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1 Introduction and Outline 

  Brønsted acid catalysis 

"Chemistry without catalysis would be a sword without a handle, a light without brilliance, a bell 

without sound." ~ Alwin Mittasch[1]  

At the beginning of the 20th century, Mittasch played a pivotal role in the development of the iron 

catalysts that made the Haber-Bosch process for ammonia production viable on an industrial 

scale.[2] This advancement underscores the essential role of catalysis in both chemistry and life 

itself. In fact, estimates from the early 2000s suggest that nearly half of the global population is 

fed thanks to nitrogen fertilizers made possible by the Haber-Bosch process.[3]  

Another significant advancement in catalysis emerged in the 1960s with the development of 

asymmetric catalysis using organometallic complexes. Research in this area has become 

essential for the production of pharmaceuticals, agrochemicals, fungicides, and more, often 

surpassing the efficiency of natural biological processes. This approach marked a significant 

shift in synthetic methodologies, enabling chemists to achieve higher selectivity and yields in 

complex chemical reactions.[4]  

In the 1970s, pioneering research introduced metal-free organocatalysis as a third major 

approach alongside bio- and metal catalysis in asymmetric catalysis, motivated by the 

environmental impact and sustainability issues associated with metal catalysts - particularly 

regarding toxicity and resource depletion.[5,6] Nevertheless, the field was primarily established 

in the 21st century, beginning with the contributions of Benjamin List and David MacMillan, who 

were awarded the Nobel Prize in Chemistry in 2021 for their work in this emerging area of 

research.[7,8] 

It is noteworthy, that advancements in catalysis are inherently linked to the need for detailed 

structural investigations to understand how complex reactions operate at a fundamental level. 
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1.1.1  Chiral Phosphoric Acids (CPAs) 

One of the most important advancements in the field of asymmetric organocatalysis occurred in 

2004 when the research groups of Akiyama and Terada introduced BINOL-based chiral 

phosphoric acids (Figure 1-1).[9,10] These catalysts combine chirality from their C2 symmetric 

BINOL backbone with a bifunctional active center featuring a Brønsted acidic P–OH group and 

a Lewis basic P=O moiety, enabling both nucleophilic and electrophilic activation of substrates.  

The size and reactivity of the active center can be fine-tuned via steric and electronic effects 

through substitutions at the 3,3'-positions. These catalysts are highly efficient, showing broad 

applicability across various reaction types, often delivering high stereoselectivities and yields.[11] 

 

Figure 1-1: Structural design of chiral phosphoric acid catalysts. The chirality is integrated in the C2-symmetric 

BINOL backbone and transferred onto the substrate by the 3,3’-substituents. The dual functionality consisting of 

Lewis basic P=O and Brønsted acidic P-OH moieties allows for effective dual activation of substrates. 

Despite the broad range of reactions catalyzed by chiral phosphoric acids (CPAs), their relatively 

moderate acidity confines their application primarily to basic substrates, such as imines, 

quinolines, aziridines or alkenes.[12–17] Recognizing that enhanced catalyst acidity is often linked 

to increased reactivity,[18,19] various efforts over the past two decades have focused on modifying 

BINOL-based catalysts to broaden the spectrum of viable substrates in asymmetric 

organocatalysis. 
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Several pathways to more acidic catalysts were developed starting from the BINOL-based 

CPA 1. These routes generally involve either the substitution of the phosphoryl P=O oxygen, of 

the P-OH hydroxy group, a combination of both, or the substitution of the entire phosphate 

POOH group (see Figure 1-2). This review is focused on the approach to access “superacidic” 

chiral BINOL-based Brønsted catalysts. 

The following review centers on the pathways outlined above. It begins with the substitution of 

the P–OH hydroxyl group, followed by the substitution of the P=O oxygen. Next, the 

simultaneous substitution of both the P–OH and P=O groups is addressed. Finally, non-

phosphoric acids are examined, while developments and changes to the backbone (e.g. [H8]-

BINOL or SPINOL) are outside the scope of this review. The BINOL backbone is always be 

displayed in its (S)-form for the catalysts’ syntheses. BINOL-based catalysts that are not used 

as Brønsted, but as Lewis acids (such as BALT[20]), are not incorporated in this review. 

 

Figure 1-2: Variations and developments of BINOL-based Brønsted acidic organocatalysts. 
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1.1.2 Substitution of the P-OH hydroxy group 

1.1.2.1 N-Triflyl Phosphoramides 2 (NTPAs) 

In 2006, the Yamamoto group introduced a more acidic alternative to traditional CPAs by 

incorporating an N-triflyl group (-NHTf) into the phosphoric acid framework (see Figure 1-3).[21] 

 

Figure 1-3: Synthetic pathway to NTPAs 2. BINOLs are converted to phosphoryl chlorides and subsequently 

reacted with trifluoromethanesulfonamide.[21] 

This increased acidity allowed the N-Triflyl Phosphoramide (NTPA) catalysts to effectively 

activate a broad range of substrates and enantioselectively catalyze numerous reactions, 

including Diels-Alder reactions,[21] Friedel-Crafts alkylations,[22,23] 1,4-additions,[24] 

cycloadditions[25] and many more.[26] Rueping provided a comprehensive review of NTPA-

catalyzed reactions, which was later expanded upon by Goodman in reviews published in 2010 

and 2021.[27,28] With this in mind, this review will focus on developments that have emerged 

since 2021, highlighting advances in understanding the binding interactions and novel 

applications of NTPAs in asymmetric organocatalysis.  

Despite the extensive use of NTPAs in asymmetric catalysis since 2006, the catalyst-substrate 

binding mode remained poorly understood until 2021. That year, the Yoon group made a 

breakthrough by isolating a substrate-acid complex and resolving its structure via X-ray 

crystallography (see Figure 1-4).[29] Their findings revealed that the protonated imidazolium 

substrate interacts with the oxygen atom of the phosphoramide rather than the nitrogen atom, 

challenging prior assumptions. This insight was underlined in 2024, when the Gschwind group 

performed a detailed hydrogen bond analysis and low-temperature NMR spectroscopic 

investigations in solution, providing further clarity on the interaction mechanism.[30]  
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Figure 1-4: Crystal structure of a substrate-acid complex with NTPA by the Yoon group.[29] The protonated 

imidazolium substrate interacts with the NTPA-oxygen instead of the nitrogen.  

Recent studies published after 2021 have focused on expanding the application scope of NTPAs 

and exploring their potential in new reaction types and substrates (see Figure 1-5).  

In 2021, the Yoon group demonstrated that chiral Brønsted acids can activate enones by 

modifying their absorption properties, enabling them to serve as effective catalysts for enantio- 

and diastereoselective [2+2] photocycloadditions, leading to the formation of various substituted 

cyclobutanes (see Figure 1-5, A).[29] In the same year, NTPA 2b was employed as a catalyst for 

an intramolecular cyclization reaction to synthesize 1-aminoindene derivatives, which can serve 

as valuable precursors for pharmaceutical agents such as rasagiline (see Figure 1-5, B).[31] 

Another example of an intramolecular reaction catalyzed by 2b was reported in 2023, when Zhu 

et al. successfully carried out the carbocyclization of vinylidene ortho-quinone methides (VQMs). 

Furthermore, they demonstrated nucleophilic addition to the alkyne moiety using a range of 

diverse substrates (see Figure 1-5, C).[32] 
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Figure 1-5: Summary of NTPA-catalyzed reactions since 2021. (A) displays a [2+2]-photocycloaddition,[29] (B) 

shows intramolecular cyclizations[31] and (C) a nucleophilic addition.[32] 
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1.1.2.2 BINOL-derived phosphoryl bis(trifluoromethyl)sulfonyl) methanes 3 (BPTMs) 

In 2022, Peng et al. designed a new type of catalyst by substitution of the P-OH hydroxy group 

with a bis(trifluoromethyl)sulfonyl methane group, using a bis((trifluoromethyl)sulfonyl)methyl 

dianion as reagent (see Figure 1-6).[33] 

 

Figure 1-6: Synthesis of BPTMs 3 by addition of a bis((trifluoromethyl)sulfonyl)methyl dianion to a phosphoryl 

chloride and subsequent 3,3’-substitution.[33] 

This led to C-H acidic catalysts with much higher Brønsted acidity (pKa MeCN 1.3) compared to 

CPAs (pKa MeCN 12-14) or NTPAs (pKa MeCN 6-7). These catalysts allowed them to effectively 

active substrates in various transformations such as asymmetric Mukaiyama-Mannich reaction, 

allylic amination, three-component coupling of allyltrimethylsilane with 9-fluorenylmethyl 

carbamate and aldehydes, and protonation of silyl enol ethers with excellent enantioselectivites. 

(see Figure 1-7).[33] 
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Figure 1-7: Summary of BPTM-catalyzed reactions. BPTMs 3 were successfully used in reactions like Mukaiyama-

Mannich (A), allylic amination (B), three-component coupling (C) and protodesilylation (D).[33] 
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1.1.3 Substitution of the P=O phosphoryl group 

1.1.3.1 Monothiophosphoric Acids 4 (MTAs) 

The exchange of oxygen with sulfur in urea and thiourea catalysts has been shown to 

significantly enhance their acidity.[34,35] Consequently, it was anticipated that substituting the 

phosphoryl oxygen (P=O) in phosphoric acids with other chalcogen atoms would similarly lead 

to a significant increase in acidity. Building on this concept, considerable efforts have been 

devoted to incorporating various chalcogens into CPAs.  

The structural aspects of these catalysts, particularly the modifications introduced by 

substituting different chalcogen atoms, have also been thoroughly investigated. Previous 

studies have demonstrated that thiophosphoric acids exist in a tautomeric equilibrium between 

their thiolic and thionic forms, with the equilibrium heavily favoring the thionic form (see 

Figure 1-8).[36,37] Thus, in this context, monothiophosphoric acids 4 and monoselenophosphoric 

acids 5 will consistently be represented with a double-bonded sulfur or selenium, respectively.  

 

Figure 1-8: Tautomeric equilibrium between the thiolic and thionic form of monothiophosphoric acids.[36,37] 

Monothiophosphoric acids (MTAs) 4 can be efficiently prepared through a simple two-step 

reaction using Cl3P=S and water starting from BINOLs (see Figure 1-9).[38] 

 

Figure 1-9: MTAs 4 are synthesized by addition of thiophosphoryl chloride and water to BINOLs.[38] 
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Although MTAs 4 are more acidic than 1, to the best of our knowledge, there are only a few 

reported instances of their application in organocatalysis. It is worth mentioning that, in two 

cases, 4 has demonstrated lower catalytic efficiency compared to other catalysts, such as 

CPAs 1 (see Figure 1-10).[39,40]  

 

Figure 1-10: MTA-catalyzed reactions. (A) displays a heterocyclization, (B) a Mukaiyama-Mannich reaction.[39,40] 

Both transformations can be more efficiently catalyzed by CPAs. 

Xie et al. efficiently catalyzed an N-H functionalization of indoles with α,β-unsaturated γ-lactams 

with MTA 4b (see Figure 1-11, A).[41] While the reactivity was enhanced with the corresponding 

CPA 1 in some cases, the enantioselectivity provided by 4b was slightly better. It has been 

shown, that MTA can also be used for asymmetric cyclization and coupling reactions of indoles 

(see Figure 1-11, B-C).[42,43] 

To the best of our knowledge, the potential of MTAs in organocatalysis was not investigated 

further. However, in the field of photocatalysis, Xu et al. identified 4f (R = H) as an effective 

catalyst for the Umpolung Trifluoromethylthiolation of tertiary ethers.[44] 
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Figure 1-11: Summary of MTA-catalyzed reactions of indole N-H functionalization (A),[41] cyclization (B)[42,43] and 

coupling (C).[44] 

 

1.1.3.2 Monoselenophosphoric Acids 5 (MSAs) 

MSAs 5 can be prepared in a similar fashion to MTAs 4 by treatment of BINOLs with 

phosphorus(III) chloride and elemental selenium (see Figure 1-12).[45] 

 

Figure 1-12: Synthetic pathway to MSAs 5, prepared by treatment of BINOL with phosphorus(III) chloride, 

elemental selenium and water.[45] 

In DMSO, these catalysts are approximately two magnitudes of order more acidic than their 

MTA counterparts 4.[46] Despite their increased acidity, the catalysts 5 are not widespread used 
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in organocatalysis yet. It was previously shown, that it can catalyze an asymmetric transfer 

hydrogenation (ATH) reaction[47] and a Mukaiyama-Mannich reaction[39] with inferior results in 

comparison to traditional CPAs 1 or NTPAs 2 (see Figure 1-13).[48]  

 

Figure 1-13: MSA-catalyzed reactions. (A) displays an asymmetric transfer hydrogenation (ATH),[47] (B) a 

Mukaiyama-Mannich reaction.[48] Both transformations can be more efficiently catalyzed by CPAs. 

 

1.1.3.3 Imidodiphosphates 6 (IDPs) 

In 2012, the List group introduced a novel imidodiphosphate (IDP) catalyst 6 by treating a 

BINOL-based phosphoryl chloride with a BINOL-based phosphoramide (see Figure 1-14).[49] 

 

Figure 1-14: IDPs 6 can be obtained by coupling of a BINOL-based phosphoryl chloride with a BINOL-based 

phosphoramide.[49] 
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Those catalysts were effectively utilized for the asymmetric spiroacetalization reaction, 

exemplified by the first reported direct enantioselective synthesis of the natural product olean in 

organocatalysis alongside various other 5- and 6-membered ring formations (see 

Figure 1-15, A).[49] In the same year, Chen et al. also reported the synthesis of this catalyst type 

and performed highly efficient and selective three-component Mannich reactions (see 

Figure 1-15, B).[50] 

 

Figure 1-15: First IDP-catalyzed reactions – spiroacetalization (A)[49] and three-component Mannich reaction (B).[50] 

These IDP catalysts are of particular interest due to their sterically constrained active site, made 

possible by the presence of two BINOL backbones with 3,3’-substituents. In contrast, regular 

BINOL-based catalysts face challenges in modifying their steric environment, as the 3,3’-

substituents extend outward, away from the active site (see Figure 1-16).[49] 
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Figure 1-16: Schematic representation of the binding sites of CPA 1 and IDP 6, along with the crystal structure of 

6. H-atoms are omitted for clarity.[49] 

Some of the reactions of IDPs 6 were already covered in a review of Rueping and thus will not 

be inside the scope of this review.[51] Wu et al. [52] and Zhuo et al.[53] demonstrated that IDPs 6 

are effective catalysts for the Friedel-Crafts reaction of indoles and 3-indolylphenylmethanol, 

respectively (see Figure 1-17, A). In 2013, the List group employed 6g in asymmetric 

acetalization reactions of both aliphatic and aromatic aldehydes (see Figure 1-17, B).[54] In 2014, 

the Sunoj group reported a novel application of 6 in the asymmetric sulfoxidation of an achiral 

sulfide to a chiral sulfoxide (see Figure 1-17, C).[55] That same year, the Zhu group utilized 6 for 

the desymmetrization of bicyclic bislactones (see Figure 1-17, D), enabling the total syntheses 

of the alkaloids (-)-Rhazinilam and (-)-Leucomidine B.[56] 
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Figure 1-17: Summary of IDP-catalyzed transformations including Friedel-Crafts (A),[52,53] acetalizations (B),[54] 

sulfoxidation (C)[55] and desymmetrization (D)[56] reactions. 
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1.1.4 Simultaneous substitution of P-OH hydroxy and P=O phosphoryl groups 

1.1.4.1 Dithiophosphoric Acids 7 (DTAs) 

Dithiophosphoric Acid catalysts 7 (DTAs) can be easily synthesized by reacting BINOLs with 

phosphorus(V) sulfide (see Figure 1-18).[57,58] 

 

Figure 1-18: Synthesis of DTAs by treatment of BINOLs with phosphorus(V) sulfide.[57,58] 

While theoretical studies have shown that DTAs surpass CPAs by approximately six orders of 

magnitudes in terms of pKa values in DMSO,[46] they have not gained significant prominence in 

asymmetric Brønsted acid organocatalysis.  

Although Shapiro et al. demonstrated that DTAs, unlike CPAs and NTPAs, can catalyze 

asymmetric hydroaminations to produce N-heterocycles, the ee values are rather low (see 

Figure 1-19).[57]  

 

Figure 1-19: DTA-catalyzed hydroamination reaction.[57] 

 

1.1.4.2 Diselenophosphoric Acids 8 (DSAs) 

The very first chiral diselenophosphoric acid (DSA) 8a was reported by the Gschwind group in 

2024. DSA 8a was prepared by the subsequent treatment of potassium BINOLate with 

phosphorus selenide and ethereal hydrogen chloride solution (for details see Chapter 2).[59] 

DSAs 8a-e can be prepared by treatment of phosphoroselenoyl chloride with potassium 

selenide (for synthesis see Figure 1-20, for further details see Chapter 3). 
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Figure 1-20: Synthesis of DSAs 8 by addition of potassium selenide to phosphoroselenoyl chlorides. 

Initial reactivity tests demonstrated that DSA 8a can efficiently activate Mukaiyama Mannich 

reaction and function as catalyst Asymmetric Counteranion-Directed Catalysis (ACDC, for 

details see Chapter 2, 3).[59] 

Due to the novelty of DSAs 8, their full potential is unexplored to date. 

 

1.1.4.3 N-Triflyl Thiophosphoramide 9 (S-NTPAs) / N-Triflyl Selenophosphoramide 10 (Se-NTPAs) 

In 2008, the Yamamoto group developed Thio- and Selenophosphoramide catalysts 9 and 10 

which are expected to provide higher Brønsted acidity than NTPA 2 (see Figure 1-21).[17] The 

synthesis of these compounds is similar to the previously shown MTA 4 and MSA 5 catalysts 

and based on the reaction of phosphorothionyl chlorides / phosphoroselenoyl chlorides with 

trifluoromethanesulfonamide. 



Introduction and Outline 

 

18 

 

 

Figure 1-21: Thio- and selenophosphoramides are obtained by reacting the respective phosphoryl chloride with 

trifluoromethanesulfonamide.[17] 

The Yamamoto group used 9c,e and 10a to protodesilylate silyl enol ethers – a transformation 

which is not effectively catalyzed by CPA 1 and MTA 4 – achieving higher enantiomeric 

excesses than with NTPAs 2 (see Figure 1-22, A.).[17] Furthermore, S-NTPA 9h can be used as 

catalyst in a Mukaiyama aldol reaction of aldehydes with silyl enol ethers as nucleophiles.[60] 

The potential of Se-NTPA 10 remains largely unexplored. 

 

Figure 1-22: S- and Se-NTPA-catalyzed protodesilylation (A)[17] and S-NTPA catalyzed Mukaiyama aldol (B)[60] 

reaction. 
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1.1.4.4 Phosphoramide Imidates 11 (PADIs) 

In 2016, the List group reported the synthesis of a novel phosphoramidimidate 11 (PADI) 

catalyst by reacting BINOLs with phosphorus pentachloride and subsequently with 

sulfonamides (see Figure 1-23).[61] 

 

Figure 1-23: Synthetic pathway for the synthesis of PADIs 11, where BINOL is treated with phosphorus(V) chloride 

and sulfonamides.[61] 

In 2017, the List group improved their synthesis of PADIs by employing N-triflylphosphorimidoyl 

trichloride as a reagent, achieving 11 in high yields of 72-98% under mild reaction conditions 

(r.t., 10 min). Additionally, both NTPA 2 and S-NTPA 9 can be synthesized by the same 

procedure (see Figure 1-24).[62] 

 

Figure 1-24: Improved synthesis of PADIs 11 with N-triflylphosphorimidoyl trichloride as reagent.[62] 

Catalyst 11a was only tested in the synthesis of α-tocopherol from (7R,11R)-isophytol – a 

transformation which could not be catalyzed using CPA 1 or NTPA 2.[61] Despite the successful 

activation, both yield and d.r. values are very low (see Figure 1-25). 
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Figure 1-25: PADI-catalyzed synthesis of α-tocopherol.[61] 

To date, the potential of PADI catalysts in asymmetric organocatalysis remains largely 

unexplored, however, they have been successfully utilized by the Liao group for polymerization 

reactions.[63,64] 

 

1.1.4.5 Imidodiphosphateimidate 12 (IDPis) 

In 2016, the List group introduced a novel imidodiphosphateimidate organocatalyst by treatment 

of BINOLs with sulfonylphosphorimidoyl trichlorides followed by triethylamine and ammonia 

(see Figure 1-26).[65] 

 

Figure 1-26: IDPi synthesis with BINOL and sulfonylphosphorimidoyl trichlorides, triethylamine and ammonia as 

reactants.[65] 

These IDPi catalysts 12 combine the high activity of PADIs 11 with the exceptional selectivity of 

IDPs 6 (see Figure 1-27).[65]  
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Figure 1-27: Structure of 12c. Solvent molecules and H-atoms (except the acidic proton) are omitted for clarity. 

