
Abstract: High acidity and structural confinement are the 
pivotal elements in asymmetric acid catalysis. The recently 
introduced imidodiphosphorimidate (IDPi) Brønsted acids 
have met with remarkable success in combining those 
features, acting as powerful Brønsted acid catalysts and 
“silylium” Lewis acid precatalysts in numerous thus far 
inaccessible transformations. Substrates as challenging to 
activate as simple olefins were readily transformed, ketones 
were employed as acceptors in aldolizations allowing 
sub-ppm level catalysis, whereas enolates of the smallest 
donor aldehyde, acetaldehyde, did not polymerize but 
selectively added a single time to a variety of acceptor 
aldehydes. 

1. IDPi in Organic Lewis Acid Catalysis 

For decades, the versatility and extraordinary potency of 

electron-deficient silanes as “silylium” Lewis acid catalysts has 

been exploited in CC and Cheteroatom bond-forming 

reactions. Early examples comprise the Me3SiOTf-[1] and 

Me3SiClO4-[2] catalyzed syntheses of nucleosides by 

Vorbrüggen and Krolikiewicz[3] and the synthesis of 

homoallylic ethers from acetals and allyltrimethylsilane by the 

Noyori group.[4] The groups of Ghosez[5] and Mikami[6] 

independently identified the superior Lewis acidity and 

catalytic activity of silylated triflimide (HNTf2), Me3SiNTf2 (as 

compared to Me3SiOTf), which was previously introduced by 

Foropoulos and DesMarteau,[7] in several transformations 

including a FriedelCrafts alkylation and a DielsAlder 

reaction. It was later shown that silylated triflimide could be in  

situ generated from HNTf2 upon protodesilylation of a variety  

of nucleophilic silanes employed in addition reactions to 

carbonyl compounds.[8] While the in situ generation of active 

“silylium” Lewis acid catalysts in this fashion represents a 

highly practical feature, their formation from weakly 

coordinating anions (“X”) of chiral (e.g. transition metal-

based) Lewis acids (“M”) can be detrimental for 

enantioselective catalysis due to non-enantioselective  

“silylium” Lewis acid background catalysis (Figure 1a). 

Additionally, the Lewis basic chiral non-labile ligand(s) (“Ln*”) 

can decrease the Lewis acidity of the metal center by -

donation of electron density. For these reasons, “traditional”  

 

 

 

Figure 1. a) “Traditional” chiral Lewis acid catalyzed silyl-transfer reactions and 

“silylium” background catalysis. b) “Silylium” ACDC. Ln* = chiral, enantiopure 

ligand(s), M = metal(loid), X = H, alkyl or weakly coordinating anionic ligand, R 

= alkyl. E = electrophile, Nu = nucleophile, PSiR3 = (silylated) product, X* = 

chiral, enantiopure anion. 

approaches to Lewis acid-catalyzed “silyl transfer” reactions 

(involving silane nucleophiles) often require high catalyst 

loadings of up to 20 mol%.[9] An intriguing opportunity for the 

advancement rather than suppression of this type of catalysis 

arose when the concept of asymmetric counteranion-directed 

catalysis (ACDC)[10] was expanded to “silylium” Lewis acid 

organocatalysis (Figure 1b). 

This advance became possible by the introduction of chiral 

disulfonimide (DSI) catalysts by the List group in 2009, which, 

unlike the previously reported BINOL-based phosphoric 

acids,[11,12] proved sufficiently acidic to afford catalytically 

active “silylium” Lewis acids upon in situ silylation.[13,14] 
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While addition reactions of various nucleophilic silanes to 

