1a/2a and feature two stacked imines inside the 

binding pocked spanned by two CPA molecules.9 However, the presence of such dimers for imine 2h 
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was unexpected as it was previously shown on 1a/2b, that the steric bulk of tert-butyl groups effec-

tively prevents the stacking of the imines inside the binding pocket of the two catalysts in the 

[CPA/imine]2 dimer and thus suppresses dimerization.4 The formation of [1g/2h]2 dimers might be 

caused by an extended interaction framework overcoming the steric repulsion between two stacked 

imines. 

9.6.5. Additional measurements on CPA/N-benzyl complexes 

In addition to N-aryl substituted imines 2d and 2h, also complexes with the N-benzyl substituted imine 

2j were investigated to show the transfer of intramolecular London dispersion on the respective binary 

CPA/imine complexes bearing a more flexible nitrogen substituent. Catalysts 1a and 1b were selected 

as they are widely applied in synthesis, have good solubility and are symmetric. Imine 2k was selected 

as a dispersion free reference, bearing two methoxy-groups as ideal probes for NMR investigations. 

Noteworthy, for 2k in absence of an CPA, no Z-imine could be detected, corroborating the suitability 

as reference system. Imine 2j was selected exemplarily for imines with significant intramolecular Lon-

don dispersion interactions in the Z-imine and a minimum stabilization energy of ~4-5 kJ/mol by Lon-

don dispersion was assumed based on the results shown previously (see Figure S2).   

 

Figure S4: Excerpt of the 1H NMR spectra of 1a-b/2j-k in CD2Cl2 at 180 K and 600 MHz depicting the hydrogen bonding region. For 1a-b/2k, 

two complexes were found, corresponding to the CPA/Z-2k (blue, minor) and CPA/E-3e (red, major) complex. For 1a-b/2j, the CPA/Z-2j was 

found as the dominant species (blue) and the CPA/E-2j was identified (red) as the minor species. However, additional signals were monitored 

which could not be clearly assigned. For determining the Z/E ratios, the additional signals were ignored. 
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For 1a/2k and 1b/2k, two distinct proton signals were detected in the hydrogen bond region, corre-

sponding to the 1a-b/Z-2k (see Figure S4, blue signals) and 1a-b/E-2k complexes (see Figure S4, red 

signals). Based on a set of 2D spectra, a chemical shift assignment for both systems could be achieved. 

Analysis of the NOE pattern validated the assignment of the imine configuration and corroborated, 

that the four core structures Type I and II E (fast exchanging, one signal set CPA/E-2k), as well as Type 

I and II Z (fast exchanging, one signal set CPA/Z-2k) which were found in our previous work on N-aryl 

imines9,10 are conserved for N-benzyl imines, thus ensuring comparability of the Z/E ratios and inter-

action energies. For both systems, the CPA/E-2k complex is significantly favored (see Table S1 for inte-

gral ratios) by ~2.9 kJ/mol.  

In contrast, for 1a/2j and 1b/2j, the CPA/Z-2j complex (see Figure S4 right, blue signals) was found to 

be the dominant species (see Table S1 for integral ratios), favored by 1.0-1.6 kJ/mol. The respective 

CPA/E-2j complexes (see Figure S4 right, red signals) were identified via the characteristic highfield 

shift of the hydrogen bonded proton and lowfield shift of the α-CH3 group compared to CPA/Z-2j, as 

well as via the characteristic NOE pattern of those two groups. However, additional signals in the hy-

drogen bond region were detected but the corresponding species could not be elucidated due to the 

too low signal intensities. For comparison of the Z/E ratios of 1a-b/2j to 1a-b/2k, these species were 

ignored as they only would have a minor impact on the ratios and would not change the qualitative 

trend. 

Table S1: Z/E ratios of complexes 1a-b/2j-k in CD2Cl2 at 180 K and resulting energetic difference between CPA/E-imine and CPA/Z-imine GE-Z 

(positive values → CPA/Z-imine is more stable than CPA/E-imine) and London dispersion interaction energy G3b-2a (GE-Z(2j) - GE-Z(2k). 