Molecular disorder is omitted for clarity.[65] 

Since the List group reviewed the performance of these catalysts in Lewis and Brønsted acid 

catalysis in 2019, this review will focus solely on research published thereafter.[66] 

Recently, Maji et al. demonstrated that IDPi can function as Brønsted acid catalysts in 

lactonization reactions to yield 5- and 6-membered heterocycles (see Figure 1-28).[67] 

 

Figure 1-28: IDPi-catalyzed lactonization reaction to 5- and 6-membered heterocycles.[67] 

In general, research on IDPi catalysts has primarily centered on stereoselective polymerization 

reactions[68–70] and Lewis-catalyzed asymmetric (de)silylation processes[71–74]. Nevertheless, it 

is worth mentioning that IDPIs can serve as Brønsted acid pre-catalysts to generate an active 

Lewis acid catalyst form (see Figure 1-29).[75,76] 



Introduction and Outline 

 

22 

 

 

Figure 1-29: IDPi serves as a Brønsted acidic pre-catalyst, activating the silyl Lewis acid catalyst and providing 

stereocontrol for the reaction.[75,76] 
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1.1.5 Substitution of the POOH phosphate group 

1.1.5.1 Binaphthyl-2,2’-disulfonates 13 (BINSAs) 

Binaphthyl-2,2’-disulfonates 13 (BINSA) can be synthesized by oxidizing dithio-BINOL[77,78] and 

were introduced to the realm of asymmetric organocatalysis by the Ishihara group in 2008 (see 

Figure 1-30).[79]  

 

Figure 1-30: BINSA 13 can be obtained by oxidation of dithio-BINOL.[77,78] 

In 2014, computational studies by Yang et al. revealed the surprisingly high acidity of 13 in 

DMSO (pKa = -9.06), significantly exceeding that of NTPA 2 (pKa = -3.40) and Disulfonimides 15 

(pKa = 0.15).[80]  

Hatano and Ishihara published a comprehensive review on BINSA and its derivatives for 

asymmetric catalysis in 2014.[81] Since then - despite this remarkable acidity - BINSA was 

predominantly employed as a chiral ligand in Lewis acid catalysis or as the chiral component of 

catalyst clusters (see Figure 1-31).[82–84]  

 

Figure 1-31: BINSA as part of a catalytic 3:1:4 complex of (R)-BINSA / Mg / K.[82] 
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1.1.5.2  (S)-2'-(bis((trifluoromethyl)sulfonyl)methyl)-[1,1'-binaphthalen]-2-ol 14 (BBA) 

In 2006, a new chiral Brønsted acid-assisted chiral Brønsted acid (BBA) catalyst was developed 

by replacing a hydroxy group of BINOL with a bis(trifluoromethanesulfonyl)methyl group (see 

Figure 1-32).[85] 

 

 

Figure 1-32: Synthetic access of 14 by replacing a hydroxy group of BINOL with a 

bis(trifluoromethanesulfonyl)methyl group.[85] 

A cooperative H-bonding interaction can be anticipated, ensuring strong fixation of the reagent 

within the chiral pocket and eliminating the necessity for 3,3'-substituents (see Figure 1-33).[85] 

 

Figure 1-33: X-Ray structure of BBA 14. An intramolecular hydrogen bond between the hydroxy group and the 

sulfonyl group can be expected.[85] 
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This modification resulted in a significantly stronger catalyst for organocatalysis. Remarkably, 

even in the absence of 3,3'-substituents, catalyst 14 was successfully employed in an 

enantioselective Mukaiyama-Mannich reaction (see Figure 1-34).[85] 

 

Figure 1-34: Successful application of BBA 14 in a Mukaiyama-Mannich reaction.[85] 

It should be mentioned, that the reaction required the addition of a stoichiometric amount of an 

achiral proton source (R4OH) to trap the silicon species formed during the process. Without this 

additive, the enantioselectivity dropped significantly, yielding only 14%. 

To the best of our knowledge, BBAs were not further investigated. 

 

1.1.5.3 Disulfonimides (DSIs) / Binaphthyl-2,2‘-bis(sulfon)amides (BINBAMs) 15 

In 2009, the groups of List and Giernoth reported the syntheses of BINOL-based disulfonimide 

catalysts 15 (DSIs).[86,87] These catalysts are derived from BINSAs 13 through addition of 

thionylchloride with a catalytic amount of DMF and subsequent treatment with ammonia (see 

Figure 1-35). 
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Figure 1-35: DSIs/BINBAMs can be obtained by the treatment of BINSAs 13 with thionylchloride, a catalytic amount 

of DMF and subsequent addition of ammonia.[86,87] 

Structurally, DSI catalysts exhibit perfect C2-symmetry, unlike the “pseudo C2-symmetry” of 

CPAs 1. Furthermore, the proton-carrying functional group is positioned deeper within the chiral 

pocket compared to its placement in the corresponding CPA (see Figure 1-36).[87] 

 

Figure 1-36: Structures and position of the acidic proton within the chiral pockets of CPA 1 and DSI 15. The X-Ray 

structure of 15 shows the buried acidic proton.[87] 

The modification of the active center introduces a multi-acceptor environment for hydrogen 

bonding. In-depth NMR studies and theoretical calculations conducted by the Gschwind group 

on DSI/imine complexes revealed that, in addition to the strong hydrogen bond acceptor 

(nitrogen), the four oxygen atoms also participate in hydrogen bonding. Notably, high structural 

flexibility does not conflict with the efficient performance of a catalytic system (see 

Figure 1-37).[88] 
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Figure 1-37: Multiple H-bond acceptors in DSI catalysts. The increased structural flexibility is not accompanied by 

a drop of the catalysts' performance.[88] 

It was demonstrated, that DSI catalysts can efficiently catalyze Mukaiyama aldol reactions of 

aldehydes with simple (see Figure 1-38, A),[87] vinylogous (B),[89] bisvinylogous (C),[89] and 

alkynylogous (D)[90] silyl enol ethers. 

 

Figure 1-38: DSI-catalyzed Mukaiyama aldol reactions of simple (A),[87] vinylogous (B),[89] bisvinylogous (C)[89] and 

alkynylogous (D)[90] silyl enol ethers. 
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The List group also identified a suitable DSI catalyst, 15m, for a Hosomi-Sakurai reaction, 

achieving high yields and enantioselectivities (see Figure 1-39, A).[91] A similar application was 

reported in 2013 involving a three-component-synthesis of an aldehyde, a carbamate and an 

allylsilane (see Figure 1-39, B).[92] In this case, it is assumed that the aldehyde and the 

carbamate form an iminium ion, which subsequently undergoes a Hosomi-Sakurai reaction. 

 

Figure 1-39: DSI-catalyzed Hosomi-Sakurai reactions (A)[91] and (B)[92]. 

In addition, DSIs were also successfully applied in Mannich[93,94] and Mukaiyama-Mannich[95] 

reactions (see Figure 1-40). 

 

Figure 1-40: DSI-catalyzed Mannich (A,B)[93,94] and Mukaiyama-Mannich (C)[95] reactions. 
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Another application of DSIs in asymmetric organocatalysis was demonstrated when the groups 

of Lee[96] and Chen[97] employed DSI 15b as a catalyst for Friedel-crafts reactions, enabling the 

substitution of indoles at the 2- and 3-positions (see Figure 1-41, A). It has been shown by Jia 

et al. that 1,3,5-trialkoxy benzenes can also undergo Friedel-crafts alkylation with N-sulfonyl 

aldimines (see Figure 1-41, B).[98] 

 

Figure 1-41: DSI-catalyzed Friedel-Crafts reactions of indoles (A)[96] and 1,3,5-trialkoxy benzenes (B)[98]. 

An additional implementation for DSI catalysts was found by the Sparr group in 2022, when they 

made Friedel-Crafts electrocyclization reactions of ortho-quinone methides to obtain the 

respective cyclic iminium ions (see Figure 1-42).[99] 
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Figure 1-42: DSI-catalyzed Friedel-Crafts electrocyclization reaction.[99] 

Chiral disulfonimides can also be employed for imine reductions such as asymmetric transfer 

hydrogenation reactions (see Figure 1-43, A).[100–102] Using this method, the List group 

synthesized a pharmacophore precursor for (S)-rivastigmine, a drug used to treat Alzheimer’s 

disease, which they achieved with excellent enantioselectivity (99% ee).[100] Notably it has been 

shown, that also imine hydrochlorides can be reduced with this method (see Figure 1-43, B).[102] 

In addition it has been shown, that DSIs are capable of reductive ammonia condensation 

reactions, where two imines are coupled in a highly enantioselective way (C).[103] 

 

Figure 1-43: DSI-catalyzed ATH (A),[100–102] imine hydrochloride reduction (B)[102] and condensation reaction 

(C).[103] 
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In 2015, the List group reported a DSI-catalyzed asymmetric Abramov reaction where they 

coupled phosphites with aldehydes (see Figure 1-44).[104] 

 

Figure 1-44: DSI-catalyzed asymmetric Abramov reaction.[104] 

To date, there are a few publications about DSI-catalyzed cyclization reactions. In 2016, Galvan 

et al. synthesized pyrrolo-[1,2-α] indoles in a three-component reaction (see Figure 1-45, A).[105] 

In 2017, Li et al. synthesized isoquinolinonaphthyridines from tetrahydroisoquinolines and 2-

methyl-3-aldehydeazaarenes (see Figure 1-45, B).[106] In 2020, Tan et al. synthesized 

enantioselective azirdines from anilines (C).[107] As shown by He et al. in 2021, DSI catalysts 

can also effectively catalyze Pictet-Spengler reactions (D).[108] In the same year, Takagi et al. 

performed reductive intramolecular hydroaminations with DSI catalysts (E).[109] 
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Figure 1-45: DSI-catalyzed cyclization reactions: Three-component coupling (A),[105] isoquinolinonaphthyridines 

synthesis (B),[106] aziridine synthesis (C),[107] Pictet-Spengler reaction (D),[108] intramolecular hydroaminations 

(E).[109] 

Another significant finding of the List group was the DSI-catalyzed protodesilylation reaction, 

enabling the synthesis of drugs such as (S)-Ibuprofen with high enantioselectivity (see 

Figure 1-46).[110] 

 

Figure 1-46: DSI-catalyzed protodesilylation reaction.[110] 
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Furthermore, Rose et al. discovered DSI-catalyzed iodination reactions of 2-amino-6-

arylpyridines (see Figure 1-47).[111]  

 

Figure 1-47: DSI-catalyzed iodination reaction.[111] 

 

1.1.5.4  Binaphthyl-2,2‘-bis(sulfuryl)imides 16 (JINGLEs) 

JINGLEs were first synthesized in 2010 when Berkessel et al. utilized imidobis(sulfuryl chloride) 

to convert BINOL sodium salts into 16 (see Figure 1-48).[112] 

 

Figure 1-48: Synthesis of JINGLEs 16 out of BINOL sodium salts and imidobis(sulfuryl chloride).[112] 

It has been shown, that the acidity of 16 is comparable to DSI 15 and more acidic than NTPA 

2.[18,19] 

The potential of JINGLEs in organocatalysis is mainly unexplored, however, in 2020, the 

Hodgson group utilized 16a for the enantioselective desymmetrization of an achiral epoxide 

derived from an epoxytropinone (see Figure 1-49).[113] 
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Figure 1-49: JINGLE-catalyzed desymmetrization of an achiral epoxide.[113] 

Apart from this, JINGLEs were used for enantio-differentiation of chiral O-heterocycles or in 

Asymmetric Counteranion-Directed Catalysis (ACDC) in combination with a Lewis-acidic 

cation.[114,115]  

 

1.1.5.5 Binaphthyl-2,2’-dicarboxylates 17 (BINCAs)  

Binaphthyl-2,2’-dicarboxylates 17a-e (BINCAs) can be synthesized through the 3,3’-substitution 

of commercially available unsubstituted 17 (see Figure 1-50).[116] 

 

Figure 1-50: Different 3,3'-substituents of BINCA 17.[116] 

Despite their relatively low pKa of 3.97 in DMSO compared to DSI 15, NTPA 2 or BINSA 13,[80] 

BINCAs have been successfully applied to the asymmetric Mannich reaction of an arylaldehyde 

N-Boc imine with tert-butyl diazoacetate (see Figure 1-51, A.) or dimethyl 

diazomethylphosphonate (see Figure 1-51, B). Both reactions exhibited exceptionally high 

enantio-selectivity.[116] 
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Figure 1-51: BINCA-catalyzed Mannich reactions of an arylaldehyde N-Boc imine with a diazoacetate (A) and a 

diazophosphonate (B).[116] 

 

1.1.6 Development of Asymmetric Organocatalysis 

Over the past two decades, numerous attempts have been made to enhance the acidity of 

Brønsted acid catalysts, particularly those derived from CPAs. To achieve this, a variety of 

substituents, such as NTf, sulfur, and selenium, have been incorporated. These modifications 

have enabled the activation of substrates that are more inert than imines. The most effective 

catalysts to date - NTPAs, DSIs, and IDPis - stand out due to their broad applicability, high 

yields, and high to excellent enantioselectivities.[27,28,66]  

Yet, these catalysts either disrupt the favorable C2-symmetry of the backbone or introduce 

multiple hydrogen bond acceptors, complicating substrate binding. This structural complexity 

increases the number of possible intermediates and transition states, necessitating detailed 

structural studies to elucidate their reaction mechanisms.[30,88] 

An alternative approach is the substitution of oxygen in CPAs with heavier chalcogens, which 

would enhance the acidity while preserving the structural features of the BINOL backbone. 

Despite this, their potential in the context of asymmetric organocatalysis is largely unexplored 

to date. 
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  Magnesium Cobaltate Complexes in Metal Catalysis 

The investigation of low-valent transition metalate anions has attracted considerable interest 

due to their unique reactivity in synthesis, small molecule activation, and catalysis.[117] These 

anionic complexes, stabilized by ligands such as carbonyls, phosphines, and redox-active 

nitrogen donors, exhibit remarkable chemical properties that are strongly influenced by their 

surrounding environment. While extensive research has focused on their electronic structures 

and reactivity, the role of countercations in solution has emerged as an area of growing interest, 

as they have been shown to exert a significant influence.[118] Previous studies on a cobalt-

magnesium complex demonstrated that its ion-pairing behavior is highly solvent-dependent: in 

toluene, it forms contact ion pairs, whereas in THF, it exists as solvent-separated ion pairs (see 

Figure 1-52, A.).[119] This pronounced difference in ion-pairing leads to substantial variations in 

reactivity, underscoring the critical role of counterions and solvation effects in determining 

catalytic performance. Despite these findings, the behavior and influence of countercations on 

the reactivity and stability of low-valent transition metalate anions are not yet fully understood, 

highlighting the need for further investigation in this field. 

 

Figure 1-52: (A) Contact ion-pair of the magnesium cobaltate in toluene and solvent-separated ion-pair in THF.[119] 

(B) Investigated magnesium and lithium cobaltate complexes in this work (in toluene). 
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  Outline 

This thesis explores the design and structural analysis of catalysts for both asymmetric 

organocatalysis and metal catalysis.  

On the one hand, a bifurcated approach combining synthesis and structural analysis is 

employed to iteratively refine the understanding, efficiency and selectivity of DSA catalyst 

synthesis. By systematically optimizing the reaction conditions, conversions, yields, and product 

purity are improved. This process is complemented by reactivity studies to evaluate catalytic 

performance. Another key focus is the investigation of substrate binding and catalyst 

aggregation, which is studied through a combination of X-ray crystallography, computational 

chemistry, and 1D NMR techniques. The latter includes satellite analysis to gain deeper insights 

into molecular interactions and structural dynamics. Together, these methods provide a 

comprehensive understanding of the structural and functional properties of DSA catalysts, 

aiding their rational design and future applications. Furthermore, a successful enantioselective 

application of a DSA catalyst in asymmetric ion pair catalysis is part of the scope of this work. 

On the other hand, cobaltate-based catalysts for alkene hydrogenation were examined with a 

focus on their ionic environment, as their reactivity and selectivity are strongly influenced by 

their ion-pairing behavior.[117–119] To gain deeper insights into this aspect, Diffusion Ordered 

Spectroscopy (DOSY) for 1H and 7Li was employed to analyze the interactions between the 

metalate anion and its countercation in solution. These measurements revealed that these 

complexes predominantly form contact ion pairs, indicating that the counterion remains closely 

associated rather than fully dissociating into the solvent. This finding suggests that counterions 

play a more direct role in modulating the catalytic performance of these systems than previously 

assumed. A thorough understanding of this effect not only enhances our knowledge of the 

underlying reaction mechanisms but also provides a foundation for optimizing catalytic activity 

through strategic counterion selection. 

Chapter 2 outlines the initial development of DSA synthesis. As a model system, unsubstituted 

and commercially available (R)-BINOL was selected and subjected to a reaction with 

phosphorus selenide. Previous reports had indicated that the reaction of simple alcohols with 

P₂Se₅ led to the formation of non-isolable and unstable achiral acids.[120] Phosphorus selenide 

("P₂Se₅") itself is a polymeric reagent that was found to be non-storable and nearly insoluble in 

common organic solvents, posing challenges for its use in synthesis. To address this, different 
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preparation methods for both P2Se5 and P4Se3 - a molecular reagent with improved handling 

properties - were explored. Reaction progress and conversions were monitored via ¹H NMR, 

employing DMSO quenching to oxidize the products for better analytical resolution. Once 

conversion optimization was achieved, selectivity was assessed using 31P and {1H}31P NMR 

spectroscopy. This analysis focused on chemical shifts, 1JPSe, 2JPP, and 1JPH spin-spin couplings, 

as well as the integral ratios of the 31P-xxSe (xx ≠ 77) parent line to the 31P-77Se satellite signals. 

These investigations revealed that the catalyst synthesis required an in situ oxidative selenation 

step, which was found to proceed incompletely under standard conditions. A test reaction with 

externally introduced hydrogen selenide gas confirmed the necessity of this step. 

To overcome this limitation, the synthesis was modified to enhance the reactivity of BINOL by 

first converting it into potassium BINOLate, followed by treatment with phosphorus selenide. 

This adaptation led to complete conversion of the starting material and significantly improved 

selectivity. The resulting potassium DSA salt (DSA-K) was found to be storable and could be 

easily transformed into DSA upon hydrogen chloride addition. However, due to its high reactivity, 

the free acid exhibited a strong tendency toward oxidation and hydrolysis. 

Despite these stability concerns, the synthesized catalyst effectively activated substrates that 

CPA catalysts were unable to. Furthermore, it was demonstrated that the P=Se moiety exhibited 

enhanced Lewis basicity, enabling the formation of ion pairs with protonated THF. Even 2JPH 

coupling constants could be determined, highlighting the stability of these ion pairs. These 

experimental results were further validated by quantum chemical calculations. This research 

confirmed that replacing oxygen in CPAs with selenium not only increased Brønsted acidity but 

also significantly enhanced Lewis basicity. 