aldehydes, including silyl ketene acetals, allylsilanes and 

dialkyl silyl phosphites,[15] were achieved with excellent 

enantioselectivities, a general limitation has remained 

unaddressed with DSI catalysis. Specifically, the 

transformation of small, unbiased aliphatic aldehydes 

proceeded with significantly diminished efficiency and 

enantioselectivity compared to that of aromatic aldehydes due 

to their lower reactivity and the more challenging enantiofacial 

discrimination.[15] A breakthrough in this regard, which was 

also limiting the applicability of BINOL-derived phosphoric 

acids in Brønsted acid catalysis, was subsequently achieved 

by Čorić and List by the development of imidodiphosphate 

(IDP) Brønsted acids.[16] In contrast to the open active site 

displayed by both BINOL-based phosphoric acids and DSIs, 

IDPs are sterically highly confined acids, the core of which is 

buried inside two 3,3´-disubstituted BINOL units, allowing for 

exceptionally high levels of stereoinduction even with 

unfunctionalized, aliphatic substrates.[17] Yet, the reduced 

acidity of IDPs (pKa = 11.5 in MeCN) as compared to DSIs 

(pKa = 8.4 in MeCN) limited their applicability in Brønsted acid 

catalysis and made them incompatible with “silylium” Lewis 

acid catalysis.[14,18] The quest to overcome the existing 

barriers regarding reactivity and selectivity has become a 

quest for the combination of the high catalytic activity of DSIs 

and the steric confinement of IDPs. Ultimately, this goal was 

realized upon application of a concept developed earlier by 

the Yagupolskii group, consisting of the tremendous acidifying 

effect upon the replacement of O atoms by NTf groups in 

benzoic acid, to the IDP motif (Figure 2).[19] 

Figure 2. Imidodiphosphorimidate (IDPi) catalysts: merging reactivity and 

selectivity. 

The profoundly enhanced acidity [pKa = 4.5 to ≤2.0 in MeCN 

(depending on substituents R & R’)][14] of the 

imidodiphosphorimidates (IDPi) created in this approach 

made them promising candidates for the exploration of new 

reactivities in asymmetric organic Lewis acid catalysis. 

 

1.1. The HosomiSakurai Allylation of Aldehydes 

The allylation of aldehydes to produce secondary homoallylic 

alcohols is amongst the most frequently employed CC 

bond-forming reactions in chemical synthesis.[20] Since the 

first report of an enantioselective variant of this transformation 

by Herold and Hoffmann in 1978,[21] employing a camphor-

derived chiral allylboronate reagent, a true myriad of 

enantioselective allylation methods on the basis of chiral 

auxiliaries[22] and catalysts[20] has been reported. 

Enantioselective allylations with the inexpensive, non-toxic, 

air- and moisture-stable allyltrimethylsilane, however, have 

remained challenging. This reagent, which was first used in 

Lewis acid-mediated allylations of aldehydes and ketones by 

Hosomi and Sakurai in 1976,[23] is a very poor nucleophile,[24] 

thus requiring strong Lewis acids for a sufficient activation of 

the carbonyl electrophiles. In turn, such catalysts can initiate 

competing non-enantioselective “silylium” Lewis acid 

background catalysis, owed to the formation of catalytically 

highly active, electron-deficient silanes with the weakly 

coordinating anions of the Lewis acid.[9]  

Scheme 1. Comparison of the catalytic performances of DSI and IDPi catalysts 

in the HosomiSakurai allylation. [a] Using IDPi ent-3a. [b] Using IDPi 3b. 
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Previous reports on enantioselective variants such as 