  Z/E ratio with imine GE-Z [kJ/mol] for imine G2k-2j [kJ/mol]

Catalyst 2k 2j 2k 2j  

1a 12 : 88 75 : 25 -3.0 1.6 4.6 

1b 13 : 87 66 : 34 -2.8 1.0 3.8 

Comparing GE-Z of 1a-b/2j and 1a-b/2k, it becomes clear that the Z/E preferences gets inverted, if 

intramolecular London dispersion interactions are present within the Z-imine. The G3e-3d value, re-

flecting the energetic contribution of these interactions, accounts to 3.8-4.6 kJ/mol, which is close to 

the stabilization energy of ~4-5 kJ/mol observed for the free imine 2j. This suggests, that unlike for 1a-

c/2d (see manuscript Figure 6 and Table 1) where an G range of 3.2-7.2 kJ/mol was observed, steric 

factors affect the Z/E ratio much less and London dispersion interaction is the main driving force. This 

is reasonable, as the additional flexibility of the imine obtained by the introduction of the CH2-group 

on the N-benzyl fragment allows for a better adjustment of the E-imine inside the binding pocket of 
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the catalyst. Hence, intramolecular London dispersion interactions can significantly affect the stabili-

zation of CPA/Z-N-benzyl imine complexes and can even invert the favored imine configuration. 

 

9.6.3. Overview and spectra for Z/E ratios 

Figure S5: Z:E ratios and 1H NMR spectra of imines 2b-d in toluene at 330K or in dichloromethane at 298 K. In DCM, the Z-imine has a slightly 

higher stability than in toluene (0.2, 0.4 and 0.2 kJ/mol respectively for 2b, 2c and 2d), but in general the ratios and G(E-Z) values are similar. 

  2b 2c 2d 
Z/E ratios in toluene 330K 1 70 1 46 1 14 
G(E-Z) in toluene 330 K -11.7 -10.5 -7.2 
Z/E ratios in DCM 298K 1 105 1 59 1 16.8 
G(E-Z) in DCM 298K -11.5 -10.1 -7.0 
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Figure S6: Top: Z:E ratios and 1H NMR spectra of binary complexes 1b-c/2b-d in dichloromethane at 

180 K. Bottom: Excerpt of the NOESY spectrum of 1a/2d at 180 K showing intramolecular NOE contacts 

(red) between the tert-butyl groups of the two aryl moieties (blue and orange) of the Z-imine. 
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9.6.7. Ternary complex formation 

 

Figure S7: Section of the 1H NOESY spectrum of 1d/2d/3b at a 1:1:1 ratio and a concentration of 25 mM in CD2Cl2 at 180 K and 600 MHz. NOE 

cross peaks marked in dark blue between the Hantzsch ester (bright blue, bright green and orange marked signals) and the CPA (3,3’-substit-

uent in magenta, BINOL backbone in dark green) as well as the imine (α-CH3 group in violet and tBu-group in brown) were observed. Especially 

the NOE contacts between imine and Hantzsch ester were shown to be only possible within the ternary complex, validating the formation of 

the ternary complex.   
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To obtain qualitative insights, whether the equilibrium between binary and ternary complex is mainly 

on the binary or the ternary side, DOSY experiments were performed. If DOSY measurements are per-

formed on a signal, which reflects two fast exchanging species, the resulting self-diffusion coefficient 

is the sum of the self-diffusion coefficients of each species weighed by their population. Hence, if the 

two exchanging species have a significant offset in size (e.g. free Hantzsch ester and complexed one), 

the derived self-diffusion coefficient gives qualitative insights about the dominant species.  

DOSY measurements were performed with the convection suppressing DSTE (double stimulated echo) 

pulse sequence developed by Jerschow and Müller in a pseudo 2D mode.11 Smoothed square 

(SMSQ10.100) gradient shapes and a linear gradient ramp with 20 increments between 5% and 95% 

of the maximum gradient strength (5.35 G/mm) were used. The diffusion time delay was set to 45 ms. 

For the homospoil gradient strengths, values of 100, -13.17, 20 and -17.13 % were used. Gradient pulse 

lengths (p16) were first optimized to obtain a sigmoidal signal decay for increasing gradient strength 

(3.0 ms for TMS, 6.0 – 6.5 ms for CPA/imine complexes). NMR spectra were processed with Bruker 

TopSpin 3.2 (T1/T2 relaxation package) and diffusion coefficients were derived according to Jerschow 

and Müller.11  Tetramethylsilan was added to the samples to reference chemical shifts and the viscosity 

of each sample.  

The molecular radii were derived by the Stokes-Einstein equation12 using Chens correction.13  

                                                  𝐷 =
𝑘 𝑇

6𝜋𝜂𝑟
∗ (1 + 0.695 ∗

𝑟

𝑟

.

                                    

Di is the self-diffusion coefficient derived by the measurement, η is the viscosity of the solvent, rH is 

the hydrodynamic radius of the observed molecule and rsolv the radius of the solvent. No form factor 

correction was applied. The viscosity was determined by measuring the diffusion coefficient of the 

reference tetramethylsilane (TMS) and solving the equation for η with the literature value14 of the ra-

dius of 2.96 Å. 