Chapter 3 explores the incorporation of 3,3’-substituents into DSAs, as these are expected to 

significantly influence the structure of the catalysts' active center, thereby enabling 

enantioselective transformations. However, initial attempts revealed that 3,3’-substituted 

potassium BINOLates exhibited insufficient reactivity toward phosphorus selenide, 

necessitating the development of an alternative synthetic strategy. It was found that 3,3’-

substituted BINOLs could be efficiently converted into phosphoroselenoyl chlorides, which, 

upon subsequent treatment with two equivalents of potassium selenide, yielded the 

corresponding DSA-K salts. Notably, when only one equivalent of potassium selenide was used, 
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a dimeric byproduct formed due to a reaction between the in situ generated DSA-K and the 

phosphoroselenoyl chloride precurso 

Following optimization of the reaction conditions, four different 3,3’-substituted DSA-K 

derivatives - excluding hydrogen - were successfully synthesized. Moreover, it was 

demonstrated that this methodology extends beyond BINOL-based systems, as other diols, 

such as VANOL, could also be functionalized in the same manner. To assess the catalytic 

potential of these newly synthesized compounds, DSA-TRIP was tested in an asymmetric 

transfer hydrogenation reaction. The results revealed that the presence of potassium ions in the 

reaction mixture (introduced as potassium chloride) significantly reduced enantioselectivity. This 

effect was attributed to salt metathesis, which led to the disruption of the DSA-valine ester 

catalyst. Consequently, potassium had to be thoroughly removed from the reaction mixture, 

either by filtration or through complexation. Despite these challenges, a 3,3’-substituted DSA 

catalyst was successfully applied in asymmetric organocatalysis, demonstrating the feasibility 

of structural modifications for enhanced performance. 

Chapter 4 provides an in-depth exploration of the Wolf group's study on the trinuclear 

magnesium cobaltate salt, Mg[Co(η⁴-cod)₂]₂ (where cod refers to 1,5-cyclooctadiene), which 

features a linear Co-Mg-Co arrangement. This compound's potential as a catalyst in alkene 

hydrogenation reactions is thoroughly examined. Previous studies have demonstrated the 

significant influence of counterions on the reactivity of metal cobaltate catalysts, with 

magnesium (Mg) showing superior performance compared to alkali metals.[118] This has 

positioned magnesium-based cobaltates as particularly promising candidates for catalytic 

applications. In this investigation, the reactivity and ionic structure of the complex were studied 

using Diffusion Ordered Spectroscopy (DOSY) NMR, specifically ¹H and ⁷Li NMR, to measure 

the diffusion coefficients and hydrodynamic volumes of both Mg[Co(η⁴-cod)₂]₂ and 

[Li(THF)₁.₉₂][Co(η⁴-cod)₂]. The results indicated that the magnesium cobaltate catalyst exists as 

a contact ion-pair in solution. This characteristic was shown to be particularly advantageous, as 

the catalyst’s behavior in hydrogenation reactions confirmed its effectiveness. The Wolf group's 

findings highlight the critical role that ion-pairing behavior plays in optimizing catalytic 

performance, demonstrating that Mg-based cobaltate catalysts can be highly effective in 

hydrogenation processes. 
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2.1  Abstract 

The activation of poorly reactive substrates via strong chiral acids is a central topic in 

asymmetric ion pair catalysis these days. Despite highly successful scaffolds such as N-

triflylphosphoramides, these catalysts either lack C2-symmetry or provide multiple H-bond 

acceptor sites, leading to lower ee values for certain reactions. We present BINOL-based 

diselenophosphoric acids (DSA) as an extremely promising alternative. Using an intertwined 

approach of synthesis and NMR studies, we developed a synthetic approach to DSA with up to 

98% NMR yield. The obtained acids provide both very high proton donor and proton acceptor 

properties, a bifunctionality, which is key to catalytic applications. Indeed, first reactivity test 

proved the much higher acidity of DSA and its ability to initiate Mukaiyama–Mannich reaction 

and protodesilylation of silyl ethers. Together with their C2-symmetry, the single donor and single 

acceptor situation, the decreased tendency of self-association, and the straightforward 

synthesis with potential 3,3’-substitution, the DSA provide all features ideal for the further 

development of ion pair catalysis. 
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2.2  Introduction 

The remarkable level of sophistication achieved in modern organic synthesis is attributed to the 

discovery of effective catalytic processes. Organocatalysis has also significantly contributed to 

the modern synthetic chemistry of complex chiral molecules in this case.[1–6] In the different fields 

of organocatalysis, e.g., enamine, iminium and ion pair catalysis various non-covalent 

interactions such as hydrogen, halogen, and chalcogen bonds or electrostatic and steric 

interactions, are successfully applied and combined. 

One major breakthrough in metal-free ion pair catalysis[7–9] was the development of chiral 

phosphoric acid (CPA) catalysts with a 1,1’-bi-2-naphthyl backbone (Scheme 2-1).[10,11] The 

success of chiral Bronsted acids is based on their vast applicability, high substrate tolerance, 

excellent stereoselectivity and high yields.[12] These catalysts have proven effective in numerous 

stereoselective reactions, including inter- and intramolecular heterocyclizations,[13–15] 

alkylation,[16–18] reductive amination,[19,20] and hydrogenation[21,22].  

 

Scheme 2-1. 1,1’-bi-2-naphthyl based chiral phosphoric acid and some other highly acidic ion 

pair catalysts. 

To adapt the 1,1’-bi-2-naphthyl based phosphoric acids to certain substrates and substrate 

classes, the substituents in 3 and 3’ positions of the binaphthyl core are generally varied. 

Despite their extensive use, most reactions catalyzed by chiral phosphoric acids typically require 

extended reaction times, ranging from several hours to even days, particularly when using low 
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catalyst loadings. Raising the catalyst load is generally undesirable since, first, it increases the 

cost, and second, potentially leads to the realization of a dimeric catalytic path and the loss (or 

even reversal) of enantioselectivity.[23] Furthermore, in some cases, phosphoric acids are not 

acidic enough to activate certain substrate classes.[24] Therefore, numerous new chiral acids 

have been developed, which mostly focus on introducing a higher acidity via strong electron-

accepting substituents, such as disulfonimides (Scheme 2-1b), (trifluoromethyl)sulfonyl 

methanes (pKa ≈ 1, Scheme 2-1c) and N-triflylphosphoramides (pKa ≈ 6, Scheme 2-1d and 

e).[24–27] This approach has indeed significantly enhanced the catalysts’ acidities and enabled 

the activation of otherwise inert substrates. However, the presence of multiple H-bond acceptors 

in these highly acidic chiral acids multiplies the potential structures of intermediates and 

transition states as especially shown for disulfonimides (Scheme 2-1b).[26] Furthermore, in many 

catalysts (see c, d, e in Scheme 2-1) either asymmetry disrupts the favorable C2-symmetry or 

huge catalyst structures raise questions about the compatibility with large and diverse 

substrates. In addition, these catalysts tend to provide lower enantiomeric excess values 

compared to classic chiral phosphoric acids. Classic chiral phosphoric acid structures with a 

higher acidity would offer a solution to these problems and potentially combine high acidity with 

a C2-symmetry and a single H-bond acceptor. Considering that the acidity of H2Se is ten orders 

of magnitudes higher than that of H2O, one would anticipate that substitution of the OH moiety 

with SeH could provide acidity levels comparable to those of the known leaders illustrated in 

Scheme 1, while conserving the highly successful structural features of CPAs. Simultaneously, 

due to the larger size of selenium and the reduced electronegativity in comparison to oxygen, 

the alignment for H-bonding is more constrained.[28] Consequently, complexation of the 

substrate with SeH is expected to provide less conformational freedom and to alter the impact 

of the dimeric pathway on enantioselectivity.[23] Additionally, replacing oxygen with selenium 

introduces NMR-visible, non-quadrupolar nuclei, specifically 77Se, with a reasonable natural 

abundance (7.58%). This provides an exceptional tool for investigating the mechanisms of 

organocatalyzed reactions: selenium is a direct participant in H-bonding, and thus its chemical 

shift and spin-spin coupling constants are highly sensitive to any structural changes. Finally, 

given the current active development of the applications of Se-containing molecules for 

organocatalysis,[29] the development of chiral systems bearing selenium possesses a high 

potential for both synthetic and mechanistic developments. Despite the potential advantages of 

the selenophosphoric acids mentioned above, there have been relatively few efforts to modify 

the chalcogen atoms in BINOL-based CPAs so far (Scheme 2-2). Only a couple of papers 
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concerning the preparation of chiral dithiophosphoric 2[30] and monoselenophosphoric 3[31–33] 

acids have been published. Only one attempt was reported to construct 

dialkyldiselenophosphoric acids, which stopped at the level of potassium salts.[34,35] However, 

on one hand, the catalytic activity of these systems has not been systematically investigated, 

except for the observation that 3 provides lower ee values than 1 in the hydrogenation of imines 

with Hantzsch ester.[32] On the other hand, the obtained monoselenophosphoric acids exist in a 

Se=P-OH tautomeric form, thus they don’t provide the advantages of a Se-H moiety. In principle, 

this issue could be solved with the preparation of diselenophosphoric acids with a binaphthyl 

backbone such as 4, however, this step has not been attempted so far. 

An approach to novel binaphthyl-based chiral phosphoric acids should involve readily available, 

enantiomerically pure 1,1’-bi-2-naphthols (BINOLs). Typically, these BINOLs are subjected to 

treatment with POCl3 to yield the corresponding phosphoric acids 1, or with PCl3 in the presence 

of selenium to prepare monoselenophosphoric acids 3 (see Scheme 2-2).[32,36] In both cases, 

further hydrolysis of the intermediates introduces an oxygen atom. In contrast, the treatment of 

BINOL with P4S10 directly yields the dithiophosphoric acid 2, without the need for any additional 

S-nucleophile.[30] 

The high yields achieved with phosphorus sulfide may suggest that using phosphorus selenide 

would offer a straightforward route to obtain diselenophosphoric acid 4. However, this task is 

very challenging due to the structural peculiarities of phosphorus selenide. Unlike diphosphorus 

pentoxide and diphosphorus pentasulfide, which exist in the molecular form of P4O10 and P4S10, 

respectively, diphosphorus pentaselenide forms a polymeric glass.[37–39] Only extended 

extraction with CS2 facilitates the disruption of the polymeric structure, resulting in molecular 

P2Se5 with a very modest yield of approximately 6% (Figure 2-1).[37,40] In addition, the 

phosphorus in P2Se5 exists in a +3 oxidation state, in contrast to POCl3, P4O10, or P4S10, 

containing phosphorus +5. Therefore, the synthesis of diselenophosphoric acids necessitates a 

subsequent oxidative selenation. 
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Scheme 2-2. Synthesis of chiral 1,1’-bi-2-naphthyl based chalcophosphoric acids. 

In addition, the detailed mechanism of how phosphorus selenide interacts with alcohols and 

phenols is elusive so far. Thus, a rational access is not possible, which might be one of the 

reasons why free diselenophosphoric acids have not yet been successfully prepared. The sole 

exception lies in the preparation of their potassium salts through subsequent treatment of 

phosphorus selenide with alcohols and potassium hydroxide.[34,35] Unfortunately, this 

complicated reaction suffers from poor reproducibility, with no significant advancements since 

the 1970s. 

Previous works 

This work 
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Therefore, in this study, we present an in-depths in situ NMR identification of products and 

intermediates formed upon the reaction of phosphorus selenide and unsubstituted (R)-BINOL 

as well as an intertwined approach between mechanistic studies and synthetic experiments 

allowing us to boost the NMR yields up to 95%. The oxidation of P+3 with in situ formed H2Se 

and elemental selenium allows for a simple, safe, and high yielding synthesis of the first 

diselenophosphoric acid 4 without implementation of any additional selenating agents, 

showcasing the possibility of synthesizing chiral (R)-BINOL-based diselenophosphoric acids. 

One-pot deprotonation of (R)-BINOL with potassium methoxides followed by treatment with 

phosphorus selenide provides an effective synthesis of the potassium diselenophosphate 5, 

which is stable in air and can be further in situ converted in the corresponding acid to avoid any 

possible decomposition. Additionally, we demonstrate the unexpectedly enhanced basicity of 

the P=Se moiety, allowing the protonation of 4 with either HCl or H2Se, leading to the formation 

of the stable protonated diselenophosphoric acid 6. Overall, a new and effective synthetic 

pathway to diselenophosphoric acids including its mechanistic details is presented, which 

should pave the way to applications of diselenophosphoric acids in ion pair catalysis. 

 

Figure 2-1. POCl3 and P4S10 as typical reagents for dichalcophosphoric acids synthesis provide 

P+5 and readily available in molecular form. In contrast, molecular P2Se5 contains P+3 and 

requires prolonged but low-yielding CS2-extraction from polymeric glass.[37–39] The X-Ray 

structures are shown.  



Chiral Diselenophosphoric Acids for Ion Pair Catalysis 

 

56 

 

In both cases, further hydrolysis of the intermediates introduces an oxygen atom. In contrast, 

the treatment of BINOL with P4S10 directly yields the dithiophosphoric acid 2, without the need 

for any additional S-nucleophile.[30] 
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2.3  Results and Discussion 

2.3.1 Model System 

The basis of the outstanding enantioselectivity of CPAs is the BINOL moiety, and the refinement 

for certain substrate classes is most often conducted via the adaption of the substituents in 3,3’-

positions. In this study, unsubstituted (R)-BINOL was selected as model system since it is 

readily available, cheap, and thus very suitable for test reaction. Considering the polymeric 

nature, the insolubility of phosphorus selenide and the resulting low reactivity showcased in the 

beginning of the study, unsubstituted BINOL offers clear advantages for a proof of principle 

study. Additionally, the simple, commercially available, and cost-effective unsubstituted (R)-

BINOL as a model system allows for extensive and rigorous tests of various synthetic 

approaches. In contrast, sterically hindered 3,3’ substituents are expected to reduce the 

reactivity. Therefore, high conversions and reactivity for the unsubstituted BINOL model system 

are the goals to lay the basis for future implementation of our synthesis into more complex 3,3’-

disubstituted derivatives. 

2.3.2 Reaction of (R)-BINOL with Phosphorus Selenide 

We started our experiments with tests of reactivity of (R)-BINOL towards freshly prepared 

phosphorus selenide. The previously mentioned extraction of molecular P2Se5 with CS2 proves 

highly inefficient for synthetic purposes due to its prolonged time and low yield. To address this 

challenge, our approach commenced with the synthesis of polymeric phosphorus selenide, 

accompanied by efforts to enhance its reactivity. Several publications have reported the 

synthesis of this compound from its elemental components, proposing various reaction 

conditions. For instance fusing at temperatures of 400–450 °C in a sealed or open tube using 

an electric or flame burner from 25 minutes – 12 hours up to as long as 12 days is 

reported.[34,35,37,43–45] According to our experiments (for details see Table S2-1 in SI) the most 

convenient method involves heating a 2:5 mixture of dried red phosphorus and gray selenium 

under an argon atmosphere at 650 °C for 10-15 minutes using a heat gun. The obtained solid 

product was immediately ground within an inert atmosphere (glovebox) and mixed with (R)-

BINOL in toluene or mesitylene under an argon atmosphere. The final heterogeneous mixture 

was stirred at 100–160 °C for up to 144 hours to achieve noticeable conversion. 
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2.3.3 Identification of Intermediates and Products 

In a typical experiment, the formation of a complex mixture and an incomplete conversion were 

observed. Therefore, we focused on the NMR identification of the products in the raw mixture 

to learn something about the mechanism of this reaction and to improve the synthesis via 

mechanistic insights. To determine the composition, a sample of the reaction mixture was 

filtered, and the solution was directly used for NMR measurements. The resulting 31P NMR 

spectra display three main signals, along with several minor signals corresponding to different 

phosphorus-containing species. This observation suggests a more intricate reaction mixture 

than originally anticipated (Figure 2-2). 

First, we analyzed the satellite signals regarding integral intensities and 31P-77Se spin-spin 

coupling constants to identify the number of selenium atoms bound to the respective 

phosphorus atom and their bonding order. It’s worth noting that the natural abundance of 77Se 

is 7.58%.[46] As a result, when one phosphorus atom is bound to one 77Se atom, the ratio 

between the parent line and both of the satellite signals is approximately 92.4:7.6.  

 

Figure 2-2. Intermediate/product identification from the crude reaction mixture of (R)-BINOL 

and phosphorus selenide (for reaction conditions see Table 1, entry 5). A P+3 containing 

compound 7a, the dimer of diselenophosphoric acid 8 and a covalent dimer with a bridging 

oxygen atom 9 were observed as main products in the 31P (top) and the {1H}31P (bottom) NMR 

spectra (toluene, 298 K). For details see text. 
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If a phosphorus atom is bound to two 77Se, this ratio shifts to approximately 84:16. The size of 

the 1JPSe scalar coupling is associated with the bond order. For a P-Se single bond typical 1JPSe 

values range from 200 – 620 Hz, for a P=Se double bond from 800 – 1200 Hz. 

Thus, the phosphorus atom associated with the signal at 84.3 ppm (integral ratio 92.4:7.6) is 

bonded to only one selenium atom. The observed 1JPSe value of 949 Hz corresponds to a 

phosphorus atom with a double bond to selenium.[46,47] Furthermore, in proton coupled 31P NMR 

spectra, this signal appears as a doublet with a spin-spin coupling constant of 627 Hz 

(Figure 2-2, top), indicating the presence of a P-H bond, as typical 1JPH values fall within the 

range of 600 - 700 Hz.[48-50] Combining a P-H bond with a Se-P double bond, we assign the 

signal at 84.3 ppm to the P+3 compound 7a, which is the tautomer of 7 and results from the initial 

nucleophilic attack of (R)-BINOL on phosphorus selenide (Scheme 2-3). Similar P-OH to 

(P=O)H tautomerizations are well-documented for compounds such as phosphonates, 

secondary phosphine oxides, and phosphinates.[51] While the structure of 7a formally contains 

hypervalent phosphorus and could be represented in resonance form as 7b, the 1JPSe value 

strongly indicates the presence of a P=Se double bond. Consequently, this compound will be 

further discussed in the form of 7a. The signal exhibiting a chemical shift of 80.2 ppm 

corresponds to a phosphorus atom bonded to two selenium atoms, as evident from the integral 

intensities of the satellite signals (84:16). In agreement with the structure of a 

diselenophosphoric acid, the value of 1JPSe = 713 Hz suggests an intermediate bond order. 

However, the chemical shift is puzzling at first glance. It is well-established that substituting an 

oxygen atom with selenium causes a substantial low-field shift. For example, in CDCl3, δ31P 

for 1 is approximately 5 ppm, while for 3 it is approximately 70 ppm.[30]  

Thus, replacing two oxygen atoms with selenium should result in an even more pronounced 

low-field shift. Hence, the question arises whether the relatively low chemical shift of 80.2 ppm 

could be caused by dimerization (or oligomerization) of the diselenophosphoric acid into a 

complex, such as dimer 8 (Scheme 2-3), which is typical for phosphoric acids.[47,52,53] 
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Scheme 2-3. Sequence of transformation of (R)-BINOL with phosphorus selenide: nucleophilic 

substitution followed by oxidative selenation and side oxidation/hydrolysis of the formed 

diselenophosphoric acid. NMR identified species are highlighted in dashed boxes. 