Yamamoto’s chiral acyloxyborane Lewis acids,[25] as well as 

Carreira’s TiF4/BINOL system,[26] successfully suppressed 

this type of background catalysis, however each of these 

methods only performed well with the significantly more 

nucleophilic 2-alkylated allyltrimethylsilanes,[27] or with only a 

specific class of substrates. In 2012, the List group tackled this 

problem for the first time through employment rather than 

suppression of “silylium” Lewis acid catalysis within the 

concept of asymmetric counteranion-directed catalysis 

(ACDC),[28] introduced earlier by Mayer and List.[10] While in 

situ silylated DSI 2a enabled highly enantioselective additions 

of methallyltrimethylsilane (and other 2-substituted 

allyltrimethylsilanes) to a broad range of (hetero)aromatic and 

vinylogous aromatic aldehydes, its acidity/catalytic activity 

proved insufficient for the transformation of aliphatic 

aldehydes such as 3-phenylpropanal (1b), affording the 

desired homoallylic alcohol in low yields due to side-reactions 

(formation of enolsilane 8 upon deprotonation) and in almost 

racemic form (Scheme 1). Moreover, the parent 

allyltrimethylsilane (5) was unreactive under the cryogenic 

conditions required for high levels of stereoinduction as in the 

case with methallyltrimethylsilane (4), thus furnishing alcohol 

7c at r.t. in high yield but a poor enantiomeric ratio (e.r.) of 

62.5:37.5 (cf.: methallylation of benzaldehyde (1c) at 78 °C 

afforded alcohol 6c in 82% yield and an e.r. of 92:8).[28]  

 
Table 1. Selected substrates for the IDPi-catalyzed HosomiSakurai allylation 

of aldehydes. 
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In contrast, IDPi ent-3a and 3b exhibited remarkable catalytic 

activities in the allylation of 2-naphthaldehyde (1a) and 

3-phenylpropanal (1b), allowing for efficient transformations of 

both substrates under cryogenic conditions at catalyst 

loadings as low as 0.5 mol%.[29] Intriguingly, pure n-alkyl 

aliphatic aldehydes such as decanal (1d) and pentanal (1e), 

which are typically among the most challenging substrates 

regarding enantiofacial differentiation, as well as the -

branched  isovaleraldehyde (1f) provided the corresponding 

homoallylic alcohols 7df in high yields and excellent e.r. 

(Table 1, Entries 13). p- and m-Methylbenzaldehyde (1g and 

1h, respectively) as well as cinnamaldehyde (1i) were 

transformed with similarly high efficiency, using IDPi ent-3a 

(Entries 46). In the case of (S)-2-phenylpropanal [(S)-1j], a 

“matched/mismatched” situation depending on catalyst and 

substrate configuration was observed. While (R)-BINOL-

derived IDPi ent-3b afforded alcohol syn-7j with only poor 

diastereoselectivity (d.r. = 65:35), the corresponding (S)-

BINOL derived IDPi 3b gave rise to the anti diastereomer in 

an excellent d.r. of 98.5:1.5. 

Impressive solutions were offered for some particularly 

challenging substrates in this transformation. Yet, an 

expansion of the substrate scope to -branched aldehydes 

including strictly catalyst-controlled diastereoselective 

allylations of chiral substrates have remained elusive and 

highly attractive targets, which in light of the ever increasing 

diversity of IDPi catalysts can be expected to be solved in the 

future. 

1.2 Asymmetric Catalysis via Cyclic, Aliphatic 
Oxocarbenium Ions 

Substituted oxacycles constitute carbohydrates and occur in 

numerous other classes of drugs and natural products. 

This motif is frequently accessed through SN1-type 

substitution reactions involving cyclic oxocarbenium* ions.[30] 

While numerous methods for stereoselective intermolecular 

substitution reactions of this type have been developed in 

recent years, they so far have involved further stabilizing 

functionalities which additionally facilitate enantiofacial 

differentiation, such as annulated aromatic ring systems,[31] or 

Lewis basic sites that engage in neighboring group effects,  

as is typically applied in glycosylation reactions.[30a] In contrast, 

enantioselective nucleophilic addition reactions to simple 

aliphatic, cyclic oxocarbenium ions affording substituted 

tetrahydrofurans and -pyrans have remained an unsolved 

challenge (Figure 3). This challenge was taken up by the List 

group, who examined several previously developed chiral 

Brønsted acids[13,16] for the substitution reaction of lactol 

acetate 9 with silyl ketene acetal 10 via postulated ion pair 

intermediate 11 (Table 2).[18]  

On the one hand, DSI 2b proved catalytically highly active in 

this transformation, however its open active site did not allow 

for any measurable level of stereoinduction. 