Table S2: Self-diffusion coefficients Di referenced on the coefficient of TMS inside the sample to reference the viscosity of the sample. For all 

three ternary systems, similar diffusion coefficients are obtained for the CPA and 2d, while the value for 3b is slightly higher (smaller size), 

but significantly smaller than free 3b, indicating the formation of a ternary CPA/2d/3b complex.   

 
Di referenced to DTMS [m2/s] 

System CPA 3b 4a 

1a/3b/4b 4.02 4.02 4.51 

1b/3b/4b 3.73 3.79 4.12 

1h/3b/4b 3.88 3.76 3.99 

4b - - 6.20 
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 For 1d/2d/3b, almost identical Di (referenced) were obtained for catalyst, imine and Hantzsch ester, 

which in combination with the NOE results (Figure S7) clearly shows, that the system is dominantly 

present as ternary complex. For 1d, 2d and 3b, an averaged hydrodynamic volume of ~4200 Å3 was 

determined, while for free 3b an hydrodynamic volume of ~1600 Å3 was derived. For the systems with 

catalysts 1a and 1b, CPA and imine showed identical self-diffusion coefficients, while for 3b a slightly 

higher value was measured, although significantly smaller than for free 3b. This shows, that for these 

two systems, the equilibrium between ternary complex and binary complex plus free Hantzsch ester is 

shifted towards the binary complex, but still mainly on the ternary side.  

Hence, it was demonstrated that the strong preference for CPA/Z-imine complexes is conserved in 

presence of a nucleophile and that the steric bulk of imine 2d does not completely block the binding 

site of the catalyst, ensuring conservation of the general reaction mechanism via a ternary 

CPA/imine/nucleophile complex. 

 

9.6.8. Competing transition states 

After demonstrating the impact of London dispersion on the stabilization of Z-imines, we aimed to 

explore, if this additional stabilization can affect the stereoselective outcome of CPA catalyzed trans-

formations on the example of transfer hydrogenations with Hantzsch ester 3a (see Figure S8 top). 

Computational studies revealed, that the reaction proceeds via a ternary CPA/imine/Hantzsch ester 

complex and that four transition states are possible, featuring either a Z- or E-imine configuration and 

hydride attack from top or bottom (see Figure S8).3,15,16 Assuming that the hydride transfer is the rate 

determining step of the transformation, Goodman et al. showed, that the transition state Type I Z 

leading to the major enantiomer and the transition state Type I E leading to the minor enantiomer are 

energetically most stable and thus the operating combination.15 However, Goodman only examined 

the relative transition state energies and did not account for the ground state energies (ternary com-

plexes) and the respective activation barriers originating from them. 
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Figure S8: Selected model reaction to study the effect of intramolecular dispersion interactions in the Z-imine, proceeding via a ternary 

complex featuring CPA, imine and Hantzsch Ester. Four transition states are possible, featuring a Z- or E-imine configuration and attack from 

bottom or top.  

On the other side, our previous research showed, that the Z↔E imine isomerization can be rate deter-

mining and thus it becomes necessary to not only account the energy of the ternary transition states, 

but also of the respective Z/E ground states to derive the energetically smallest barrier for the trans-

formation.3 However, if the imine isomerization is rate determining depends on the exact experimental 

conditions as a slow formation of the ternary complex, e.g. due to low solubility of Hantzsch ester 3a 

can bottleneck the reaction steps following the imine isomerization and thus lead to a delicate balance 

of the rate determining step between imine isomerization and hydride transfer.17 For the transfer hy-

drogenation of substrates 2b-d, we observed that the reaction proceeds significantly slower than for 

substrates such as 2a, which is reflected in the need of high catalyst loadings (10mol%), higher tem-

perature (75 °C) and long reaction times (3 d) to achieve a sufficient conversion (standard conditions 

are 1 mol% catalyst, room temperature and 1 d). As the introduction of tert-butyl groups should only 

affect the ground state stability of the Z-imine and consequently the activation barrier for the Z → E 

isomerization, but not of the E → Z isomerization,8 we strongly assume, that the increase in reaction 

time reflected by the higher catalyst loading, increased reaction temperature and longer reaction times 

originates in a higher activation barrier of the hydride transfer due to the increased steric repulsion 
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introduced by the tert-butyl substituents. This indicates, that the rate determining step for our systems 

is the hydride transfer. However, we cannot assume that the Z↔E imine isomerization is fast compared 

to the hydride transfer and thus the populations of the Z- and E-imine as well as their catalytic inter-

mediates have to be taken into account when considering the enantioselectivities.  