In fact, the breakdown of the aggregation via the addition of THF to the reaction mixture caused 

a low-field shift to 108.5 ppm. This confirms that an unusually high-field chemical shift in toluene 

originates from an aggregation and that the formation of the monomeric compound 4 occurs in 

the presence of THF (see Figure S2-1a and b in SI).[54] 

Next, quantum-chemical calculations were conducted to further validate this disaggregation 

hypothesis. Indeed, in a vacuum, two molecules of 4 form the hydrogen-bonded dimer depicted 

in Figure 2-3a. In contrast to most phosphoric acids preferring cyclic self-associates,[52,53] for 8, 

a non-cyclic dimer corresponds to the energy minimum on the potential energy surface. This 

phenomenon can be attributed to the geometric constraints of H-bonding with selenium. Due to 

the larger atomic radius and polarization as well as the reduced dipole moment, the electron 

density of selenium forms a toroid-like structure around the nucleus, which reduces the flexibility 

of H-bonding compared to oxygen. A similar restriction of H-bond geometries occurs upon 

transition from oxygen- to sulfur-containing proton acceptors.[28] As a result, 4 tends to form H-

bonded chains rather than cyclic dimers. Confirming this trend, three molecules of 4 led to the 

formation of a distorted dimer, with the third molecule attached via π-stacking (see Figure S12 

in SI). Consequently, dimerization of 4 appears to be the most favorable complex structure in 

the absence of additional H-bond acceptors. 

In agreement with the experimental observation, repeating the calculations with the addition of 

THF molecules to the dimer 8 results in its disruption and the formation of monomeric 4, H-
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bonded with the oxygen atom of THF (Figure 2-3b). It should be noted that the calculated 

absolute 31P chemical shift values for 4 and 6 show offsets of around 100 ppm compared to the 

experimental ones. However, as often observed for systematic offsets, the relative chemical 

shift change between dimer to monomer fits much better (Δδ31Pexp. = 28.3 ppm and 

Δδ31Pcalc. = 18.3 ppm), strongly corroborating the monomerization of 4 upon the addition of THF. 

The third set of signals, which is located at approximately 54 ppm in the 31P NMR spectrum in 

Figure 2-2 is particularly intriguing. Both observable signals correspond to a similar species, 

each containing one selenium atom per one phosphorus atom. The 1JPSe = 1102 and 1105 Hz 

indicate the presence of typical P=Se double bonds. In contrast to the other components 7a and 

8, this compound displays a doublet splitting of the satellite signals with typical 2JPP values of 21 

and 35 Hz, respectively.[55] 

All these characteristics point toward the existence of a covalent dimer bridged by oxygen, 

denoted as 9 (Scheme 2-3). Exposure of the reaction mixture to air results in the predominant 

formation of 9. Given the stability of selenophosphites like 7, [56,57] we hypothesize that 9 forms 

during the oxidation of 8. The results of an HRMS study support the suggested structure of 9 

(calc. for C40H25O5P2Se2
+ [M+H]+ 806.9503, found 806.9513). In different synthetic approaches, 

significant variations in the relative integral intensities of the two signal sets are observed. This 

indicates that the two signals do not belong to one species but to two closely related 

diastereomeric complexes, and that the process is not stereoselective in a reproducible way. 

2.3.4 Mechanism Driven Synthetic Optimization 

Next, the insights into the principal mechanistic steps gained via NMR spectroscopy (see 

Scheme 2-3) were used to optimize the phosphoselenation of BINOL. Vice versa synthetic 

approaches were used to refine the mechanism. Given that the phosphorus in P2Se5 exists in 

the +3 oxidation state, 7a is the obvious first product of the nucleophilic attack of (R)-BINOL to 

phosphorus selenide. Further transformation to diselenophosphoric acid 4 necessitates 

oxidative selenation. Conducting the reaction in the presence of additional gray selenium or 

Woollins’ reagent did not improve the 4:7a ratio. This observation rules out conventional 

selenation of 7a. Considering the propensity of thiophosphites to react with nucleophiles in the 

presence of an oxidant,[58] we propose that the transformation from 7a→4 might occur in a 

similar manner. Specifically, during the initial nucleophilic attack of (R)-BINOL to phosphorus 

selenide, hydrogen selenide and elemental selenium are released. In this context, hydrogen 

selenide could serve as a nucleophile and elemental selenium as an oxidant. Indeed, treatment 
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of the reaction mixture with hydrogen selenide leads to complete selenation of 7a (see 

Figure S2-1c). Thus, the so far undefined selenation reagent in Scheme 2-3 can be identified 

as hydrogen selenide and elemental selenium (see Scheme 2-4), both in situ formed in the 

reaction of BINOL with P2Se5. 

 

Figure 2-3. Disruption of the non-cyclic dimer 8 in vacuum (a) in the presence of THF molecules 

(b). The free dimer is stabilized by a single hydrogen bond. The THF molecules break the 

Se···H···Se bonding, resulting in a monomer that is H-bonded to a THF molecule. Calculated 

and experimental Δδ31P are provided. B3LYP-D3BJ/6-311++G(d,p), hydrogen atoms (except for 

SeH) are omitted for clarity. 

With these mechanistic steps at hand, the synthetic conditions for the phosphoselenation of 

BINOL were optimized next. For this, a straightforward method had to be developed to 

determine the conversion and NMR in situ yield. The proton spectra of the mixtures are by far 

too crowded in toluene to differentiate BINOL from the phosphoselenated species. However, 

we found that in DMSO-d6, all components of the reaction mixture shown in Figure 2-2 undergo 

complete oxidation.  

 

Scheme 2-4. Selenation of 7a with in situ formed hydrogen selenide and elemental selenium. 
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Scheme 2-5. Oxidation of the components of the reaction mixture in Figure 2-2 with DMSO. 

This leads to the precipitation of red selenium and the formation of phosphoric acid 1a (R=H) 

as the sole phosphorus-containing compound (Scheme 2-5).  

Consequently, the respective 1H NMR spectra become significantly simplified, allowing us to 

determine the conversion by comparing the integral intensities of (R)–BINOL and 1a (R=H), 

which are the only components present in the mixture (Figure 2-4). 
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Figure 2-4. Conversion determination via oxidation of the reaction mixture shown in Figure 2 

with DMSO. The 31P spectrum shows CPA 1a only (top) while the 1H spectrum (bottom) allows 

for integration of (R)-BINOL versus 1a.  

We employed this approach to assess the reactivity of phosphorus selenide towards (R)-BINOL 

under various conditions, with the goal of achieving a higher conversion of the starting material 

(Table 2-1). According to the mechanism in Scheme 2-3 upon first transformation of BINOL with 

phosphorous selenide 1 equivalent of H2Se is released, which is exactly the amount necessary 

for the later transformation to 4. In addition, H2Se is a highly toxic gas. Therefore, we tried to 

achieve high phosphoselenation yields relying only on in situ formed H2Se released from 

phosphorous selenide. 

In all experiments, we used 5 equivalents of phosphorus selenide. Heating freshly prepared 

phosphorus selenide with (R)-BINOL in toluene at 100 °C for 24 hours yielded only 5% 

conversion (entry 1). Extending the reaction time to 72 hours increased the conversion to 29%, 

but further prolongation did not lead to further improvements (entry 4).  
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Table 2-1. Reaction of phosphorus selenide with (R)-BINOL and (R)-BINOLates 

 

Entry X Solvent T, °C Time, h NMR yield, % 

1 [a] H toluene 100 24 5[d] 

2 [a] H toluene 100 48 10[d] 

3 [a] H toluene 100 72 29[d] 

4 [a] H toluene 100 144 30[d] 

5 [a] H toluene 120 72 70[d] 

6 [a] H mesitylene 160 72 72[d] 

7 [b] H toluene 120 72 82[d] 

8 [c] H toluene 120 72 0[d] 

9 [b] K toluene 120 72 95 

10 [b] Li toluene 120 72 83 

[a] with phosphorus selenide prepared by fusion of elements at 450-500 °C for 10-15 minutes; [b] with phosphorus selenide 

sublimated in vacuum at 650 °C after fusion; [c] with molecular P4Se3; [d] detected in the form of 1a due to the oxidation in 

DMSO shown in Scheme 5. 
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During this reaction, the fine powder of phosphorus selenide tended to fuse back into a single 

solid mass, resulting in a significant reduction in the reaction rate. To address this issue and 

maintain a more manageable reaction time, the reaction temperature was increased to 120 °C, 

achieving a 70% conversion (entry 5). Heating at 160 °C in mesitylene did not yield a noticeable 

improvement (entry 6). Sublimation of the crude phosphorus selenide under a vacuum or in an 

argon stream proved effective in breaking the polymeric structure and enhancing reactivity, 

resulting in a conversion of up to 82% (entry 7). Attempts to utilize the well-soluble molecular 

P4Se3
[59] in toluene led to no observable reaction (entry 8). 

 

Figure 2.5. Full conversion of phosphorus containing species towards 5 upon addition of KOMe 

to the reaction mixture shown in Figure 2. 1H (top) and 31P (bottom) NMR spectra (DMSO-d6, 

298 K). 
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Since 4 is prone to oxidation and hydrolysis, its isolation from the reaction mixture using 

conventional separation techniques (i.e. chromatography) is unfeasible. A similar issue was 

previously reported by Kudchadker et al., as they also failed in isolating pure selenophosphoric 

acids after treatment of simple alcohols with P2Se5.[35] However, they successfully prepared the 

corresponding potassium salts by treating their reaction mixtures with KOH or KOEt. In line with 

these findings, we added KOMe to our reaction mixture (depicted in Figure 2-2). This resulted 

in the precipitation of potassium salt 5, along with a minor quantity of deprotonated 

(R)-BINOLate 10 (Figure 2-5). The remaining solution contained 5 with traces of 7a indicating a 

highly effective overall selenation upon addition of KOMe. This observation corroborates our 

selenation hypothesis via the combination of H2Se/Se discussed above (see Scheme 2-4). 

KOMe in presence of H2Se should lead to the formation of KSeH, a much stronger nucleophile, 

which facilitates the transformation of 7a into 5. In accordance with 5 as the exclusive product, 

the 31P NMR spectrum reveals only one signal with a P:Se ratio of 1:2 and a coupling constant 

of 1JPSe = 840 Hz. This indicates that both Se atoms share the same binding order towards the 

phosphorus atom and the relatively small coupling (in comparison with 9) suggests a binding 

order between 1 and 2. With the higher reactivitiy of KHSe in mind, we wanted to generate it in 

situ without any additives and further improve the overall yield of the phosphoselenation. 

Starting the reaction with potassium (R)-BINOLate 10 has the additional advantage that it 

facilitates not only the second selenation step but also the initial nucleophilic attack to 

phosphorous selenide. Indeed, this approach resulted in extremely pure NMR spectra providing 

the signals of over 95% 5 and below 5% BINOL (Scheme 2-6, Table 2-1 entry 9, for spectra see 

Figure S2-11 in SI). Purification from NMR-invisible inorganic side products resulted in a 54% 

isolated yield of solid 5. Additionally, lithium salt 11 was tested. However, it neither improved 

the yield nor facilitated the purification process (Table 2-1 entry 10).The obtained potassium salt 

5 is stable in air and easy to handle. However, for some of the later catalytic applications, the 

free acid is required. Therefore, we treated potassium salt 5 with one equivalent of an ethereal 

solution of hydrogen chloride in dry THF to obtain diselenophosphoric acid 4 (Scheme 2-7, top). 

Conducting this reaction at room temperature resulted in the partial decomposition of 4 despite 

inert conditions (glovebox, argon atmosphere). However, performing this reaction at -80 °C 

allowed the stabilization of 4 and provided much cleaner spectra. Conveniently, the potassium 

chloride formed in this reaction precipitates from the reaction mixture due to its low solubility in 

THF. Fortunately, in most of the catalytic reactions involving chiral CPAs the acidic proton is 

transferred to the substrate forming an anionic CPA and a protonated substrate. Thus, the poor 
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stability of the acid 4 at elevated temperatures can be well-compensated by an excellent stability 

of its anion substrate complex. Indeed, we could stabilize diselenophosphoric acid/amine 

complexes for many days.[60] From these experiences we expect that diselenophosphoric acids 

can be successfully applied in ion-pair catalysis in the future. 

 

Scheme 2-6. Preparation of (R)-BINOLates 10 and 11 enhances the reactivity towards 

phosphorus selenide. 

 

 

Scheme 2-7. Preparation of the free acid 4 and its high proton-acceptor property shown via 

protonation with HCl and H2Se.  
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Next, the structural properties of the diselenophosphoric acid derivatives were investigated. 

Upon transition from 5→4, the 1H and the 31P chemical shifts exhibit negligibly small differences 

while the 77Se signal undergoes a high-field shift of approximately 10 ppm, which indicates an 

interaction with Se (see Figure 2-6a and Figures S2-2 and S2-4 in SI). However, the proton 

exhibits a fast exchange between the two Se atoms on the NMR time scale even at 180 K. As 

a result, only one type of Se is observed in the 77Se and the 31P spectrum as well as a mixed 

binding order in the 1JPSe and no scalar couplings to the proton is detected (see Figure S2-8 in 

SI). 

To our surprise, 4 demonstrates unprecedented high basicity of the selenium double bond 

moiety. When the potassium salt 5 is treated with an excess of hydrogen chloride in Et2O, the 

initially formed 4 undergoes further protonation, yielding the cation 6 (Scheme 2-7, bottom). The 

identical cationic species was even observed upon protonation with the by far less acidic H2Se 

(see Figure S2-1c). The protonation stops the proton exchange between the two Se atoms and 

allows the first time observation of a single-bonded and a double bonded Se atom in the same 

molecule. As a result, two sets of satellite signals are observed in the 31P NMR spectra: a 1JPSe 

coupling constants of 514 Hz, signifying a single bond, and 966 Hz, indicating a double bond 

(see Figure 2-6b). In accordance with two differently bound protons, the proton-coupled 31P 

spectrum displays the signal splitting into a doublet of doublets with 2JPH coupling constants of 

17 and 22 Hz (Figure 2-6c). 
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Figure 2-6. First experimental differentiation of the H-bonding situation to chalcogens in 

phosphoric acid derivatives. The 77Se satellites in the 31P NMR spectra of 4 (a) show a rapid 

exchange of the acidic proton in 4 resulting in a decoupled singlet phosphorus signal and an 

intermediate P-Se binding evidenced by the 1JPSe coupling constant. In contrast, both 31P NMR 

and {1H}31P NMR spectrum of 6 (b, c) show two distinct 77Se satellite pairs. This reveals the 

presence of a P-Se single and a P=Se double bond and is corroborated by the two 2JPH.coupling 

constants detected (c). THF-d8, 180 K. 

Given that phosphine selenides typically exhibit lower basicity in comparison to their phosphine 

oxide counterparts,[61] the behavior of 4 underscores the unprecedentedly high basicity of the 

P=Se moiety. Thus, diselenophosphoric acids provide both a highly acidic SeH moiety and a 

highly basic P=Se moiety. This might be an additional key factor for application of 

diselenophosphoric acid in ion pair catalysis compared to other highly acidic catalysts shown in 

Scheme 2-1. The bifunctional properties of ion pair catalysts are essential for the formation of 

the ternary complexes in many reactions catalyzed by chiral Brønsted acids. Especially, we 
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found that in reductive aminations, the binding constants for Hantzsch ester to form the ternary 

complex was very low[62,63] reducing significantly the overall effectiveness of the catalysis. 

Indeed, quantum chemical calculations of 6 in the presence of two THF molecules have 

revealed a cooperative nature of hydrogen bonding: transitioning from the complex 4·THF to 

6·THF2 leads to a reduction in the Se…O distance, thereby strengthening the hydrogen bond 

(Figure 2-7). Furthermore, protonation of the 4·THF complex facilitates the transfer of a 

hydrogen atom from selenium to oxygen within the Se···H···O hydrogen bond. Consequently, 

the formation of a hydrogen bond with the P=Se moiety enhances the acidity of the Se-H bond, 

which is particularly advantageous for reactions requiring highly potent chiral Brønsted acids. 

Regarding reactivity, our findings suggest that diselenophosphoric acids are likely to facilitate 

both significant substrate activation and effective reagent binding. From a selectivity 

perspective, the C2-symmetry of these compounds, coupled with their diminished propensity for 

dimerization, holds substantial promise for future enantioselective catalysis applications.  
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Figure 2-7. Protonation of 4·THF (top) with the formation of 6·THF2 (bottom) results in the 

strengthening of hydrogen bonds (cooperative bonding) and proton transfer from selenium to 

oxygen atom: the formation of H-bond with P=Se moiety increases the acidity of Se-H bond. 

B3LYP-D3BJ/6-311++G(d,p). 

For NMR practitioners, diselenophosphoric acids offer an unprecedented opportunity to directly 

observe the bonding dynamics between the two donor and acceptor sites in chiral phosphoric 

acids. Taken together, the enhanced acidity and potent proton-accepting capabilities position 

diselenophosphoric acids as an exceptionally promising new category of ion pair catalysts. 
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2.3.5 First Reactivity Tests 

The reactivity of 4 was evaluated in the context of the Mukaiyama-Mannich reaction 

(Scheme 2-8).[64] It was previously shown that substrates lacking an OH group in the N-Ph 

moiety cannot be effectively activated by BINOL-based chiral phosphoric acids 1. In contrast, 

more acidic catalysts, such as N-triflylphosphoramides (Scheme 2-1d) and (trifluoromethyl)-

sulfonyl methanes (Scheme 2-1c), provide fast reactivity, good yields and excellent ee 

values.[24,65] 

 

Scheme 2-8. Activation of imines lacking an OH group in the NPh moiety for Mukaiyama–

Mannich reaction requires stronger chiral Brønsted acids, such as N-triflylphosphoramides and 

(trifluoromethyl)sulfonyl methanes. 

Given that the free acid 4 is prone to oxidation and hydrolysis, the reactive complex 14 was 

prepared in situ in a way avoiding the presence of free acid. First imine 13 is mixed with an 

ethereal solution of HCl (10 mol%) forming the iminium hydrochloride. Then the reaction mixture 

is evacuated to dryness to ensure that no free HCl is left. Next potassium salt 5 (10 mol%) in 

THF is added yielding a mixture of 13 and complex 14 while KCl precipitates. The fact that the 

resulting mixture is stable on air indicates that there is no free acid 4 in THF. The evaporated 

reaction mixture composed of 14 and 13 (for details see experimental procedure) was then 

treated with silyl ether 15 (2 equiv.) in dry toluene at room temperature (Scheme 2-9). After 

24 hours, the NMR spectrum of the crude reaction mixture demonstrated the presence of the 

anticipated product 16, along with an unexpected ester 17, in a 16:17 ratio of 1:2.6. Employing 
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a stoichiometric amount of 14 facilitates the formation of 17 elevating the 16:17 ratio to 1 :16.9. 

These results demonstrated excellent reproducibility. 

 

Scheme 2-9. Diselenophosphoric acid activates Mukaiyama–Mannich reaction together with 

protodesilylation transformation. 

Product 17 originates from protodesilylation of silyl ether 15, a transformation that typically 

requires strong acids such as N-triflylphosphoramides and (trifluoromethyl)sulfonyl methanes 

for the activation.[24] Interestingly, this side reaction has not been previously reported as 

significant in Mukaiyama-Mannich reactions. The observation of this transformation in the case 

of complex 14 is particularly unexpected, in case that the proton is attached to the imine 

nitrogen. Given the poor solubility of ionic species such as 14 in toluene we assume an 

equilibrium of the ion pair 14 with neutral 4 and 13. Under these conditions, while the 

Mukaiyama-Mannich reaction proceeds slowly due to its heterogenous nature, the presence of 

free 4 in the solution facilitates a rapid, homogenous protodesilylation. 
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2.4  Conclusion 

BINOL-based diselenophosphoric acids offer in principle an ideal scaffold for enantioselective 

ion pair catalysis providing very high acidities, C2-symmetry and only one acceptor site but 

haven’t been used in this field so far. Therefore, their principle synthetic access, formation 

pathway, stability and structural properties were investigated on the example of (R)-BINOL-

based diselenophosphoric acids using an intertwined approach of synthesis, NMR spectroscopy 

and quantum chemical calculations. The key step in the reaction of BINOL with phosphorus 

selenide is the oxidative selenation of the initially formed selenophosphide 7 with H2Se in the 

presence of elemental selenium. Fortunately, in situ formation of the exactly required amount of 

H2Se from P2Se5 prevents handling of this exceptionally toxic gas. Starting from potassium (R)-

BINOLate and phosphorus selenide produces in situ the even more effective and non-volatile 

selenation agent KHSe, resulting in up to 98% diselenophosphate 5 formation. The latter was 

isolated with a good yield and can be stored for months at ambient temperature. The 

diselenophosphate 5 can be converted into the more instable free diselenophosphoric acid 4 

via treatment with hydrogen chloride. However, in most catalytic applications, 

diselenophosphoric acids should be instantly deprotonated by the substrate forming stable ion 

pairs again. Indeed, complexes with ammonium substrates were found to be stable for days.[60] 

An unexpected discovery with a high potential for catalytic applications is the exceptionally high 

basicity of the P=Se moiety. Treatment of the free diselenophosphoric acid 4 with an excess of 

hydrogen chloride or hydrogen selenide led to the formation of stable 4·H+ species with such a 

slow proton exchange that for the first time P=SeH and P-SeH moieties can be differentiated. 