On the other hand, IDP 13a, a highly potent catalyst in 

spiroacetalizations proceeding through 2-alkylated cyclic 

 

                                                 
* In this work, the term “oxocarbenium ion” is used as synonym for 
the more accurate, yet scarcely applied term “carbonylonium ion” 
(cf. Beilstein J. Org. Chem. 2018, 14, 2568–2571). 

Figure 3. Different types of cyclic oxocarbenium ions: neighboring group effect 

and resonance stabilization (blue), no additional stabilization (red). 

 

Table 2. Examination of different chiral Brønsted acids developed by the List 

group for the synthesis of tetrahydrofuran 12 from lactol acetate 9 and silyl 

ketene acetal 10. 

[a] Reaction conducted at 78 °C. 

 

oxocarbenium ion intermediates,[16] was insufficiently active 

for the abstraction of the acetate anion from the substrate. 

In contrast, IDPi 3c not only exhibited exceptionally high 

catalytic activity even under cryogenic conditions, but further 

provided tetrahydrofuran 12 in an outstanding e.r. of 98:2.[18]  



Aside from differently substituted THFs (Table 3, Entries 13), 

also a substituted tetrahydropyran (THP), oxepane and 

chromane could be accessed in high yields and excellent 

enantioselectivities (Entries 46). Under the same reaction 

conditions, using 2.4 equivalents of silyl ketene acetal, a 

mixture of all stereoisomers of diacetate 22 was 

stereoconvergently transformed into tetrahydrofuran 20 in 

high yield, diastereo- and enantioselectivity (Entry 7).[18]  
 
Table 3. Selected examples of the substrate scope of the synthesis of 

substituted oxacycles. 

[a] Using silyl ketene acetal 21. [b] Starting from diacetate 22 (mixture of all 

stereoisomers). 

In a more recent report, the List group has expanded 

enantioselective addition reactions to cyclic oxocarbenium 

ions to the synthesis of difficult to access 2,2-disubstituted and 

higher decorated THFs and THPs, starting from 1,4- and 

1,5-ketoaldehydes or diketones (Table 4). This approach 

utilizes a chemoselective Lewis acid-catalyzed cyclization of 

the dicarbonyl substrate, favoring the intramolecular addition 

of the ketone to the aldehyde, and allows for the employment 

of silanes as well as several carbon nucleophiles for highly 

diastereo- and enantioselective syntheses of the targeted 

compounds.[32] 

 

Table 4. Selected examples for the synthesis of 2,2-di- and higher substituted 

THFs from 1,4-dicarbonyls. 

[a] Using IDPi 3d. [b] Using IDPi ent-3c. 

 

1.3. A MukaiyamaMichael Reaction of Silyl Ketene 
Acetals and ,-Unsaturated Methyl Esters 

While the addition of silyl ketene acetals to cyclic, aliphatic 

oxocarbenium ions was primarily challenged by their difficult 

enantiofacial discriminations (cf. Chapter 1.2), ,-

unsaturated esters as electrophiles in enantioselective 

MukaiyamaMichael reactions additionally suffer from an 

inherently low electrophilicity, as recently reported by the Mayr 

group (Figure 4).[33] As a consequence, asymmetric Michael 

reactions have thus far been largely limited to enals and 

enones as electrophiles.[34] 

 



Figure 4. Electrophilicity parameters (E) of different Michael acceptors. 

In contrast, examples with ,-unsaturated esters have 

remained rare,[35] and more commonly the critical ester moiety 

has been replaced by more electrophilic analogues, such as 

N-acyl oxazolidinones, N-acyl imides, N-acyl imidazolides, -

ketophosphonates and other activated species, thereby  

significantly diminishing the step- and atom economy.[36] ,-

Unsaturated esters have recently been successfully employed 

as substrates in enantioselective, organic Lewis acid-

catalyzed DielsAlder reactions with cyclopentadiene, using 

an in situ silylated binaphthyl-allyl-tetrasulfone (BALT) 33 

catalyst.[37] 

 
Table 5. Assessment of different chiral Brønsted acids for the 

MukaiyamaMichael addition of silyl ketene acetal 30 to methyl cinnamate (31a). 