9.6.9. Control experiments 

Table S3: Initial control experiments for the CPA catalyzed transfer hydrogenation of imine 2d with 1.4 equivalents of 3a as hydride source. 

Entry Catalyst 3,3’ Modification ee [%] 

1 2,4,6-(CH3)3C6H2 (1a) 0.1 mol% 90 

2 2,4,6-(CH3)3C6H2 (1a) 1 mol% 90 

3 2,4,6-(CH3)3C6H2 (1a) 10 mol% 90 

4 3,5-(CF3)2C6H3 (1d) 1 mol% 84 

5 3,5-(CF3)2C6H3 (1d) 10 mol% 88 

6 3,5-(CF3)2C6H3 (1d) 25 mol% 90 

7 2,4,6-(iPr)3C6H2 (1b) 10 mol% 98 

8 3,5-(CF3)2C6H3 (1d) r.t. 90 

9 2,4,6-(CH3)3C6H2 (1a) r.t. 90 

10 2,4,6-(iPr)3C6H2 (1b) r.t. 98 

11 no catalyst 75 °C 0a 

12 no catalyst r.t. no rct. 

aminor product formation could be detected on the HPLC. 
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As the reaction proceeded rather slowly compared to the transfer hydrogenation of imines such as 2a, 

a catalyst loading of 10 mol% and a reaction temperature of 75 °C was necessary to achieve sufficient 

conversion. Control experiments were performed to evaluate, whether these conditions might affect 

the enantioselective outcome as our previous research showed, that chiral phosphoric acid catalysts 

can form dimers as the active catalyst species, leading to a different reaction mechanism and concen-

tration dependent ee.18 Catalyst 1a and 1d, which showed a strong tendency for the dimeric pathway 

in our ongoing research, were employed at different catalyst loadings (Table S3, entries 1-6). While for 

catalyst 1a, no changes in ee were determined, for catalyst 1d, the ee was slightly smaller at lower 

catalyst loadings. However, this might originate in a small contribution of racemic uncatalyzed back-

ground reaction, which is – unlike to room temperature - possible at 75 °C (Table 4, entries 11-12). 

Comparing the enantioselectivities at room temperature (entries 8-10) to the respective ones at 75 °C 

(entry 2, 5, 7) shows, that the uncatalyzed, racemic background reaction is negligible at a catalyst load-

ing of 10 mol%. Hence, the ee screening reactions can be performed at these conditions without mod-

ulating the ee value by changes in the mechanism. 
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9.6.10. Additional enantioselectivities 

Table S4: ee values obtained of the CPA catalysed transfer hydrogenation obtained for various substrates. The values for 4a, 4e and 4f were 

taken from literature.9  

 

 

In general, enantioselectivities obtained for the reduction of imines 2a, 2e and 2f are very similar to 

the ones obtained for 2b. All imines feature similar Z:E ratios and show no stabilisation of the Z-imine 

by dispersion (see SI chapter 3). This strongly indicates, that boosting the population of the Z-imine 

and its catalytic intermediates by dispersion (2c and 2d) is the main driving force for obtaining higher 

ee values within the investigated systems.  

  

Entry CPA 4d 4c 4b 4a 4e 4f
1 2,4,6-(Me)3C6H2 (1a) 90 71 58 70 71 56

2 2,4,6-(iPr)3C6H2 (1b) 99 98 86 86 84 83

3 SiPh3 (1c) 58 68 80 92 90 95

4 3,5-(CF3)2C6H3 (1d) 88 76 77 74 75 91
5 9-anthryl (1e) 91 58 44 39 n.d. 27
8 1-naphthyl (1h) 77 61 45 56 56 46
9 9-phenanthryl (1i) 74 50 46 56 59 47

enantiomeric excess for substrate
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9.6.11. HPLC chromatograms 

Transfer hydrogenation of imine 2b; CSP-HPLC ODH, n-hexane, 0.7 mL/min, 25 °C; @254 nm 
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Catalyst 2,4,6-(iPr)3C6H2 (1b) 
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Catalyst 3,5-(CF3)2C6H4 (1d) 
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Catalyst 4-(tBu)C6H4
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Catalyst 1-naphthyl (1h) 

 

Catalyst 9-phenanthryl (1i) 
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Catalyst C6H5 (1j) 

 

 

Catalyst 3,5-(CH3)2C6H2 (1k) 
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Catalyst (R)-DSI-4-(CF3)C6H4 (1l) 
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Transfer hydrogenation of imine 2c; CSP-HPLC ODH, n-hexane, 0.2 mL/min, 20 °C; @254 nm 

Racemic compound 4c 
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Catalyst 2,4,6-(iPr)3C6H2 (1b) 