This protonation might be also supported by the reduced trend of diselenophosphoric acids to 

self-aggregate compared to phosphoric acids, as shown by the computational studies. The 

bifunctionality of chiral acids is a key feature for their catalytic applications. Here, we show that 

diselenophosphoric acids provide both very high proton donor and proton acceptor properties. 

The initial tests on reactivity have underscored the markedly higher acidity of 

diselenophosphoric acids relative to the commonly employed phosphoric acids. This increased 

acidity enables the initiation of both the Mukaiyama-Mannich reaction and the protodesilylation 

of silyl ethers. Coupled with the C2-symmetry of the catalysts, the unique single donor and single 

acceptor scenario, a reduced propensity for self-association, straightforward synthesis, and the 

feasibility of 3,3’-substitution, these diselenophosphoric acids embody an optimal blend of 

desirable characteristics. Consequently, they stand out as highly promising candidates for 

advancing the field of ion pair catalysis. 
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Experimental Details 

General 

Toluene, acetonitrile and THF were dried by the mbraun solvent purification system SPS 5. 

Liquid-state NMR experiments were either performed using a Bruker Avance III HD NMR 

spectrometer (600 MHz for 1H) equipped with a 5 mm triple resonance broadband inverse probe 

with 19F-selective channel (TBI-F) with z gradient or a Bruker Avance III HD 400 MHz 

spectrometer with 5 mm BBO BB-1H/D probe head. Chemical shifts are referenced to TMS or 

solvent for 1H and 13C, to H3PO4 (85% in H2O) for 31P and to Me2Se for 77Se. Spectrometer 

control was performed by Bruker Software TopSpin 3.2 PL 7.  

Mass-spectra were obtained either on a Jeol AccuTOF GCX or an Agilent Q-TOF 6540 UHD. 

Methanol, DCM or chloroform were used as the solvent. 

 

Synthesis 

 

Phosphorus Selenide 

Dry red phosphorus (109 mg, 3.50 mmol) and gray selenium (692 mg, 8.75 mmol) were 

weighed into a test tube inside the glove box and mixed thoroughly. The tube was sealed with 

a septum and ejected. The mixture was heated under 10 mbar of argon atmosphere at 650 °C 

for 15 min. The formed liquid was allowed to cool down to room temperature. The glassy product 

was mortared inside the glove box to create a fine blend. The product was obtained as a glassy 

amorphous solid (657 mg, 1.42 mmol, 82%). 

General Reaction of (R)-BINOL with Phosphorus Selenide 

Inside the glove box, (R)-1,1’-Binaphthol (100.2 mg, 0.35 mmol, 1 equiv.) was dissolved in 

toluene (SPS dry, 2 mL). Phosphorus selenide (801 mg, 1.75 mmol, 5 equiv.) was added to the 

solution. The heterogenous mixture was sealed, ejected from the glove box, and refluxed for 

72 h. Afterwards, the reaction mixture was allowed to cool down and was filtered inside the 
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glove box. The solution was subjected to NMR measurements, or the solvent was removed 

under reduced pressure and the residue was dissolved in DMSO-d6 to determine the 

conversion. 

Potassium Diselenophosphate 5 

Inside the glove box, (R)-1,1’-Binaphthol (0.35 mmol, 1 equiv.) and potassium methoxide 

(49.1 mg, 0.70 mmol, 2 equiv.) were dissolved in THF (SPS dry, 2 mL). The solution was stirred 

at room temperature for 1 h. Afterwards, the solvent and the formed methanol were removed 

under reduced pressure to yield 9 as yellow crystals. To a 10 mL pressure tube a solution of 9 

in toluene (SPS dry, 2 mL) and phosphorus selenide (808 mg, 1.75 mmol, 5 equiv.) were added 

inside the glove box. The suspension was stirred at 120 °C for 72 h under argon atmosphere. 

The reaction mixture was diluted with THF (SPS dry, 20 mL) and the solution was separated via 

centrifugation. The solvent was removed under reduced pressure. The formed yellow solid was 

washed with boiling toluene (3×5 mL) to yield 5 as colorless crystals (96 mg, 0.19 mmol, 54%) 

decomp. over 240 °C. 

1H NMR (THF-d8, 400 MHz): δ = 7.94 (d, 4H, J=8.5 Hz), 7.59 – 7.52 (m, 2H), 7.45 – 7.35 (m, 

4H), 7.22 (t, 2H, J=7.8 Hz) ppm.  

13C NMR (THF-d8, 101 MHz): δ = 150.23 (d, J=14.2 Hz), 132.80, 131.40, 128.57, 128.11, 

126.91, 125.18, 124.20, 123.79 (d, J=2.1 Hz), 123.59 (d, J=3.2 Hz) ppm. 31P NMR (THF-d8, 162 

MHz): δ = 107.65 ppm.  

77Se NMR (THF-d8, 76 MHz): δ = 111.45 (d, J=817.1 Hz) ppm.  

HRMS (ESI): m/z [M − K]− calcd. for C20H12O2PSe2
−: 474.8911; found: 474.8919. 
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Diselenophosphoric acid 4 

At −80 °C, potassium diselenophosphate 5 (15.23 mg, 0.03 mmol, 1 equiv.) was dissolved in 

dry THF-d8 (0.6 mL) and treated with ethereal hydrogen chloride (2.0 M, 15 µL, 0.03 mmol, 1 

equiv.). The formed non-isolable diselenophosphoric acid 4 was directly measured at 180 K. 

1H NMR (400 MHz, THF-d8) δ = 7.87 (d, J = 8.7 Hz, 4H), 7.48 (dd, J = 8.8, 1.3 Hz, 2H), 7.38 – 

7.30 (m, 4H), 7.18 – 7.11 (m, 2H).  

31P NMR (243 MHz, THF-d8) δ = 109.72 (d, J = 821.4 Hz).  

77Se NMR (114 MHz, THF-d8) δ = 101.16 (d, J = 823.0 Hz).  

Diselenophosphoric acid hydrochloride 6 

At −80 °C, potassium diselenophosphate 5 (15.23 mg, 0.03 mmol, 1 equiv.) was dissolved in 

dry THF (2 mL) and treated with ethereal hydrogen chloride (2.0 M, 45 µL, 0.09 mmol, 3 equiv.). 

The reaction mixture was filtered inside the glovebox and the solvent was removed under 

reduced pressure. The resulting non-isolable diselenophosphoric acid cation 6 was dissolved in 

dry THF-d8 (0.6 mL) and measured at 180 K. 

1H NMR (600 MHz, THF-d8) δ = 10.68 (br. s, 3H), 8.52 – 8.20 (m, 4H), 7.96 – 7.33 (m, 8H).  

31P NMR (243 MHz, THF-d8) δ = 109.34 (d, J = 817.0 Hz). 

 

Reactivity Test 

Mukaiyama-Mannich reaction and protodesilylation reaction 

At room temperature, potassium diselenophosphate 5 (8.85 mg, 0.017 mmol, 0.1 eq.) and imine 

13 (36.49 mg, 0.170 mmol, 1.0 eq.) were dissolved in dry toluene (0.6 mL) and treated with 

ethereal hydrogen chloride (2.0 M, 8.6 µL, 0.017 mmol, 0.1 eq.). The solvents were removed 

under reduced pressure and toluene-d8 was added. Silyl acetal 15 (60.22 mg, 0.340 mmol, 

2.0 eq.) was added. A closer NMR analysis of the reaction mixture at room temperature revealed 
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the presence of both Mukaiyama-Mannich reaction product 16 and the protodesilylation product 

17.  

Computational Details 

Geometry optimization and harmonic vibrational frequency calculations were performed at the 

B3LYP-D3BJ/6-311++G(d,p) level using the Gaussian 16 revision A03 software.[124] All 

structures were checked for the absence of imaginary frequencies and for satisfying standard 

convergence criteria. Solvation effects for 4 were considered implicitly (CPCM model with THF 

dielectric constant) and explicitly (four THF molecules placed in the proximity of 4). NMR 

parameters were calculated using the GIAO approach at the same level of theory. Shielding 

constants were converted to chemical shift using 31P nuclei shielding for H3PO4. 
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2.7 Supporting Information 

 

Table S2-1:  

Conditions for the preparation of phosphorus selenide and their impact on the reactivity with 

(R)-BINOL 

 

Run P2Se5 synthesis conditions BINOL 
conversion 

1 fused for 15 min. in a test tube using heat gun (≈650 oC) under 
Ar atmosphere 70 

2 fused for 72 hours in a sealed ampoule in an oven (≈ 500 oC) 
under Ar atmosphere 75 

3 fused for 15 min. under Ar atmosphere using heat gun and 
afterwards sublimated in vacuum 82 
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Copies of NMR spectra 

 

Figure S2-1. (a) 31P NMR spectrum of the crude reaction mixture in toluene, obtained after 

treatment of BINOL with phosphorus selenide; (b) 31P NMR spectrum of the same mixture after 

addition of THF: dimeric 8 transforms in monomeric 4; (c) 31P NMR spectrum of the same 

mixture after addition of hydrogen selenide in THF: 7a undergoes oxidative selenation with the 

formation of 4·H2Se. 
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Figure S2-2. 1H NMR spectrum of 5 (THF-d8, 298 K, 400.1 MHz). 

 

Figure S2-3. 13C NMR spectrum of 5 (THF-d8, 298 K, 100.6 MHz). 
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Figure S2-4. 31P (left) and 77Se (right) NMR spectra of 5 (THF-d8, 298 K, 162.2 MHz for 31P and 

76.3 MHz for 77Se). 

 

Figure S2-5. 1H NMR spectrum of 9 (benzene-d6, 298 K, 600.1 MHz). 
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Figure S2-6. 31P (left) and 77Se (right) NMR spectra of 9 (benzene-d6, 298 K, 242.9 MHz for 31P 

and 114.5 MHz for 77Se). 

 

Figure S2-7. 1H NMR spectra of 4 at 298 K(top) and 180 K (bottom) (THF-d8, 600.1 MHz). The 

sample is obtained in-situ by mixing solution of 5 with 1 equiv. of ethereal solution of HCl. Signals 

of the decomposition products are marked with *. 
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Figure S2-8. 31P (left) and 77Se (right) NMR spectra of 4 (THF-d8,, 180 K, 242.9 MHz for 31P 

and 114.5 MHz for 77Se). The sample is obtained in-situ by mixing solution of 5 with 1 equiv. of 

ethereal solution of HCl. Signals of the decomposition products are marked with *. 

 

Figure S2-9. 1H NMR spectrum of 6 (THF-d8, 180 K, 600.1 MHz). The sample is obtained in-

situ by mixing solution of 5 with 3 equiv. of ethereal solution of HCl. 
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Figure S2-10. 1H NMR spectrum of 6 (THF-d8, 180 K, 600.1 MHz). The sample is obtained in-

situ by mixing solution of 5 with 3 equiv. of ethereal solution of HCl. 

 

Figure S2-11. 1H NMR spectrum of crude mixture after reaction of BINOLate 10 with 

phosphorus selenide (CD3CN, 298 K, 400.1 MHz). Conversion of starting material reaches 98%.  
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Computational details 

 

Figure S2-12. Optimized geometries of the dimer 6 in a vacuum (a) and the formation of 

monomeric 4 in the presence of THF molecules (b), mutual orientation of three molecules of 4 

in vacuum (c), monomeric 4 in the presence of THF molecules (d) calculated using B3LYP-

D3BJ/6-311++G(d,p) method. Hydrogen atoms (except for SeH) are omitted for clarity. 
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3 Improved Synthesis of Chiral Diselenophosphoric Acid Catalysts and 

Introduction of Substituents for Stereoselective Transformations 

 

J. Eder, S. Knapp, N. Müller, F. Schmidt, N. Reisinger, J. E. A. Lavarda, A. S. Antonov, B. 

König, N. Korber, R. M. Gschwind 

To be submitted 

A) J. Eder planned all experiments, synthesized and analyzed the catalysts. B) S. Knapp 

synthesized starting materials and performed experiments, assisted by J. E. A. Lavarda. C) N. 

Müller and B. König planned, performed and analyzed HPLC measurements. D) F. Schmidt and 

N. Korber provided the potassium selenide reagent. E) N. Reisinger assisted in experiments, 

crystallization experiments and X-ray analysis. F) A. S. Antonov contributed to the design of 

experiments and interpretation of data and proofreading of the manuscript. G) R. M. Gschwind 

contributed to the project's conceptualization, experimental design, data interpretation, 

manuscript writing and proofreading, and secured funding. 

 

Preliminary version – text and figures may differ from the final manuscript. In the Supporting 

Information, only the results of this work are displayed. 
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3.1  Abstract 

In contemporary asymmetric organocatalysis, the development of acidic catalysts plays a key 

role by enabling the activation of diverse substrates. In this study, we present an enhanced and 

streamlined procedure for the synthesis of 3,3’-disubstituted chiral BINOL-based 

diselenophosphoric acids (DSA) – promising highly acidic Brønsted catalysts. Our approach is 

based on the reaction between easily available phosphoroselenoyl chlorides and potassium 

selenide. This optimized method offers mild reaction conditions, high yields, and great product 

purity. Additionally, it demonstrates excellent reproducibility, ensures complete conversion, and 

is highly atom-economic. The improved synthesis successfully yields BINOL-based DSAs as 

well as VANOL-based DSA, both of which exhibit increased acidity relative to conventional chiral 

phosphoric acids. The obtained DSAs demonstrate excellent performance in asymmetric 

transfer hydrogenation of enones, providing enantiomeric ratios (e.r.) of up to 95:5. The 

discovered negative influence of potassium ions on the e.r. value is successfully overcome by 

addition of a complexation reagent to the reaction mixture. 
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3.2  Introduction 

The advanced capabilities of contemporary organic synthesis are largely due to the 

development of efficient catalytic methods. Metal-free organocatalysis, as an essential branch 

of asymmetric catalysis, has played a crucial role in advancing the modern synthesis of complex 

chiral molecules.[1–3] Within the diverse areas of organocatalysis, a range of non-covalent 

interactions, including hydrogen bonds, as well as electrostatic and steric effects, are effectively 

utilized and integrated.[4] A significant advancement in metal-free ion pair catalysis was the 

introduction of chiral phosphoric acid (CPA) catalysts featuring a 1,1'-bi-2-naphthyl (BINOL) 

backbone (Figure 1).[5,6]  

 

Figure 3-1: (A) Structure of a C2-symmetric BINOL-based chiral phosphoric acid catalyst. The axial chirality of the 

BINOL-backbone alongside the bulky 3,3’-substituents create an active site guiding the reactants into a specific 

orientation. The phosphoric acid group functions as bifunctional scavenger, allowing activation of both electrophiles 

and nucleophiles. (B) Comparison of different organocatalysts. DSAs resembles the structural features of CPAs, 

such as C2-symmetry and a single acceptor site, and show enhanced acidity. (C) Increased reactivity of DSAs was 

previously shown in the context of a Mukaiyama-Mannich reaction. 
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These chiral Brønsted acids are widely recognized for their broad substrate compatibility, 

excellent stereoselectivity, and ability to deliver high yields.[7] They have been successfully 

employed in a variety of stereoselective reactions, such as inter- and intramolecular 

heterocyclizations, Mannich-reactions, Strecker reactions, transfer hydrogenations, and many 

others. [8–13] 

The exceptional performance of BINOL-based CPA catalysts can be attributed to their unique 

structural features (see Figure 3-1, A., X = O). These catalysts are characterized by an axially 

chiral BINOL backbone, C2-symmetry, variable 3,3’-substituents, and a bifunctional phosphoric 

acid group. The axial chirality of the BINOL backbone is essential because it enables the CPA 

to distinguish between the enantiotopic faces of substrates. This occurs through the formation 

of specific hydrogen bonds, enabling stereochemical control of the reaction.[14,15] The bulky 3,3’-

substituents introduce steric hindrance around the active site, effectively shielding one face of 

the substrate, influencing both the yield and the enantiomeric excess of the reactions.[16,17] The 

Brønsted acidic P-O-H group serves as a scavenger through hydrogen bonding. 

Simultaneously, the phosphoryl oxygen (P=O) in the catalyst exhibits Lewis basicity, providing 

the catalyst with dual functionality. This dual functionality is crucial, as it enables the activation 

of both the substrate and the reagent, thereby facilitating a broad range of reactions with high 

efficiency and selectivity.[15] 

CPAs facilitate a wide range of reactions, but their relatively moderate acidity limits their 

application primarily to basic substrates such as ketimines or aziridenes.[18] Since increased 

catalyst acidity is often associated with enhanced reactivity,[19,20] numerous efforts over the past 

two decades have focused on modifying BINOL-based catalysts to expand the scope of 

asymmetric organocatalysis. Since then, researchers have developed a variety of new chiral 

“superacids”[27] with enhanced acidity, like N-triflylphosphoramides NTPAs 2, disulfonimides 

DSIs 3, and others (see Figure 3-1, B.).[21–24] These modifications have indeed improved the 

acidity of the catalysts and expanded their ability to activate otherwise unreactive substrates. 

However, these highly acidic catalysts introduce new complications, such as the possibility of 

formation of multiple intermediate structures and transition states due to the presence of multiple 

hydrogen bond acceptors.[25,26] Additionally, the substitution of the OH group with more complex 

functionalities disrupts the favorable C2-symmetry. As a result, these acids provide imperfect 

enantiomeric excess values in some cases.[18] 
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To address this challenge, we developed a first chiral diselenophosphoric acid DSA 4 (R=H) in 

our previous work (see Figure 3-2, previous work).[24] The replacement of the oxygen atoms with 

selenium not only enhances its acidity but also preserves the C2-symmetry. In addition to these 

advantages, our DSA catalyst features only a single hydrogen bond acceptor site. The 

enhanced acidity and streamlined design of the DSA catalyst enable it to effectively activate 

substrates that are typically too inert for traditional CPAs. For instance, our DSA catalyst 

successfully activates certain aldimines which are usually challenging for classic CPAs (see 

Figure 3-1, C.).[21,27] Through this innovative approach, we have expanded the range of 

substrates that can be efficiently processed, offering new possibilities for catalytic applications. 

Although we have already developed a synthetic route achieving up to 98% NMR yield of the 

unsubstituted potassium salts of a BINOL-based DSA (DSA-K), the introduction of 3,3’-

substituents remained a challenge (see Figure 3-2, previous work). While the reaction showed 

high selectivity, the reactivity was dramatically decreased. This could be due to the bulkiness of 

the 3,3’-substituents which prevents efficient interaction with the polymeric phosphorus 

selenide.  

Therefore, in this study, we present an improved and simplified synthesis for DSA-K 6 that 

delivers excellent NMR yields, high isolated yields, and allows for a range of different 3,3'-

substituents (see Figure 3-2, this work, A.). This new approach not only improves efficiency but 

also broadens the scope of potential applications by accommodating diverse structural 

variations. Furthermore, the synthesis proceeds under very mild conditions and is completed 

quickly. The handling and workup are straightforward, ensuring high reproducibility and reduced 

chemical waste. Interestingly, the crystal structure of a DSA-K showed dimeric aggregation. 