In contrast to DSI 2b, BALT 33 provided sufficient catalytic 

activity to allow the addition of silyl ketene acetal 30 to methyl 

cinnamate (31a), however with almost no enantioselectivity 

(Table 5). Intriguingly, IDPi 3e not only proved equally active 

in the targeted transformation, but afforded diester 32a in a 

high e.r. of 93:7.[38] Upon changing the solvent to cyclohexane 

and lowering the reaction temperature to 0 °C, diester 32a was 

obtained in 97% yield and an even elevated e.r. of 97:3, using 

as little as 1.0 mol% of IDPi 3e (Table 6, Entry 1). 

Other cinnamate derivatives, as well as -alkyl substituted 

acrylate 31d were well tolerated substrates and furnished the 

desired products in high yields and enantioselectivities 

(Entries 24). In the case of 2-monosubstituted silyl ketene 

acetal 34, the configuration of the nucleophile strongly 

affected the d.r. of the product. While silane (E)-34 afforded 

diester syn-32e in high yield, diastereo- (d.r. = 92.5:7.5) and 

enantioselectivity (e.r. = 99:1), silane (Z)-34 resulted in the 

preferred formation of the anti-diastereomer of the product 

(anti-32e), albeit with a diminished d.r. of 61.5:38.5 

(Entries 56).[38]  

 
Table 6. Selected examples of the substrate scope of the IDPi-catalyzed 

MukaiyamaMichael addition to methyl esters 31. 

 

 

 

 

 



1.4. A Mukaiyama Aldol Addition of Silyl Ketene 
Acetals to Ketones: Approaching sub-ppm-level 
Asymmetric Organocatalysis 

Few reactions have caught as much attention by organic 

chemists as the aldol reaction, judged by the myriad of 

auxiliary- and catalyst-based stereoselective methods 

developed in the past decades.[39] Despite all continuous 

advances in this field, ketone acceptors have remained a 

challenging class of substrates in catalytic enantioselective 

variants of this transformation. Due to the reduced steric 

dissimilarity of the carbonyl-bound substituents in ketones as 

compared to aldehydes, enantiofacial differentiations are 

typically significantly more difficult to accomplish. Yet more 

fundamental obstacles consist of the lower reactivity of 

ketones as electrophiles (as compared to aldehydes) due to 

both steric and electronic reasons, as well as the fact that 

aldolizations with pre-formed (e.g. ester) enolates are typically 

thermodynamically disfavored.[40] This thermodynamic 

preference of the retro-aldol reaction is effectively inverted by 

employment of the corresponding ester-derived silyl ketene 

acetals, and the groups of Denmark, and later those of Kanai 

and Shibasaki have succeeded in developing enantioselective 

Lewis base-catalyzed additions of a trichlorosilyl ketene 

acetal,[41] and Cu(I)-catalyzed additions of a trimethylsilyl 

ketene acetal to ketones, respectively.[42] Drawbacks of both 

methods, however, aside from limitations regarding specific 

substrates,  include either the necessity for high catalyst 

loading (10 mol%),[41] or a rather complex reaction setup.[42] 

While the DSI-catalyzed addition of silyl ketene acetals to 

aldehydes proved possible with catalyst loadings as low as 

0.01 mol% (100 ppm),[13] ketone 28b exclusively afforded 

enolsilane 35 upon -deprotonation of the activated 

electrophile (Scheme 2).  

 
Scheme 2. Orthogonal chemoselectivities with DSI and IDPi in the targeted 

Mukaiyama aldol reaction with ketone electrophiles: deprotonation (DSI 2b) 

versus addition (IDPi 3f). 