 

 

Catalyst SiPh3 (1c) 
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Catalyst 3,5-(CF3)2C6H4 (1d) 

 

 

Catalyst 9-anthryl (1e) 
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Catalyst 4-(tBu)C6H4
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Catalyst 1-naphthyl (1h) 

 

 

Catalyst 9-phenanthryl (1i) 

 

 

min10 20 30 40 50

mAU

0

200

400

600

800

1000

1200

1400

1600

 DAD1 A, Sig=254,4 Ref=off (E:\CS_Data..._0.2mL_20C 2021-06-22 14-04-05\JoG207b-g_ODH_100_0_0.2mL_20C11.D)

 4
4.

0
4

9

 4
7

.6
9

0

min10 20 30 40 50

mAU

0

200

400

600

800

1000

 DAD1 A, Sig=254,4 Ref=off (E:\CS_Data..._0.2mL_20C 2021-06-22 14-04-05\JoG207b-g_ODH_100_0_0.2mL_20C17.D)

 4
5

.0
3

9

 4
8

.8
6

2



9. Tilting the Balance: London Dispersion Systematically Enhances Enantioselectivities in Brønsted 
Acid Catalyzed Transfer Hydrogenation of Imines 

 

323 
 

Catalyst C6H5 (1j) 

 

 

Catalyst 3,5-(CH3)2C6H2 (1k) 
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Catalyst (S)-DSI-4-(CF3)C6H4 (1l) 
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Transfer hydrogenation of imine 2d; CSP-HPLC ODH, n-hexane, 0.2 mL/min, 20 °C; @280 nm 

Racemic compound 4d 
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Catalyst 2,4,6-(iPr)3C6H2 (1b) 

 

 

Catalyst SiPh3 (1c) 
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Catalyst 3,5-(CF3)2C6H4 (1d) 

 

 

Catalyst 9-anthryl (1e) 

 

 

min5 10 15 20 25 30 35 40

mAU

0

100

200

300

400

 DAD1 D, Sig=280,4 Ref=off (E:\CS_Data\Johannes\AGra181A_F_ODH_100_0 2021-03-11 15-03-13\1FF-1001.D)

 1
3

.0
6

4

 1
4

.9
4

0

min5 10 15 20 25

mAU

0

100

200

300

400

500

600

700

 DAD1 D, Sig=280,4 Ref=off (Johannes\J..._0 2021-04-14 11-09-12\005-P1-F4-JoGA184b_pc_ODH_100_0_0.3_20C.D)

 1
3

.0
7

7

 1
4

.7
7

3



9. Tilting the Balance: London Dispersion Systematically Enhances Enantioselectivities in Brønsted 
Acid Catalyzed Transfer Hydrogenation of Imines 

 

328 
 

Catalyst 4-(tBu)C6H4
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Catalyst 1-naphthyl (1h) 

 

 

Catalyst 9-phenanthryl (1i) 
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Catalyst C6H5 (1j) 
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Catalyst (S)-DSI-4-(CF3)C6H4 (1l) 
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9.7. Additional Findings 

After establishing the clear correlation between dispersion stabilization of the Z-imine and increase in 

enantioselectivity in the CPA catalyzed transfer hydrogenation of N-aryl imines with Hantzsch ester as 

hydride source, we explored the general applicability and limitations of this approach. Therefore, the 

hydride source was changed to benzothiazoline 5 (see table 3).[1] 

Table 3: enantioselectivities for the transfer hydrogenation of imines 2b-d for a variety of catalysts 1a-l.  

 

Entry Catalyst 3,3’ ee (4d) [%] ee (4c) [%] ee (4b) [%] 

1 2,4,6-(Me)3C6H2 (1a) 96 98 86 

2 2,4,6-(iPr)3C6H2 (1b) 94 99 98 

3 SiPh3 (1c) 61 64 83 

4 3,5-(CF3)2C6H3
 (1d) 79 69 81 

5 9-anthryl (1e) 97 96 53 

6 4-(tBu)C6H4
 (1f) 62 68 67 

7 4-(CF3)C6H4 (1g) 74 83 77 

8 1-naphthyl (1h) 90 88 71 

9 9-phenanthryl (1i) 88 83 46 

10 C6H5 (1j) 80 81 86 

11 3,5-(CH3)2C6H2 (1k) n.d. 72 86 

12 DSI-4-(CF3)C6H4 (1l) -76 -71 -62 
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In contrast to the transfer hydrogenation with Hantzsch ester 4, a general clear correlation between 

dispersion stabilization (2d > 2c > 2b) was not observed with benzothiazoline 5. For most catalysts, the 

enantioselectivities obtained for substrates 2c and 2d were nearly identical and the ee values for imine 