Thereby, the dimerization occurs via potassium, which is coordinated to the selenium atoms of 

one DSA molecule and the aromatic ring of the 3,3’-substituent of the other one (see 

Figure 3-2, B.). Furthermore, in this work, the first enantioselective transformation catalyzed by 

chiral diselenophosphoric acids is reported, proofing its applicability in asymmetric ion-pair 

catalysis (see Figure 3-3, C.). Notably, it has been shown that DSA-K 6 can be easily 

transformed into its acid counterpart 4 by addition of ethereal hydrogen chloride solution.[24] Due 

to the high reactivity of 4, the catalyst is stored as 6 and only prepared in situ, and is therefore 

displayed as the potassium salt 6 here. 
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Figure 3-2: Previous work introduced a synthesis for DSA-K with R = H. This work not only improved the synthesis 

to mild conditions but also offers access to R ≠ H systems (A), provides X-ray data which shows dimeric aggregation 

(B) and incorporates successful selectivity studies of DSA-catalysts (C). 

 

Figure 3-3: Various model systems of DSA-K, including unsubstituted 6a, 2,4,6-trimethylphenyl 6b, 

2,4,6-triisopropylphenyl 6c, 9-anthracenyl 6d, and 3,5-trifluoromethylphenyl 6e derivatives. These substituents vary 

in their electronical and steric properties, enabling fine-tuning of the active center. 
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Variation in 3,3’-substituents plays a crucial role in fine-tuning the size of the active center. This 

is particularly intriguing because selenium, being bulkier than oxygen, may lead to increased 

pocket angles. At the same time, the key advantage of selenium is its beneficial properties for 

NMR spectroscopy, in contrast to oxygen, which exhibits unfavorable characteristics in this 

regard. Incorporating selenium into DSA catalysts enables advanced spectroscopic analysis by 

utilizing the 77Se isotope. Firstly, 77Se has a natural abundance of 7.58%, which, while moderate, 

is sufficient for practical applications. Secondly, it possesses a positive gyromagnetic ratio, 

making it highly suitable for magnetic resonance studies. Most importantly, 77Se is a non-

quadrupolar nucleus, meaning it avoids quadrupolar broadening, a common issue that 

complicates NMR signals. These properties make 77Se a powerful tool for investigating reaction 

mechanisms, particularly those involving DSA catalysts. Furthermore, selenium’s direct 

participation in hydrogen bonding makes it highly sensitive to its local environment. This 

sensitivity is reflected in its coupling constants, allowing for the detection of subtle structural 

changes. By analyzing 77Se satellites in 31P spectra, researchers can gain detailed insights into 

reaction mechanisms, shedding light on molecular-level transformations in DSA-catalyzed 

processes. 
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3.3  Results and Discussion 

In our previous work we have demonstrated full conversion of potassium (R)-BINOLate to DSA 

4a using phosphorus selenide with high reproducibility. In this study we attempted to expand 

this approach for the synthesis of 3,3’-substituted DSAs 4b-e. Although the utilization of 3,3’-

substituted BINOLates also showed high selectivity, the reactivity was notably worse (up to 13%, 

see SI Figure S3-1) not allowing preparative access to 4b-e. We assume that the steric 

hindrance provided by the 3,3’-substituents limits the interaction of the BINOLate and the 

polymeric phosphorus selenide reagent.  

In response to the limitations of the previous approach, we developed a novel synthetic pathway 

to access DSAs 4. This new method involves the treatment of phosphoroselenoyl chlorides 7 

with the monomeric potassium selenide reagent, offering a more efficient and streamlined 

process (see Table 3-1). Phosphoroselenoyl chlorides 7 can be synthesized by reacting 

BINOL 5 with phosphorus trichloride and elemental selenium, using triethylamine as a base to 

facilitate the reaction.[28] The use of phosphoroselenoyl chlorides 7 eliminates the need for 

complex reagents like polymeric phosphorus selenide, simplifying the overall reaction 

conditions. The subsequent treatment of the phosphoroselenoyl chloride with potassium 

selenide - a reagent that is stable and can be easily stored under an argon atmosphere - 

provides direct access to the potassium salt of diselenophosphoric acid 6 (DSA-K). During this 

transformation, potassium chloride is generated as the sole by-product.  

Consequently, the reaction was subjected to screening and optimization of its parameters. 
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Table 3-1: Optimization of DSA-K 6a synthesis. 

 

 

Run Solvent K2Se, equiv. T, °C Time, h NMR yield, % 

1 toluene 1 120 72 76 

2 toluene 2 120 72 94 

3 toluene 5 120 72 70 

4 THF 1 70 72 78 

5 MeCN 1 80 72 87 

6 THF 2 70 72 97 

7 MeCN 2 80 72 99 

8 MeCN 2 80 18 98 

9 MeCN 2 60 18 98 

10 MeCN 2 25 18 98 

11 MeCN 2 25 10 min 97 



Improved Synthesis of Chiral Diselenophosphoric Acid Catalysts and Introduction of Substituents for 

Stereoselective Transformations 

 

102 

 

The initial experiment closely mirrored the conditions of previous studies,[24] employing high 

temperatures in toluene and extended reaction times (Run 1), which resulted in a 76% NMR 

yield. Increasing the amount of potassium selenide to 2 equivalents improved the yield to 94% 

(Run 2), while a further increase to 5 equivalents led to a notable decline (70%, Run 3). Next, a 

solvent screening was conducted, revealing MeCN as the most effective choice (Runs 4 and 5). 

For both THF and MeCN, the use of 2 equivalents of potassium selenide yielded the best results 

(Runs 6 and 7), with acetonitrile achieving an NMR yield of 99%. Since the solvent change 

coincided with a reduction in reaction temperature, this parameter - along with reaction time - 

was systematically optimized (Runs 8–11). The study demonstrated that the reaction could 

proceed efficiently even at room temperature, underscoring the robustness of the optimized 

conditions. This advancement enables lower-energy, faster reactions while maintaining 

excellent product yields. The new approach enhances control over the reaction process, 

reduces the dependence on high temperatures, and minimizes the reaction time to 10 min. 

Additionally, the improved method streamlines handling and workup, making the process more 

practical and reproducible for future catalytic applications. Using these optimized conditions, 

various substituted DSA-Ks 6 were successfully synthesized, achieving isolated yields of 86–

92%. Keeping in mind the bulkiness of 3,3’-substituted 7 in a typical experiment, the reaction 

mixture was kept for 1 h to ensure full conversion (see experimental part for details). 

 

Figure 3-4: Screening of different 3,3’-substituents with isolated yields of up to 92%.  

Additionally, we have found that our novel procedure can also be effectively applied to other 

asymmetric diols such as VANOL – a known ligand in Lewis acid catalysis (for details, see SI 

Figure S3-2).[29,30] 
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3.4  First selectivity tests 

Since the reactivity of the DSA catalyst was established in previous studies,[24] this work focuses 

on selectivity, enabled by the introduction of 3,3’-substituents. The applicability of DSAs in ion 

pair catalysis was assessed in an asymmetric transfer hydrogenation (ATH) with an 

α,β-unsatured ketone 8 as substrate and Hantzsch’ ester 10 as hydride donor. Previous studies 

by the List group demonstrated that combining a chiral anion with a chiral cation, as employed 

in asymmetric counteranion-directed catalysis (ACDC), can generate highly active catalysts for 

this transformation.[31] Using a TRIP-CPA / valine ester catalyst 11, they achieved excellent 

enantioselectivites with enantiomeric ratios (e.r.) of up to 98:2 (see Figure 3-5). This highly 

efficient reaction, which has been successfully established with CPA, was strategically selected 

for a proof-of-principle study. By testing our catalyst under these conditions, we aimed to 

demonstrate that the increased bulkiness of selenium compared to oxygen does not 

compromise key structural advantages, such as C₂ symmetry. 

 

Figure 3-5: ATH of an α,β-unsatured ketone 8 with Hantzsch’ ester 10 as hydride donor with different catalysts. 

Catalyst 13 shows comparable results to the established CPA-valine ester catalyst 11. 

To enable comparison, a TRIP-DSA valine ester catalyst 13 was prepared by combining valine 

ester hydrochloride with 6c, followed by filtration and the addition of 18-crown-6 to remove most 

of the resulting KCl. This catalyst achieved an enantiomeric ratio of 95:5 for product 9, 
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demonstrating a performance comparable to that of 11. However, when KCl was not removed, 

the performance of 13∙KCl dropped significantly, yielding an e.r. of 73:27. 

We propose that in the presence of KCl, the contact ion pair of 13 is disrupted due to the 

competitive coordination of the DSA anion with the potassium cation (see Figure 3-6). This 

interference likely forces the reaction to occur outside the chiral catalytic pocket, leading to a 

dramatic decrease in enantioselectivity. Supporting this hypothesis, the use of catalyst 12, which 

consists of an achiral anion such as trifluoroacetic acid (TFAA) and valine ester, resulted in a 

similar decline in enantioselectivity, yielding an e.r. of 70:30. 

Notably, adding 18-crown-6 to the reaction mixture containing KCl improved the e.r. to 90:10, 

suggesting that even stronger complexation agents, such as [2.2.2]-cryptand, accompanied by 

initial removal of KCl by filtration, could further enhance both reactivity and selectivity.  

 

Figure 3-6: Catalyst de-activation by salt metathesis of 13 with solvated potassium chloride. The resulting free 

activated valine ester salt decreases e.r. 
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3.5  Conclusion 

3,3’-Substituted BINOL-based diselenophosphoric acids represent a promising scaffold for 

enantioselective ion pair catalysis, offering exceptional acidity, C2-symmetry, and a single 

acceptor site. This study explores their efficient synthesis and initial reactivity in catalytic 

applications. Building upon previous work, we identified limitations in our original synthetic route, 

which involved potassium BINOLate and phosphorus selenide, as it proved unsuitable for 

substituted derivatives. To overcome this challenge, we developed an improved and 

straightforward synthetic approach. By combining phosphoroselenoyl chlorides and potassium 

selenide under mild reaction conditions, we successfully synthesized various DSA-K derivatives 

6a-e with excellent yields, reproducibility, and purity. 

While free DSAs are highly reactive and thus prone to oxidation and hydrolysis, their salts 

demonstrate excellent stability for catalytic applications. We have demonstrated that DSA-K 6c, 

combined with valine ester chloride, forms an active catalyst 13. This catalyst allows to achieve 

e.r. in asymmetric transfer hydrogenation reaction comparable to the previously published TRIP-

CPA valine ester system 11. Notably, the formation of KCl during the generation of catalyst 13 

significantly diminished both e.r. and reactivity, highlighting the importance of rigorous KCl 

removal. This issue was successfully overcome by initial filtration of the solution of 13 and 

addition of 18-crown-6 to bind traces of potassium ions present in solution. 

Overall, this work introduces a novel and efficient synthetic route to 3,3’-substituted BINOL-

based diselenophosphoric acids (DSAs), which exhibit superior acidity compared to CPAs while 

retaining C2 symmetry and a single acceptor site. We developed an enhanced pathway for their 

preparation and demonstrated their effectiveness in stereoselective transformations. These 

advancements position DSAs as highly promising tools for enantioselective ion pair catalysis, 

facilitating their broader application in both synthetic and mechanistic studies. 
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3.6  Experimental section 

General 

Toluene, acetonitrile and THF were dried by the mbraun solvent purification system SPS 5. 

Liquid-state NMR experiments were either performed using a Bruker Avance III HD NMR 

spectrometer (600.1 MHz for 1H) equipped with a 5 mm triple resonance broadband inverse 

probe with 19F-selective channel (TBI-F) with z gradient or a Bruker Avance III HD 400.1 MHz 

spectrometer with a 5 mm BBO BB-1H/D probe. Chemical shifts are referenced to TMS or 

solvent for 1H and 13C, to H3PO4 (85% in H2O) for 31P and to Me2Se for 77Se. Spectrometer 

control was performed by Bruker Software TopSpin 3.2 PL 7. 

Mass-spectra were obtained either on a Jeol AccuTOF GCX or an Agilent Q-TOF 6540 UHD. 

Methanol, DCM or chloroform were used as the solvents. 

Synthesis 

Phosphoroselenoyl chlorides[28]  

The 3,3´-substituted BINOL derivative (1 equiv.) as well as grey selenium (1 equiv.) were 

weighed in and transferred under argon atmosphere into a flame dried pressure tube containing 

a magnetic stir bar. Upon addition of PCl3 (1 equiv.), everything was dissolved in SPS dry 

toluene (1.2 mL). Then, NEt3 (2 equiv.) was added and the reaction mixture was stirred at 

110 °C for 24 h. The products were obtained after column chromatography as colourless or 

yellowish powders with up to 81 % yield. (for details see SI). 

Potassium Diselenophosphates 

Inside the glovebox, phosphoroselenoyl chlorides (1 equiv.) and potassium selenide (2 equiv.) 

were weighed in and acetonitrile (2 mL, SPS dry) was added. The mixture was stirred at room 

temperature. After 1 h, the mixture was centrifuged (4000 rpm, 5 min) and the precipitate was 

filtered off. The solvent was evaporated under reduced pressure to yield potassium 

diselenophosphates (86-92%) as yellowish solid. 
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Valine ester chloride 

Valine ester (1 equiv.) was dissolved in diethyl ether (1 mL). The solution was treated with an 

ethereal solution of hydrogen chloride (1 equiv.) and stirred for 10 minutes at room temperature. 

Then, the solvent was removed under reduced pressure yielding the product as white solid 

(99%). 

TRIP-DSA ∙ valine ester complex 13 

Inside the glovebox, 6c (1 equiv.) and valine ester chloride (1 equiv.) were weighed in and 

dissolved in THF (1 mL, SPS dry). The mixture was stirred for 10 min at room temperature. The 

formed potassium chloride was filtered off and the solvent was evaporated under reduced 

pressure yielding the activated catalyst 13 as yellowish solid (up to 75%). 

Reactivity Test 

Asymmetric Transfer Hydrogenation of α,β-unsaturated Ketones  

The α-substituted-α,β-unsaturated ketone (20 mg, 19.3 μL, 0.10 mmol) was dissolved in Bu2O 

(0.3 mL) and added under argon atmosphere into a flame-dried pressure tube containing a 

magnetic stir bar. Upon addition of the corresponding catalyst (0.005 mmol) and Hantzsch ester 

(30.4 mg, 0.12 mmol), the reaction mixture was stirred at 60 °C under argon atmosphere for 

48 h. The crude reaction mixture was treated with KOH aqueous solution. The organic phase 

was washed with KOH (3 x 0.3 mL), combined, dried over MgSO4 and filtered. The resulting 

solution was analyzed by HPLC for e.r. determination. 
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3.9  Supporting Information 

3.9.1 TRIP-DSA-K Synthesis with Previous Procedure 

 

Figure S3-1: Incomplete conversion of 5c with phosphorus selenide to 6c. 

 

Figure S3-2: 1H NMR spectrum (400.1 MHz, THF-d8, 298 K) of the reaction mixture of 5c -> 6c. Incomplete 

conversion of 5c with phosphorus selenide to 6c can be observed. 
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Figure S3-3: 31P NMR spectrum (161.9 MHz, THF-d8, 298 K) of the reaction mixture of 5c -> 6c. The reaction 

proceeds with high selectivity. Starting material 5c is invisible in 31P spectra. 

 

3.9.2 Synthesis and analysis of VANOL-DSA-K  

The synthesis of VANOL-DSA-K follows the general procedure described in the experimental 

section (see Chapter 3.6). The product was obtained with 60% isolated yield (99% conversion). 

 

Figure S3-4: Synthesis of VANOL-DSA-K.  

Mass Spectrometry 

calc. for C32H20O2PSe2
- [M]- 626.9537, found 626.9546. 
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NMR Spectroscopy 

 

Figure S3-5: 1H NMR spectrum of VANOL-DSA-K (600.1 MHz CD3CN, 298 K,). 

 

Figure S3-6: 13C NMR spectrum of VANOL-DSA-K (150.9 MHz, CD3CN, 298 K). 
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Figure S3-7: 31P NMR spectrum of VANOL-DSA-K (242.9 MHz, CD3CN, 298 K), 1JPSe = 841.0 Hz. 

 

Figure S3-8: 77Se NMR spectrum of VANOL-DSA-K (CD3CN, 298 K, 114.5 MHz) 1JPSe = 841.0 Hz. 
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3.9.3 Synthesis and Analysis of DSA-K 6b-e 

The synthesis of DSA-Ks 6b-e follow the general procedure described in the experimental 

section (see Chapter 3.6). The products were obtained with 86-92% isolated yield (99% 

conversion). 

 

Potassium bis[2,4,6-(CH3)3C6H2]-diselenophosphate salt (TRIM-DSA-K) 6b 

 

Figure S3-9: 1H NMR spectrum of TRIM-DSA-K (600.1 MHz, CD3CN, 298 K). 
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Figure S3-10: 13C NMR spectrum of TRIM-DSA-K (150.9 MHz, CD3CN, 298 K). 

 

Figure S3-11:  31P NMR spectrum of TRIM-DSA-K (CD3CN, 298 K, 242.9 MHz), 1JPSe = 843.6 Hz. 
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Figure S3-12:  77Se NMR spectrum of TRIM-DSA-K (CD3CN, 298 K, 114.5 MHz) 1JPSe = 843.6 Hz. 
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Potassium bis[2,4,6-(iPr)3C6H2]-diselenophosphate salt (TRIP-DSA-K) 6c 

 

Figure S3-13:  1H NMR spectrum of TRIP-DSA-K (400.1 MHz, CD3CN, 298 K). 

 

Figure S3-14:  13C NMR spectrum of TRIP-DSA-K (100.6 MHz, CD3CN, 298 K). 
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Figure S3-15:  31P NMR spectrum of TRIP-DSA-K (162.2 MHz, CD3CN, 298 K), 1JPSe = 840.1 Hz. 

 

Figure S3-16:  77Se NMR spectrum of TRIP-DSA-K (76.3 MHz, CD3CN, 298 K), 1JPSe = 840.1 Hz. 
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Potassium bis(9-anthracenyl)-diselenophosphate salt (Anthra-DSA-K) 6d 

Mass Spectrometry 

calc. for C48H28O2PSe2
- [M]- 827.0157, found 827.0172. 

Melting Point 

Decomposition > 240 °C. 

NMR Spectroscopy 

 

Figure S3-17:  1H NMR spectrum of Anthra-DSA-K (600.1 MHz, CD3CN, 298 K). 
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Figure S3-18:  13C NMR spectrum of Anthra-DSA-K (150.9 MHz, CD3CN, 298 K). 

 

Figure S3-19:  31P NMR spectrum of Anthra-DSA-K (242.9 MHz, CD3CN, 298 K). 
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Figure S3-20:  77Se NMR spectrum of Anthra-DSA-K (114.5 MHz, CD3CN, 298 K). 
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Potassium bis[3,5-(CF3)3]-diselenophosphate salt (TRIFP-DSA-K) 6e 

 

Figure S3-21:  1H NMR spectrum of TRIFP-DSA-K (600.1 MHz, CD3CN, 298 K). 

 

Figure S3-22:   13C NMR spectrum of TRIFP-DSA-K (150.9 MHz, CD3CN, 298 K). 
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Figure S3-23: 31P NMR spectrum of TRIFP-DSA-K (242.9 MHz, CD3CN, 298 K). 

 

Figure S3-24: 77Se NMR spectrum of TRIFP-DSA-K (114.5 MHz, CD3CN, 298 K). 
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3.9.4 Crystallographic Data 

 

A crystal structure of TRIP-DSA-K 6c was obtained by slow vapor diffusion in toluene/n-hexane. 

Two DSA-K molecules form a dimer with bridging potassium atoms that interact with all selenium 

atoms and with the phenyl-moiety of a TRIP-substituent, respectively. 