In contrast, the List group showed that the significantly less 

Brønsted basic IDPi 3f successfully overcame this limitation in 

chemoselectivity and cleanly afforded aldol 36b in almost 

quantitative yield and with promising enantioselectivity.[43] 

The replacement of the trifluoromethyl groups in the 

3,5-positions of phenyl substituent “R” of IDPi 3f by 

n-alkyl groups (3g: n-propyl, 3h: n-hexyl) effected a profound 

increase in enantioselectivity. With IDPi 3h 

(0.05 mol% = 500 ppm), the model reaction (cf. Scheme 2) 

afforded aldol 36b in 99% yield and an excellent e.r. of 97:3.  

 
Table 7. Selected examples of the scope of ketones of the Mukaiyama aldol 

reaction with silyl ketene acetal 10. 

A range of aryl alkyl ketones, dialkyl ketones and enones were 

shown to perform very well with IDPis 3g and 3h (and in the 

case of 2-heptanone: with 1-naphthyl-substituted IDPi 3i), 

with catalyst loadings as low as 50500 ppm (Table 7, Entries 

18).[43]  

To explore the limits of the catalytic activity, the reaction 

furnishing aldol 36a was performed on a multi-decagram scale 

(Table 8). As little as 0.37 mg (1.9•10-4 mmol, 2.8 ppm) of IDPi 

3h fully converted ketone 28a (each 10.0 g, 68.4 mmol) and 

silyl ketene acetal 10 (14.2 g, 75.2 mmol, 1.1 equiv) in a small 



amount of Et2O (8.55 mL). After removal of the volatiles, two 

further batches, each of the same amounts of both substrates 

in Et2O, were consecutively added to the crude mixture, 

ultimately reaching 95% conversion of all subjected ketone 

28a and allowing for the isolation of aldol 36a in 82% yield and 

an e.r. of 95:5, corresponding to an outstanding total turnover 

number (TON) of 9.11•105.[43]  

 
Table 8. Sub-ppm level catalysis in the aldolization of ketone 28a. 

 

1.5. Asymmetric Single Aldolizations of 
Acetaldehyde Enolsilanes 

While ketones represent a particularly challenging class of 

acceptors in enantioselective aldolizations (cf. Chapter 1.4 of 

this review), the most challenging donors are undoubtedly 

those that produce another reactive acceptor unit in the 

course of the reaction, i.e. aldehydes.[44] The consequential 

problems include the proneness of such processes to yield 

oligomers and additional critical features such as the limited 

stability of those aldol products. For a long time they have 

been circumvented by the stepwise asymmetric construction 

of -oxyaldehydes via less reactive synthons, i.e. homoallylic 

alcohols[45] and -hydroxyesters/-thioesters.[46] Only more 

recently, chemists have taken on the prestigious challenge of 

enantioselective single aldolizations between aldehydes, 

which were previously only possible with enzymes.[47] After 

Denmark’s first report in 2001, comprising Lewis base-

catalyzed indirect aldol reactions with aldehyde-derived 

trichlorosilyl enolates,[48] various Lewis base-catalyzed direct 

cross-aldol reactions followed.[49] The employment of the 

smallest donor aldehyde, acetaldehyde, however has 

remained problematic. The few reports therewith face severe 

limitations in acceptors to non-enolizable, typically electron-

poor aldehydes, and moreover produce unstable aldol 

products, requiring in situ derivatizations of the valuable 

aldehyde moiety.[50] In contrast, -silyloxy aldehydes, 

the products of the Mukaiyama aldol reaction with 

aldehyde-derived enolsilanes, are significantly more stable 

and can even be isolated by conventional purification methods. 