2b with close to no dispersion stabilization were for most CPAs either close or higher. Only for catalysts 

bearing an extended aromatic system as 3,3’-substituent (catalyst 1e, 1h and 1i), a correlation between 

dispersion stabilization and increase in enantioselectivity was observed (entry 5, 8, 9). Most likely, for 

the transfer hydrogenation with benzothiazoline 5 the competing transition state combination is 

changed and therefore the dispersion stabilization is not translated to the enantioselectivities. In the 

CPA catalyzed transfer hydrogenation of similar imines bearing an α-ethyl group it was shown that for 

some substrates Hantzsch ester 4 and benzothiazoline 5 gave opposite enantiomers.[2] This strongly 

indicates a change in transition state combination and corroborates the assumption, that this change 

is also the reason for the lacking correlation of ee an dispersion stabilization in the transfer hydrogena-

tion of imines 2b-d. Nevertheless, the ee values for imine 2d were not significantly lower as for 2b 

which demonstrates, that the introduction of several bulky tert-butyl groups has no negative effect on 

the enantioselectivities due to steric repulsion. 
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General procedure for the asymmetric transfer hydrogenation of imines (GP II) 

Imine (0.2 mmol, 1.0 eq.), benzothiazoline 5 (0.28 mmol, 73.7 mg, 1.4 equiv.) and catalyst (0.02 mmol, 

0.1 equiv.) were weighed into a flame dried Schlenk tube. The Schlenk tube was evacuated and flushed 

with argon three times. Afterwards, toluene (2 mL) was added under argon flow and the reaction was 

stirred for 3 days at 75 °C. The solvent was removed under reduced pressure and the crude product 

was directly subjugated to HPLC. No yields were determined.  
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HPLC Chromatograms 

Transfer hydrogenation of imine 2b; CSP-HPLC ODH, n-hexane, 0.7 mL/min, 25 °C; @254 nm 

Catalyst 2,4,6-(Me)3C6H2 (1a) 

 

 

Catalyst 2,4,6-(iPr)3C6H2 (1b) 
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Catalyst SiPh3 (1c) 

 

 

Catalyst 3,5-(CF3)2C6H4 (1d) 
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Catalyst 9-anthryl (1e) 

 

 

Catalyst 4-(tBu)C6H4
 (1f) 
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Catalyst 4-(CF3)C6H3
 (1g) 

 

Catalyst 1-naphthyl (1h) 
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Catalyst 9-phenanthryl (1i) 

 

Catalyst C6H5 (1j) 
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Catalyst 3,5-(CH3)2C6H2 (1k) 

 

Catalyst (R)-DSI-4-(CF3)C6H4 (1l) 
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Transfer hydrogenation of imine 2c; CSP-HPLC ODH, n-hexane, 0.2 mL/min, 20 °C; @254 nm 

Catalyst 2,4,6-(Me)3C6H2 (1a) 

 

 

Catalyst 2,4,6-(iPr)3C6H2 (1b) 
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Catalyst SiPh3 (1c) 

 

 

Catalyst 3,5-(CF3)2C6H4 (1d) 
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Catalyst 9-anthryl (1e) 

 

 

Catalyst 4-(tBu)C6H4
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Catalyst 4-(CF3)C6H3
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min10 20 30 40 50 60 70

mAU

0

200

400

600

800

1000

 DAD1 A, Sig=254,4 Ref=off (E:\CS_Data..._5C_neu1 2022-01-21 10-05-24\JoG232an_ODH_100_0_0.25_5C_neu132.D)

 3
8.

3
1

3

 4
1

.3
60

min10 20 30 40 50 60 70

mAU

0

100

200

300

400

500

600

 DAD1 A, Sig=254,4 Ref=off (E:\CS_Data..._5C_neu1 2022-01-21 10-05-24\JoG232an_ODH_100_0_0.25_5C_neu120.D)

 3
9.