 

Figure S3-25: Crystal structure of TRIP-DSA-K 6c. Two molecules of 6c form a dimeric complex in solid state, 

with bridging potassium atoms.  
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Table S3-1: Crystal Data and structure refinement of TRIP-DSA-K 6c 

Empirical formula C100H112K2O4P2Se4 

Formula weight 1833.87 

Temperature/K 123.15 

Crystal system monoclinic 

Space group I2 

a/Å 16.0090(2) 

b/Å 16.57970(10) 

c/Å 19.2605(2) 

α/° 90 

β/° 114.3070(10) 

γ/° 90 

Volume/Å3 4659.02(9) 

Z 2 

ρcalcg/cm3 1.307 

μ/mm-1 3.384 

F(000) 1896.0 

Crystal size/mm3 0.126 × 0.095 × 0.024 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 6.078 to 150.478 

Index ranges -20 ≤ h ≤ 19, -20 ≤ k ≤ 20, -23 ≤ l ≤ 23 

Reflections collected 58673 

Independent reflections 9278 [Rint = 0.0334, Rsigma = 0.0224] 

Data/restraints/parameters 9278/2/528 

Goodness-of-fit on F2 1.062 

Final R indexes [I>=2σ (I)] R1 = 0.0263, wR2 = 0.0687 

Final R indexes [all data] R1 = 0.0278, wR2 = 0.0695 

Largest diff. peak/hole / e Å-3 0.49/-0.35 

Flack parameter -0.013(6) 
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Table S3-2: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103). 

Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 

Atom x  y  z  U(eq) 

Se1 4957.1(2) 3952.8(2) 8824.5(2) 26.49(9) 

Se2 5097.4(2) 6135.7(2) 8877.1(2) 28.77(9) 

K1 3711.0(5) 5033.7(6) 9574.3(3) 31.84(14) 

P1 4659.7(5) 5065.9(6) 8235.3(4) 21.16(14) 

O1 5022.2(13) 5131.6(15) 7567.4(10) 22.0(4) 

O2 3543.2(13) 5040.7(16) 7756.7(10) 23.2(4) 

C007 2495(2) 6 167(2)  7379.1(17) 24.6(6) 

C008 4586(2)  4752.0(18) 6858.6(16) 21.1(6) 

C009 3767(2)  4004(2)  5448.7(16) 25.5(6) 

C00A 3275(2)  4602.8(19) 5655.4(17) 24.0(6) 

C00B 7683(2)  4203(2)  7637.2(18) 26.8(7) 

C00C 3732.9(19) 5014(2)  6370.4(15) 22.5(5) 

C00D 6780(2)  4470(2)  7259.0(18) 24.6(6) 

C00E 3117(2)  5650.5(19) 7231.6(17) 23.1(6) 

C00F 2066(2)  6753(2)  6850.4(19) 28.0(7) 

C00G 3318(2)  3571(2)  4755.8(18) 30.4(7) 

C00H 6059.6(19) 3931(2)  7160.6(16) 22.0(6) 

C00I 2268(2)  6032(2)  8050.1(18) 25.9(6) 

C00J 2898(2)  6366(2)  6079.8(18) 26.0(6) 

C00K 2278(2)  6894(2)  6217.6(18) 27.0(7) 

C00L 7895(2)  3428(2)  7927.3(18) 26.8(7) 

C00M 8882(2)  3131(2)  8312(2)  35.4(8) 

C00N 4677(2)  3827.1(19) 5948.1(17) 24.4(6) 

C00O 1471(2)  4700(2)  7442(2)  35.5(8) 

C00P 6596(2)  5338(2)  6978(2)  29.0(7) 

C00Q 7175(2)  2916(2)  7847.0(18) 26.3(7) 

C00R 2488(2)  6608(2)  8633.5(19) 29.1(7) 

C00S 5508(2)  2536(2)  7373(2)  31.3(7) 

C00T 6256(2)  3146.8(19) 7462.3(18) 24.0(6) 

C00U 1790(2)  5317(2)  8081(2)  30.8(7) 
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C00V 2420(3)  3702(2)  4306.4(18) 34.8(8) 

C00W 9293(3)  2987(3)  7730(2)  42.8(9) 

C00X 5095(2)  4164.6(18) 6660.6(17) 21.7(6) 

C00Y 2944(2)  7408(2)  8609.6(19) 29.2(7) 

C00Z 3135(2)  6540(2)  5464.4(19) 31.4(7) 

C010 3261(2)  5690.4(19) 6577.9(17) 23.6(6) 

C011 2773(3)  7197(2)  5005(2)  36.3(8) 

C012 5664(3)  2094(2)  8115(2)  38.4(8) 

C013 1925(3)  4278(2)  4517(2)  36.4(8) 

C014 2339(2)  4726(2)  5167.4(19) 29.7(7) 

C015 2127(3)  7693(2)  5119(2)  37.1(8) 

C017 5421(3)  1910(2)  6759(2)  46.0(10) 

C018 6992(3)  5525(2)  6395(2)  39.7(9) 

C019 2250(3)  6456(2)  9244(2)  36.8(8) 

C01A 3711(3)  7637(2)  9378(2)  38.8(8) 

C01B 2221(3)  8080(2)  8351(2)  37.3(8) 

C01C 1570(2)  5202(2)  8703(2)  37.2(9) 

C01D 1799(3)  5758(2)  9292(2)  40.9(9) 

C01E 1886(3)  7547(2)  5709(2)  34.5(8) 

C01F 1613(4)  3832(3)  7735(3)  52.9(11) 

C01G 465(3)  4852(3)  6913(3)  76.0(19) 

C01H 1576(4)  5564(3)  9965(3)  65.7(16) 

C01J 9494(3)  3700(4)  8929(3)  68.5(16) 

C1 6970(3)  5926(2)  7644(2)  37.6(8) 

C2 2215(3)  4909(3)  10462(2) 43.2(10) 

C3 1413(4)  6257(4)  10345(3) 41.9(18) 

C3A 832(8)  5727(9)  10048(7) 37(4) 

  



Improved Synthesis of Chiral Diselenophosphoric Acid Catalysts and Introduction of Substituents for 

Stereoselective Transformations 

 

129 

 

Table S3-3: Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor exponent takes 

the form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11        U22        U33         U23        U13        U12 

Se1 29.15(16) 25.25(18) 22.10(16) 5.10(14) 7.56(13) 5.82(14) 

Se2 35.09(19) 27.00(19) 23.81(17) -3.85(14) 11.70(14) 0.99(15) 

K1 27.9(3)  42.2(4)  24.8(3)  1.3(4)  10.1(2)  3.8(3) 

P1 22.0(3)  23.4(3)  16.3(3)  1.7(3)  6.1(3)  4.1(3) 

O1 22.5(9)  26.6(12) 15.2(8)  -2.7(9)  6.2(7)  0.3(9) 

O2 22.4(9)  25.1(9)  19.6(9)  5.0(11)  6.1(8)  5.5(10) 

C007 21.0(13) 27.0(15) 24.3(14) -0.3(13)  8.0(11)  2.8(13) 

C008 24.6(14) 23.3(13) 14.3(12) 0.3(11)  7.0(11)  -1.0(11) 

C009 30.2(15) 27.6(16) 18.0(13) 0.2(13)  9.1(12)  -3.4(14) 

C00A 26.7(15) 25.8(16) 17.0(13) 3.0(12)  6.3(12)  0.1(12) 

C00B 24.0(15) 31.0(16) 24.2(15) -2.9(12)  8.6(13)  -6.1(12) 

C00C 26.1(14) 23.5(13) 17.2(11) 2.9(14)  8.2(11)  2.6(13) 

C00D 27.7(16) 26.4(16) 19.5(14) -1.6(12)  9.5(12)  -1.3(12) 

C00E 20.9(14) 22.3(15) 22.3(14) 1.4(12)  5.1(12)  3.0(11) 

C00F 26.6(15) 27.3(16) 28.3(16) 1.8(13)  9.3(13)  6.5(13) 

C00G 39.4(18) 30.1(17) 19.8(15) -1.7(13)  10.3(14) -3.6(14) 

C00H 21.9(13) 23.8(14) 19.7(13) -1.5(12)  8.0(11)  0.5(13) 

C00I 21.1(14) 28.0(16) 29.1(15) 2.6(13)  10.9(12) 6.9(12) 

C00J 25.5(15) 26.5(16) 20.7(14) 1.7(12)  4.3(12)  4.6(12) 

C00K 26.1(15) 25.5(17) 23.0(15) 1.5(13)  3.7(12)  4.2(13) 

C00L 21.4(15) 35.5(18) 20.5(15) -3.2(13)  5.6(12)  0.7(13) 

C00M 22.4(16) 43(2)  32.7(17) -0.3(16)  3.5(14)  1.1(14) 

C00N 27.7(14) 23.6(16) 22.7(14) -0.4(12)  11.1(12) 1.8(12) 

C00O 21.8(16) 36.5(18) 42(2)  2.9(16)  7.4(14)  0.0(14) 

C00P 33.6(17) 24.8(16) 29.4(16) 1.5(13)  13.9(14) -3.2(13) 

C00Q 26.6(16) 24.7(16) 25.3(15) 0.4(12)  8.4(13)  3.5(12) 

C00R 31.0(17) 28.7(17) 30.7(17) 5.0(13)  15.8(14) 9.1(13) 

C00S 23.5(15) 25.0(17) 39.4(19) 4.2(14)  7.0(14)  -0.2(12) 

C00T 23.1(15) 22.5(15) 24.1(14) -1.7(12)  7.4(12)  1.5(12) 

C00U 21.5(15) 29.0(16) 41.7(19) 6.5(14)  12.8(14) 5.5(12) 
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C00V 41.8(19) 35.2(19) 18.7(15) -3.4(13)  3.7(14)  -6.6(15) 

C00W 29.7(18) 52(2)  48(2)  4.1(19)  17.6(17) 3.9(17) 

C00X 22.5(14) 22.0(15) 19.6(14) 2.1(11)  7.6(12)  1.0(11) 

C00Y 35.4(17) 26.2(16) 28.8(16) 0.2(13)  15.9(14) 6.0(13) 

C00Z 38.5(19) 29.6(17) 23.8(15) 3.9(13)  10.6(14) 8.8(14) 

C010 23.1(14) 25.5(16) 19.2(14) 1.7(12)  5.6(12)  4.7(12) 

C011 47(2)  33.7(19) 25.4(16) 6.7(14)  11.8(15) 5.9(16) 

C012 39.4(19) 28.7(17) 51(2)  8.5(17)  22.2(17) 2.9(15) 

C013 30.0(17) 43(2)  24.6(16) 4.8(15)  -0.7(14)  -2.0(15) 

C014 28.5(17) 32.8(16) 23.9(15) 4.4(13)  6.8(13)  2.4(13) 

C015 45(2)  29.6(18) 28.9(17) 8.1(15)  7.1(16)  9.6(16) 

C017 47(2)  33(2)  41(2)  -2.7(16)  1.4(18)  -10.5(17) 

C018 55(2)  33(2)  37(2)  1.9(16)  26.1(18) -3.9(17) 

C019 48(2)  31.4(18) 40.4(19) 3.5(16)  27.7(18) 12.5(16) 

C01A 46(2)  35.1(19) 34.0(18) -3.7(16)  15.5(17) 4.9(17) 

C01B 46(2)  26.2(18) 43(2)  1.2(16)  21.3(17) 10.4(16) 

C01C 32.9(17) 34(2)  53(2)  11.8(16) 25.5(16) 7.3(14) 

C01D 48(2)  38(2)  52(2)  13.0(18) 36.0(19) 16.1(17) 

C01E 37.1(19) 28.4(18) 30.9(17) 3.9(14)  6.9(15)  8.5(15) 

C01F 69(3)  33(2)  70(3)  3(2)  42(2)  3(2) 

C01G 34(2)  57(3)  97(4)  -24(3)  -14(2)  6(2) 

C01H 100(4)  53(3)  84(4)  25(3)  79(4)  26(3) 

C01J 31(2)  88(4)  57(3)  -28(3)  -11(2)  9(2) 

C1 51(2)  29.0(19) 34.8(19) -1.7(15)  19.4(17) -4.3(15) 

C2 59(2)  42(3)  37.3(18) 1.8(17)  28.5(18) 3.3(18) 

C3 48(3)  51(4)  32(3)  5(2)  22(3)  13(3) 

C3A 33(6)  53(8)  31(6)  -2(5)  19(5)  1(5) 
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4.1  Abstract 

We describe the synthesis and structural characterization of the Mg2+ salt Mg[Co(η4-cod)2]2 (1; 

cod = 1,5-cyclooctadiene), forming a tight ion pair. Quantum chemical studies suggest that the 

interactions within the unsupported Co–Mg–Co motif are mainly electrostatic in nature. 

Importantly, the complex serves as a successful pre-catalyst for the hydrogenation of sterically 

tri- and tetra-substituted alkenes, surpassing the catalytic capabilities of related alkali metal and 

β-diketiminate magnesium complexes. 
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4.2  Introduction 

Low-oxidation state alkali metal cobaltate salts, such as [M(thf)n][Co(η2-C2H4)] (M = Li, A; M = 

K, B; C2H4 = ethylene), [M(thf)n][Co(η4-cod)2] (C: M = Li; D: M = Na; E: M = K; cod = 

1,5-cyclooctadiene), and [K([2.2.2]crypt.)][Co(η4-C14H10)2] (F; C14H10 = anthracene, crypt. = 

cryptand), serve as versatile synthetic equivalents for the “Co–” anion (Figure 4-, top).[1] These 

complexes have been utilized for the synthesis of various other cobalt species and have 

demonstrated promising reactivities in processes such as small molecule activation,[2] alkene 

hydrogenation,[1e,3] and other catalytic reactions.[4] The reactivity and catalytic properties of the 

cobaltate anions can be altered by coordinating heteroatomic ligands (e.g. phosphines or 

bipyridines)[1c,5] or redox-active ligands (e.g. α-diimines),[6] resulting in the formation of 

heteroleptic complexes. However, the effect of the counterions on their reactivity has not been 

thoroughly understood. As a result, only a few alkaline earth metal cobaltates are known, 

including the “inorganic Grignard reagent” [MgBr(thf)2][CpCo(η3-C3H5)] (G) reported by Jonas, 

and the carbonyl complexes [AE(thf)n][Co(CO)x(PCy3)]2 reported by Mountford (where x = 1-3 

and AE = Mg-Ba; see, for example, complex H in Figure 4-, bottom).[7] Additionally, only a very 

limited number of compounds containing counterions beyond group II are known.[1c],[8] Recently, 

we discovered that countercations have a significant impact on the catalytic properties of anionic 

cobaltates C-E and [(Depnacnac)Mg][Co(η4-cod)2] (J; Dep = 2,6-diethylphenyl) during alkene 

hydrogenations.[1e]  
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Figure 4-1: Established alkali metal cobaltates used as synthetic precursors, pre-catalysts or in the activation of 

small molecules (top) and selected examples of magnesium cobalt complexes (bottom). Dep = 2,6-diethylphenyl. 

Our studies suggest that the counterion plays an active co-catalytic role in the hydrogenation 

reaction by coordinating with cobalt hydride intermediates. To investigate the enhanced 

reactivity of magnesium cobaltates compared to their alkali metal salts, we focused on the Mg²⁺ 

complex, Mg[Co(η4-cod)2]2 (1, Figure 4-2), which lacks any additional ligands on the magnesium 

cation. In this report, we outline the synthesis of 1, whose molecular structure features a linear 

Co-Mg-Co arrangement. We analyze the bonding situation in 1 and demonstrate that this 

complex catalyzes the hydrogenation of tri- and tetra-substituted alkenes with greater efficiency 

than J or other s-block metal cobaltates.[1e] 
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4.3  Results and Discussion 

Complex 1 was prepared by treating anhydrous MgCl2 with [K(thf)0.33][Co(η4-cod)2] (E) in 

THF/toluene. The compound was isolated as an orange-yellow powder in 63%. Crystals grown 

from a saturated toluene solution were analyzed by single crystal X-ray diffraction. In the solid 

state, 1 forms an ion triple with a Mg2+ cation sandwiched by two Co(η4-cod)2]− units (Figure 4-2, 

bottom; Co1–Mg1–Co2 179.36(4)°).[9] The two [Co(η4-cod)2]– anions are rotated towards each 

other at 61.20° along the Co–Mg–Co axis (plane[Co(η4-cod)2]-to-plane[Co(η4-cod)2]). The Co–

Mg distances (2.631(6) and 2.615(6) Å) are similar to those in complex J.[2d] Close contacts of 

the Mg2+ cation with four carbon atoms of the cod ligands (C1, C2, C3 and C4; Mg–C 2.362(8)-

2.415(8) Å) presumably arise from an interaction with the π-bonds of the cod ligand. A quantum 

chemical analysis using intrinsic bond orbitals (IBOs), second-order perturbation theory (SOPT) 

and quantum theory of atoms in molecules (QTAIM) indicates that these interactions are weakly 

covalent. 

 

Figure 4-2: Top: Synthesis of Mg[Co(η4-cod)2]2 (1). Bottom: Solid state molecular structure of 1. Thermal ellipsoids 

are drawn at 40% probability level. H atoms are omitted for clarity. Selected bond lengths [Å] and angles [°]: Co1–

Mg1 2.631(6), Co2–Mg1 2.615(6), Mg1–C1 2.411(2), Mg1–C2 2.362(2), Mg1–C3 2.363(2), Mg1–C4 2.415(2), 

Co1–Mg1–Co2 179.36(4). 
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The 1H and 13C NMR spectra of 1 show the presence of two species in a ratio of approximately 

1:0.25, which is explained by the presence of rotamers with similar NMR spectra (Figure S4-3). 

1H NMR resonances at 1.2-4.5 ppm are assigned to the (chemically) inequivalent H atoms of 

the cod ligands (Figure S4-12). The cod ligands give rise to eight 13C{1H} NMR resonances at 

27.0-83.0 ppm (Figure S4-13). This is in agreement with the contact-ion structure observed in 

the solid state, for which chemically inequivalent carbon atoms are expected.[2d] Broadening of 

the resonances is observed at elevated temperature (60 °C), which possibly indicates chemical 

exchange between the rotamers (Figure S4-17).  

 

Figure 4-3: Cutouts of the 1H and 13C{1H} NMR spectra (400.13/100.61 MHz, 298 K, toluene-d8) of 1 in toluene-d8. 

Further confirmation of the intimate ion pair character in solution was provided by DOSY NMR 

studies of 1 and the lithium salt [Li(thf)1.92][Co(η4-cod)2] (C) (section 0). For 1, similar diffusion 

coefficients (D ≈ 9.1 x 10–10 m2 s–1) were obtained for all suitable cod ligand signals, which 

correspond to a hydrodynamic volume VH ≈ 754 Å3; for comparison, the diffusion coefficients for 

the 1,5-cod ligand signals (D ≈ 1.0 x 10–9 m2 s–1) and the Li+ cation (D ≈ 9.9 x 10–10 m2 s–1; 7Li 

NMR) of C give volumes VH ≈ 566 Å3 and VH ≈ 448 Å3, respectively. The larger hydrodynamic 

volume VH of 1 strongly supports the presence of the magnesium salt as a contact ion pair in 

solution. NMR spectroscopic evidence of this Cπ∙∙∙Mg interaction can be found in the 13C{1H} 

NMR spectrum of 1, which features one of four olefinic signals at an unusual chemical shift of 
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40.8 ppm, significantly high-field shifted compared to the other resonances at ≈ 80.0 ppm (see 

Figure S4-13 and Figure S4-14). The 13C{1H} NMR chemical shifts calculated at the PBE0/def2-

TZVPP level of theory show that this resonance can be assigned to the four inward-facing Cπ 

atoms (δcalc = 44.9 ppm for C1/2/3/4; see Table S4-7). The 1H NMR spectrum of 1 does not 

change significantly upon the addition of THF (see Figure S4-6). However, much simpler 1H and 

13C NMR spectra are observed with 4-dimethylamino pyridine (DMAP), which indicate the 

formation of the ion-separated complex [Mg(DMAP)6][Co(η4-cod)2]2 (2). In contrast to complex 

J, 1 does not react with styrene and dibenzo[a,e]cyclooctene even at elevated temperatures.[1e] 

This indicates that the tight ion-pairing in 1 significantly slows down ligand exchange.

 Quantum chemical calculations confirm that the bonding in the Co–Mg–Co core of 1 is 

highly ionic, while weak donor-acceptor interactions between the Mg2+ center and four alkene 

C atoms provide partial covalent stabilization (vide supra). Natural bond order (NBO) and SOPT 

analyses show that any donor-acceptor interactions between the cobalt and magnesium atoms 

are negligible (<1 kcal mol–1; see Table S8). The Wiberg bond index for the Co–Mg bond is 

0.029 (0.030), and the QTAIM analysis displays no bond critical point (BCP) along the Co–Mg–

Co motif (see Figure 4-4a,c). The charges from the natural population analysis (NPA) are 

positive for the Mg2+ cation (+1.74) and overall negative for the [Co(η4-cod)2]– anions (–0.87), 

while the formal Co(–I) center itself has a positive charge (+0.25/+0.26). The C=C double bonds 

interacting with the Mg2+ are polarized (e.g. NPA charge (C4) of –0.54 vs. NPA charge (C8) of 

–0.20). 

 

Figure 4-4: (a) NBO analysis including NPA charges and Wiberg BIs of 1; (b) Selected IBOs of 1. The interaction 

type and percentage of the electron density on C, Co and Mg are given exemplarily for IBO-140; (c) Plot of the 

Laplacian of the electron density on the C–Co–Mg plane of 1 fully displaying two of the four bond critical points 

between Cπ and Mg (blue dots: bond critical points; grey lines: bond paths). 
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To assess the influence of the Mg2+ cation, we compared the properties of 1 with J in alkene 

hydrogenation reactions (see Figure 4-5).[1e] Various di-, tri- and tetra-substituted alkenes were 

hydrogenated quantitatively using 1 under mild H2 pressure (1.5 mol%, 2-12 bar H2, 30-60 °C). 

Catalyst 1 surpasses J in terms of yield and reaction rate for most of these substrates (see 

Figure S4-5, top and Table S1). The sterically most hindered substrate tetraphenylethylene was 

converted to the corresponding alkane with 1 in 88% yield, while a modest conversion of only 

8% was achieved with J. This shows that the β-diketiminate motif is not an essential counterion 

component for the effective hydrogenation of alkenes. To gain initial information on the topicity 

of the catalyst, we conducted NMR spectroscopic reaction monitoring and mercury poisoning.[10] 

The hydrogenation of α-methylstyrene was not inhibited by the addition of Hg, while varying 

product formation was recorded for 1,1,2-triphenylethylene (52-89% yield), and significant 

inhibition was found for 1,1,2,2-triphenylethylene (35 vs. 88% yield; see Table 4-2).  

 

Figure 4-5: Hydrogenation of alkenes using Mg[Co(η4-cod)2]2 (1) and [(Depnacnac)Mg][Co(η4-cod)2] (J). Standard 

conditions: 0.2 mmol substrate (0.4 mol/L in toluene). 2-12 bar H2, 30-60 °C, 3 h or 22 h (see the SI for the individual 

reaction conditions). Yields and conversions were determined by quantitative GC-FID analysis vs. internal 

n-pentadecane. [a] Isomerization to internal double bonds. [b] Formation of cis-cyclooctene as the major product. 
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These data suggest a homotopic catalyst predominantly operates at mild temperature and H2 

pressure, while heterotopic catalyst species are likely to contribute at higher temperatures and 

pressure required for challenging substrates such as 1,1,2,2-triphenylethylene. The 1H NMR 

spectroscopic monitoring of the hydrogenation of α-methylstyrene with 1 (2 mol%, 2 bar H2, 

ambient temperature, see Figure S4-11) revealed the complete formation of cumene in <71 min 

(see Figure S4-11). Moderate line broadening may indicate the formation of a minor amount of 

cobalt particles (after H2 addition). While previous monitoring studies with J and E indicated that 

the spectroscopic line broadening is accompanied by termination of the hydrogenation 

reaction,[1e] the hydrogenation reaction with 1 did not cease when spectral broadening 

appeared. Thus, we suggest that the formed particles are inactive in the hydrogenation and are 

present alongside a molecular species, which facilitates the hydrogenation. 
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4.4  Conclusion 

The complex Mg[Co(η4-cod)2]2 (1) features an unsupported linear Co–Mg–Co unit and can be 

synthesized through a simple salt metathesis reaction. Single crystal X-ray diffraction, DOSY 

NMR spectroscopy, and quantum chemical studies indicate that complex 1 exists as an intact 

ion triple in the solid state, characterized by an ionic magnesium-cobalt interaction and weak 

dative bonds between the 1,5-cyclooctadiene ligands and Mg2+. This molecular structure is 

preserved in toluene solution. Complex 1 effectively catalyzes the hydrogenation of sterically 

demanding alkenes, surpassing the performance of related alkali metal salts C-E and the 

magnesium β-diketiminate salt J. These findings highlight a significant counterion effect on 

catalytic activity that is intrinsic to the Mg2+ cation. 
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4.5  Supporting information 

Only the relevant sections of the Supporting Information that pertain to this thesis are displayed. 

 

DOSY NMR Analysis of Mg[Co(η4-cod)2]2 (1) and [Li(thf)1.92][Co(η4-cod)2] (C) 

General Information 

Diffusion-ordered NMR spectroscopy (DOSY) experiments were conducted on a Bruker Avance 

III HD 600 MHz spectrometer, equipped with a TBI 5 mm 1H/19F-BB probe. All measurements 

were performed at 298 K, with the temperature validated using internal NMR calibration 

standards from Bruker. 

The DOSY measurements were performed with convection compensating double stimulated 

echo (DSTE) pulse sequence developed by Jerschow and Müller.[12] The diffusion time delay 

was set to 40 ms. Smoothed square (SMSQ10.100) gradient shapes and a linear gradient ramp 

(32 increments, 5% to 95% of the maximum gradient strength) were used.  

The NMR data were processed, analyzed, and plotted using TopSpin 3.2 software. Data 

evaluation was carried out using a Python script developed by Christian Scholtes, in which the 

DOSY data were fitted to the Stejskal-Tanner equation.[13]  

𝐼 = 𝐼0 ∙ exp [−𝛾2𝐺2𝛿2 (∆ −
𝛿

3
) 𝐷] 

where I is the signal with the gradient, I0 is the signal intensity without diffusion weighting, γ is 

the gyromagnetic ratio, G is the strength of the gradient pulse, δ is the duration of the pulse, Δ 

is the time interval between the two pulses and D the diffusion coefficient. 

The calculated diffusion coefficient for TMS (Dref) was applied to the Stokes-Einstein equation[14]  

𝐷𝑖 =
𝑘𝐵𝑇

𝐹𝑐𝜋η𝑟𝐻 
 

 

to obtain viscosity correction for each individual sample. Here, kB is the Boltzmann constant, T 

the temperature, F is the shape factor (set to 1 for a spherical shape), η the viscosity of the 
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sample, rH the hydrodynamic radius of the analytes, and c a correction factor which was 

determined by using a semi-empirical modification by Chen.[15]  

𝑐𝐶ℎ𝑒𝑛 =
6𝐹

1 + 0.695 (
𝑟𝑠𝑜𝑙𝑣

𝑟𝑟𝑒𝑓
)

2.234 

The hydrodynamic radii values for TMS (rref = 2.96 Å) and toluene (rsolv = 2.88 Å) were calculated 

using hard-sphere increments.[16]  

By inserting the Chen correction factor to the Stokes-Einstein equation,  

𝜂 [𝑘𝑔/𝑚𝑠] =

𝑘𝐵𝑇 (1 + 0.695 (
𝑟𝑠𝑜𝑙𝑣

𝑟𝑟𝑒𝑓
)

2.234

)

6𝜋𝐷𝑟𝑒𝑓 𝑟𝑟𝑒𝑓
 

the correction factor for the viscosity of each respective sample (η) is determined. Finally, by 

incorporating all correction equations, the hydrodynamic radii can be iteratively calculated by 

𝐷 =
𝑘𝑇 (1 + 0.695 (

𝑟𝑠𝑜𝑙𝑣

𝑟𝐻
)

2.234

)

6𝜋η𝑟𝐻
 

Using the hydrodynamic radii, the respective Volumes (VH) were calculated with the assumption 

of a spherical shape. 

Sample Preparation 

A 10 mM solution of either Mg[Co(η4-cod)2]2 (1) or [Li(thf)1.92][Co(η4-cod)2] (C) was prepared by 

dissolving the respective sample in toluene-d8. The solution was then filtered from minor 

insolubles, and an aliquot (0.5 mL) was transferred into a J. Young NMR tube. Tetramethylsilane 

(TMS) was used as a reference and was added by withdrawing 500 µL from the headspace of 

a degassed TMS sample, just above the surface of the liquid and injected into the NMR tube, 

which was then sealed immediately afterwards. 
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Experimental Data for Mg[Co(η4-cod)2]2 (1) 

 

Figure S4-1: 1H NMR spectrum of Mg[Co(η4-cod)2]2 (1) and TMS (600.13 MHz, 298 K, toluene-d8), showing the 

signals 1-5 used for the DOSY analysis. *: toluene-d8. 

Table S4-3: Self-diffusion coefficients of signals 1-5 of Mg[Co(η4-cod)2]2 (1) in toluene-d8. All signals correspond 

to the aliphatic and olefinic H atoms of the 1,5-cyclooctadiene ligand. 

Signal Chemical shift [ppm] 
Diffusion coefficient 

Di [m2∙s-1] 

/ TMS 2.48e-09 ± 1.14e-10 

1 4.50-4.61 9.1464e-10 ± 1.54e-12 

2 4.39-4.48 9.4051e-10 ± 4.26e-12 

3 2.77-2.84 9.0042e-10 ± 1.32e-12 

4 2.47-2.58 9.0448e-10 ± 1.98e-12 

5 1.61-1.71 8.8644e-10 ± 1.96e-12 

Mean diffusion coefficient D (1-5) [m2∙s-1] 9.09e-10 ± 1.96e-12 

Average radius rH [Å] 5.646 ± 0.09643 

Average volume VH
[a] [Å3] 753.8 ± 38.63 

[a] The average volume VH was calculated assuming a spherical shape. 
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Figure S4-2: DOSY plots (signal intensity against gradient strength) of TMS and the signals 1-5 of Mg[Co(η4-cod)2]2 

(1) in toluene-d8.  

Experimental Data for [Li(thf)1.92][Co(η4-cod)2] (C)  

 

Figure S4-3: 1H NMR spectrum of [Li(thf)1.92][Co(η4-cod)2] (C) and TMS (600.13 MHz, 298 K, toluene-d8), showing 

the signals 1-5 used for the DOSY analysis. *: Toluene-d8. 
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Figure S4-4: 7Li NMR spectrum of [Li(thf)1.92][Co(η4-cod)2] (C) and TMS (600.13 MHz, 298 K, toluene-d8), showing 

the signal 6 used for the DOSY analysis. 

Table S4-4: Self-diffusion coefficients of signals 1-6 of [Li(thf)1.92][Co(η4-cod)2] (C) in toluene-d8. 

Signal Chemical shift [ppm] 
Diffusion coefficient 

Di [m2∙s-1] 

1H NMR 

/ TMS 2.43e-09 ± 6.24e-11 

1 (THF) 3.51-3.61 1.6395e-09 ± 2.42e-11 

2 (1,5-cod) 2.57-2.67 1.0371e-09 ± 4.93e-12 

3 (1,5-cod) 2.49-2.57 1.0026e-09 ± 3.94e-12 

4 (1,5-cod) 2.35-2.47 1.014e-09 ± 5.08e-12 

5 (THF) 1.41-1.48 1.6258e-09 ± 1.23e-11 

7Li NMR 

6 3.90 9.92e-10 ± 9.19e-12 

Mean diffusion coefficient D (2-4) [m2∙s-1] 1.02e-09 ± 5.08e-12 

Average radius rH [Å] 5.132 ± 0.0656 

Average volume VH
[a] [Å3] 566.0 ± 21.71 
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Mean diffusion coefficient D (1&5) [m2∙s-1] 1.63e-09 ± 1.23e-11 

Average radius rH [Å] 3.723 ± 0.01368 

Average volume VH
[a] [Å3] 216.2 ± 2.384 

Mean diffusion coefficient D (6) [m2∙s-1] 9.92e-10 ± 9.19e-12 

Average radius rH [Å] 4.746 ± 0.03109 

Average volume VH
[a] [Å3] 447.9 ± 8.802 

[a] The average volume VH was calculated assuming a spherical shape. 

 

 

Figure S4-5: DOSY plots (signal intensity against gradient strength) of TMS and the signals 1-6 of 

[Li(thf)1.92][Co(η4-cod)2] (C) in toluene-d8.  
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Discussion 

The DOSY NMR analysis of Mg[Co(η4-cod)2]2 (1) gives similar diffusion coefficients for all five 

cod ligand signals in the 1H NMR spectrum, which results in a mean diffusion coefficient D = 

9.09e-10 ± 1.96e-12 m2 s–1 and a respective hydrodynamic volume VH = 753.8 ± 38.63 Å3 for 

the molecular entity (see Figure S4-1 and Table S4-3). The trinuclear complex 1 was then 

referenced to the mononuclear lithium cobaltate, [Li(thf)1.92][Co(η4-cod)2] (C), which is the only 

toluene-soluble alkali metal cobaltate of the series. The diffusion coefficients for the cod ligand 

signals in the 1H NMR spectrum are matching and give a mean diffusion coefficient D = 1.02 

10e-09 ± 5.08e-12 m2 s–1 and a respective hydrodynamic volume VH = 566.0 ± 21.71 Å3 for the 

molecular entity (see Figure S4-3 and Table S4-4). In agreement with this, the diffusion 

coefficient for the Li+ cation in the 7Li NMR spectrum was calculated at D = 9.92e-10 ± 9.19e-

12 m2 s–1, resulting in a hydrodynamic volume VH = 447.9 ± 8.802 Å3 for the molecular unit 

(Figure S4-4 and Table S4-4). Interestingly, the THF ligands coordinated to the Li+ cation of C 

exhibit a higher (mean) diffusion coefficient (D = 1.63e-09 ± 1.23e-11 m2 s–1) compared to that 

of the cod ligands (D = 1.02e-09 ± 5.08e-12 m2 s–1), which indicates that they are separate 

entities in solution. This suggests that a Li[Co(η4-cod)2] unit with close contact between the Li+ 

cation and the [Co(η4-cod)2]– anion is present in solution, which is solvated by THF molecules 

coordinating in an interchangeable mode (see [2] for a comparison of ion pair C in the solid 

state). The hydrodynamic volume VH of 1 (753.8 ± 38.63 Å3) is found to be approximately 33% 

and 68% larger, respectively, than the hydrodynamic volume VH of C (1H: 566.0 ± 21.71 Å3 and 

7Li: 447.9 ± 8.802 Å3, respectively; considered unit: Li[Co(η4-cod)2]), indicating that 1 is present 

as a contact ion pair in solution. 
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5 Conclusion 

Over the past decades, the pivotal role of ion-pair interactions in catalysis has become 

increasingly evident, profoundly influencing both metal-catalyzed and organocatalytic 

transformations. These interactions stabilize reactive intermediates, modulate reaction kinetics, 

and enhance selectivity by fine-tuning the electronic and steric environment within catalytic 

cycles. As a result, researchers have recognized the necessity of in-depth investigations to 

unravel the precise functions of ion pairs in catalytic processes. A comprehensive understanding 

of how charged catalytic species interact with their counterions has led to the development of 

more efficient and selective catalytic systems. This growing awareness has driven extensive 

studies on solvent effects, ion-pair dynamics, and their broader implications for catalyst design, 

ultimately expanding the fundamental knowledge of ion-pairing interactions across diverse 

chemical transformations. 

This study provides valuable insights into the catalytic behavior of both magnesium cobaltate 

salts and selenium-based organocatalysts, emphasizing the decisive role of ion-pairing 

interactions in their respective reaction mechanisms. The selenium-based organocatalyst was 

specifically examined with regard to its reactivity, selectivity, and the influence of ion pairs within 

the catalytic cycle. Although organocatalysis works metal-free, there is a significant impact of 

ion-pairing interactions on reaction dynamics. However, detailed investigations have revealed 

that these interactions between the catalyst and counterions play a crucial role in activation and 

selectivity, particularly by stabilizing reactive intermediates. This finding underscores the 

broader significance of ion-pairing effects, extending beyond traditional metal complexes to 

encompass non-metal-based catalytic systems. 

Chapter one provides a comprehensive review on the key advancements in the development of 

highly acidic organocatalysts and their application for synthesis. While significant progress has 

been made in this field, many catalysts either disrupt the inherent C2-symmetry of the BINOL 

backbone or introduce multiple acceptor sites. This not only complicates substrate binding but 

also increases the probability of multiple transition states, ultimately affecting reaction efficiency 

and selectivity. 
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This challenge is directly addressed in chapter two, where a novel chiral organocatalyst, DSA, 

is introduced. This catalyst retains the beneficial properties of chiral phosphoric acids while 

significantly improving applicability to more inert substrates, such as non-activated N-phenyl-

aldimines and silyl enol ethers. The catalyst’s high reactivity was successfully demonstrated in 

a Mukaiyama-Mannich reaction, showcasing its ability to activate challenging substrates. 

Additionally, the increased Lewis basicity of the P=Se moiety enhances substrate binding, 

potentially accelerating reaction rates. As a result, this study presents the development of a 

highly reactive catalyst that overcomes key limitations of chiral phosphoric acids. 

Chapter three further advances this research by significantly improving the synthesis of DSA 

catalysts, allowing for the efficient incorporation of 3,3'-substituents. These modifications 

facilitate stereoselective transformations, as demonstrated in an Asymmetric Counteranion-

Directed Catalysis (ACDC) reaction. The role of the presence of potassium ions within the 

reaction mixture on the selectivity of DSA-catalysis was thoroughly investigated, particularly in 

the context of salt metathesis. Additionally, structural insights were gained through the 

characterization of a dimeric crystal structure of a potassium-DSA salt catalyst. This finding 

provides a foundation for future NMR studies on aggregation in solution, paving the way for 

further optimization. In summary, these developments grant access to a highly reactive and 

selective catalyst system for applications in asymmetric ion-pair catalysis. 

Chapter four shifts focus to the catalytic properties of a trinuclear magnesium cobaltate salt 

featuring a linear Co–Mg–Co arrangement, which has proven to be an effective system for 

alkene hydrogenation. Diffusion-Ordered Spectroscopy (DOSY) measurements revealed that 

this complex predominantly exists as a contact ion pair, ensuring close proximity between the 

cobaltate anion and the magnesium counterion. This ionic environment plays a crucial role in 

modulating the reactivity and stability of the active species, thereby influencing catalytic 

performance. Notably, magnesium counterions were found to outperform alkali metal 

counterions in fine-tuning catalytic activity, underscoring the potential of magnesium cobaltates 

as promising contact ion pair catalysts for selective hydrogenation reactions. 

Overall, this work underscores the pivotal role of ion-pairing interactions in catalysis - an often 

overlooked yet fundamentally crucial factor in both metal-catalyzed and organocatalyzed 

transformations. This has been demonstrated through the effective synthesis of a novel chiral 

DSA organocatalyst, its application in asymmetric ion-pair catalysis, and detailed structural 



Conclusion 

 

153 

 

investigations on both this DSA organocatalyst and a magnesium cobaltate metal catalyst. 

Gaining deeper insight into these interactions not only enhances our fundamental understanding 

but also unlocks new strategies for catalyst design, driving the precise optimization of efficiency, 

selectivity, and stability.  
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