7
92

 4
3

.2
10



9. Tilting the Balance: London Dispersion Systematically Enhances Enantioselectivities in Brønsted 
Acid Catalyzed Transfer Hydrogenation of Imines 

 

345 
 

Catalyst 9-phenanthryl (1i) 
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Catalyst 3,5-(CH3)2C6H2 (1k) 

 

 

Catalyst (R)-DSI-4-(CF3)C6H4 (1l) 
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Transfer hydrogenation of imine 2d; CSP-HPLC ODH, n-hexane, 0.2 mL/min, 20 °C; @280 nm 

Catalyst 2,4,6-(Me)3C6H2 (1a) 

 

 

Catalyst 2,4,6-(iPr)3C6H2 (1b) 
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Catalyst SiPh3 (1c) 

 

 

Catalyst 3,5-(CF3)2C6H4 (1d) 
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Catalyst 9-anthryl (1e) 

 

 

Catalyst 4-(tBu)C6H4
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Catalyst 4-(CF3)C6H3
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Catalyst 1-naphthyl (1h) 
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Catalyst 9-phenanthryl (1i) 

 

 

Catalyst C6H5 (1j) 
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Catalyst (S)-DSI-4-(CF3)C6H4 (1l) 
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10. Conclusion 
Catalysis with Brønsted acids is a long-lasting success story and was realized in the field of (asymmetric) 

organocatalysis by combining an acidic motif with a chiral organic framework consisting of a backbone 

as source of chirality and substituents to shape a stereoinductive environment. Modulation of the 

acidic motif, backbone and substituents allowed to adapt these chiral Brønsted acids to a myriad of 

different transformations and challenges. However, this adaptability also makes a sophisticated and 

rational catalyst design crucial. General design principles rely on detailed insights into the reaction 

mechanism and a good understanding of possible reaction pathways and parameters. Therefore, in 

this thesis chiral phosphoric acids (CPA) were exemplarily selected as catalyst class and studied regard-

ing their mode and degree of activation, structural space and confinement, secondary non-covalent 

interactions decisive for stereoselectivity, association and aggregation of catalyst and reactants and 

different general reaction pathways. 

The structural space of CPA/substrate intermediates was elucidated in the third chapter of this thesis 

on the example of the transfer hydrogenation of imines with Hantzsch ester as hydride source. For the 

binary CPA/imine complexes, four general core structures (Type I E, Type II E, Type I Z and Type II Z) 

were found which are anchored by a strong hydrogen bond. These complexes feature either the E- or 

Z-imine in each two conformations (rotation of the imine by ~180°). The structures of the complexes 

are highly conserved over a range of different 3,3’-substituents of the CPA and different substituents 

of the imine. Additionally, for the first time [CPA/imine]2 dimers of the binary CPA/imine complexes 

were observed in solution and identified via characteristic highfield shifts and Diffusion Ordered Spec-

troscopy (DOSY) NMR measurements. These [CPA/imine]2 dimers are expected not to affect the reac-

tion as they resemble an off-cycle equilibrium with the monomeric CPA/imine complexes. 

The equilibrium between the different imine conformations (Type I and Type II) for the CPA/E-imine 

intermediates was studied in the fourth chapter of this thesis. The exchange between Type I E and 

Type II E is fast on the NMR time scale but could be accessed by adapting the Relaxation Dispersion R1 

NMR method for the first time to an organocatalytic system. This method allowed to extend the time-

frame of observable dynamic processes from the millisecond to the microsecond (nanosecond with 

additional low temperature) time scale. Different exchange pathways were found featuring either 

switching of the PO----H-N+ hydrogen bond from one oxygen atom of the phosphoric acid to the other 

one or switching and rotation of the imine inside the binding pocket of the CPA. The exchange rate of 

the switching process was found to depend on the hydrogen bond strength of the CPA/imine interme-

diate, allowing a faster switching process for weaker hydrogen bonds. Moreover, the rotation of the 

imine inside the binding pocket was found to be only possible for smaller CPA or imine substituents. 
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Additionally, measurements at different temperatures allowed to not only access the exchange rates 

but even the populations of the Type I E and Type II E conformations. Based on this, the equilibrium 

between these two conformations was investigated as a molecular balance system for quantification 

of weak London dispersion interactions between CPA and imine. The CPA/imine complex structures 

were shown to be conserved for imines with bulky dispersion energy donor (DED) substituents such as 

iso-propyl and tert-butyl groups and the exchange process between the Type I E and Type II E confor-

mations could in principle be accessed by the R1 NMR method. However, the interaction energy be-

tween DED substituent and CPA could not be clearly dissected, as the DED substituent was shown to 

affect both the Type I E and Type II E structure either through a direct interaction or its substituent 

effect even for CPAs with 3,3’-substituents as small as a phenyl group. 

An alternative reaction pathway featuring hydrogen bond bridged CPA dimers was studied in the fifth 

chapter of this thesis on the example of the two-fold transfer hydrogenation of quinolines. A strong 

dependence of the enantioselectivity on the catalyst loading was observed and kinetic measurements 

revealed a catalyst order of 1.25 to 1.75 depending on the catalyst concentration. Low temperature 

NMR measurements at a 2:1 ratio of catalyst and quinoline substrate confirmed the presence of di-

meric CPA/CPA/quinoline intermediates and were confirmed by DOSY NMR measurements. Addition-

ally, CPA/CPA/imine complexes were also found, indicating the potential impact of the dimeric reac-

tion channel for this substrate class. Compared to the monomeric CPA/imine complexes, the 

CPA/CPA/imine dimers feature a stronger proton transfer onto the substrate (weaker PO----H-N+ hy-

drogen bond) and their formation was found to be strongly dependent on the 3,3’-substituent of the 

catalyst and less on the imine substituents. Applying the Relaxation Dispersion R1 NMR method, the 

presence of a fast exchange process was revealed which indicates the presence of at least two fast 

exchanging CPA/CPA/E-imine conformers.  

CPA/imine intermediates with imines featuring an additional hydroxy group as hydrogen bond donor 

were studied in the sixth chapter of this thesis. In contrast to the previous assumption that a bidentate 

binding of catalyst and imine by two hydrogen bonds results in a well-defined reaction intermediate, 

a broad structural space was found for these CPA/imine systems. Different dimer species were found 

as dominant species for most systems and characterized via DOSY NMR. In these dimers, two imine 

molecules form each one hydrogen bond to two different CPA molecules, effectively bridging them. 

Molecular dynamic simulations revealed different bridging motifs and it is suggested that these 

bridged dimers can act as an alternative reaction pathway. Fine-tuning of steric and electrostatic prop-

erties of CPA and imine allowed to access monomeric CPA/imine dimers and the bidentate binding 

motif was clearly validated. NOESY NMR revealed the structure of these intermediates, in which the 

imine is placed in between the two 3,3’-substituents of the CPA. One 3,3’-substituent is shielding one 
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site of the imine which confirms the postulated origin of stereoselectivity for the following transfor-

mations. 

The seventh and eighth chapter of this thesis were done in collaboration with Franziska Pecho from 

the group of Prof. Dr. Thorsten Bach and focused on merging Brønsted acid catalysis with photocatal-

ysis. A chiral phosphoric acid was used as organocatalysts and thioxanthone unites were implemented 

as 3,3’-substituents which served as light-harvesting photosensitizer. In the asymmetric [2+2] photo-

cycloaddition of β-carboxyl-substituted cyclic enones, binding of the carboxylic acid substrate to the 

CPA catalyst was proven by low temperature NMR studies via NOESY and DOSY NMR experiments. 

Temperature coefficients for the chemical shift of the hydrogen bonded proton signals were derived 

by variable temperature NMR experiments and revealed the presence of monomeric and dimeric/oli-

gomeric CPA/substrate species. In the asymmetric [2+2] photocycloaddition of cyclic N,O-acetals, the 

generation of an open iminium ion form was validated upon protonation of the cyclic N,O-acetal and 

bidentate binding by two hydrogen bonds of the resulting imine substrate to the CPA was proven. The 

CPA/imine intermediate was characterized as hydrogen bond assisted ion pair and two different sub-

strate conformations were identified, differing in the arrangement of the substrate backbone. Addi-

tionally, NMR kinetic measurements during illumination with visible light showed that during the re-

action isomerization of the C=C or C=N double bond of the substrate is possible. These isomerization 

processes can in principle affect the reaction, changing the environment for the addition step (if the 

C=N double bond is isomerized) or lead to a different diastereomer of the product (if the C=C double 

bond is isomerized). 

The secondary non-covalent interactions decisive for the enantioselectivities in CPA catalyzed trans-

formations were studied in the ninth chapter of this thesis, resulting in a conceptual approach on ex-

ploiting London dispersion interactions to systematically enhance stereoselectivities. For the CPA cat-

alyzed transfer hydrogenation of (E)- or (Z)-N-phenyl ketimines, tert-butyl groups as dispersion energy 

donors (DED) were placed in all meta-positions of the substrate, which lead to a stabilization of the Z-

imine by up to 4.5 kJ/mol. For the free imines, the equilibrium between low populated Z-imine (~1%) 

and major populated E-imine (~99%) was accessed by Chemical Exchange Saturation Transfer (CEST) 

NMR. The effect of stabilizing the Z-imine by DED residues was proven to be transferred onto the bi-

nary CPA/imine and ternary CPA/imine/Hantzsch ester intermediates, leading to a thermodynamic 

preference of the Z-intermediates. For the enantioselectivities, a clear correlation between London 

dispersion stabilization and enantioselectivity was found, allowing to convert moderate-good to good-

excellent enantioselectivities under dispersion control and exceeding the typical enantiomeric ratios 

for standard imine substrates.  
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