While powerful Lewis acid catalysts such as silylated triflimide 

readily promote this transformation, it does not differentiate 

between substrate and product aldehydes and causes 

oligomerization with common, simple silyl groups such as 

triethylsilyl (TES).[51] In 2006, Boxer and Yamamoto 

successfully addressed this limitation by employment of the 

exceptionally bulky tris(trimethylsilyl)silyl group, allowing for 

highly selective single and – depending on the stoichiometry 

– double aldolizations of aromatic and aliphatic acceptor 

aldehydes (Table 9).[52] 

 

Table 9. Mukaiyama aldol reaction with enolsilanes of acetaldehyde: Reagent 

control, non-enantioselective (red); catalyst control, enantioselective (blue). 

 

An enantioselective variant of this transformation, however, 

had remained elusive. Previously reported chiral Brønsted 

acids were unsuccessful due to either lack of catalytic activity 

(e.g. chiral phosphoric acids, IDP) or inability to differentiate 

between substrate and product aldehydes (DSI). In contrast, 

IDPi 3j cleanly converted benzaldehyde (1c) and the simple 

TES enolate of acetaldehyde (37a) into aldol 38c in very high 

yield (95%) and a remarkable e.r. of 99:1.[51]  

Substituted benzaldehydes, such as o-tolualdehyde and 

m-anisaldehyde were well-tolerated substrates and provided 

the single addition products with TES enolate 37a or TBS 

enolate 37b in similarly high yields and enantioselectivities 

(Table 10, Entries 12). Intriguingly, even aliphatic aldehydes 

were efficiently transformed and furnished the desired single 

aldolization products in high yields and good to excellent e.r. 

(Entries 36).[51]  



Table 10. Selected examples of the substrate scope of the IDPi-catalyzed 

Mukaiyama aldol reaction with acetaldehyde enolsilanes. 

[a] Reactions conducted in CHCl3/n-hexane (5:4) at 78 °C. [b] Using 1.2 equiv 

of enolsilane 37b. [c] Using 1.4 equiv of enolsilane 37b. 

The authors described a strong influence of the size of the silyl 

group present in both enolate 37 and aldol 38 on the 

proneness of the aldol product to react further under the 

reaction conditions. Specifically, benzaldehyde (1c) reacted 

with each 1.5 equivalents of TES enolate 37a and TMS 

enolate 37c in the presence of IDPi 3m to afford the 

corresponding TES (38c) and TMS (38p) aldols in 99 and 62% 

yield, respectively (Scheme 3).  

 

Scheme 3. Influence of the size of the silyl group on the IDPi-catalyzed 

Mukaiyama aldol reaction with acetaldehyde enolates. 

Exposure to a further 1.5 equivalents of either enolsilane (37a 

or 37c) for an additional 1 h resulted in vastly different levels 

of consumption of aldols 38, depending on the silyl group 

combinations. The extremes herein are marked by the 

combinations of TES/TES and TMS/TMS. While the former 

still gave rise to aldol 38c in a yield of 82%, the latter resulted 

in the complete consumption of transiently generated aldol 

38p, indicating a primarily steric discrimination between 

substrate and product aldehydes, enabled by the confined 

space of the catalyst’s active site (Figure 5).[51]  

 

Figure 5. Schematic depiction of the origin of the substrateproduct 

discrimination by the catalyst. 

  



2. IDPi in Brønsted Acid Catalysis 

The design of ever more acidic chiral Brønsted acids for both 

enantioselective Brønsted and “silylium” Lewis acid catalysis 

has been key to expanding the scope of substrate classes to 

more challenging and less basic ones. While phosphoric acids 

like TRIP (39; pKa = 13.6 in MeCN)[14] are widely limited to 

readily activated imines,[53] the significantly more acidic DSIs 

(pKa (2b) = 8.4 in MeCN; cf. pKa (p-TsOH) = 8.5 in MeCN; 

Figure 6)[14] expanded the boundaries to the activation of 

aldehydes for numerous CC bond-forming addition 

reactions.[15]  
 

Figure 6. Experimental pKa values of chiral and achiral Brønsted acids in 

MeCN.[14] TTP = 1,1,3,3-tetratriflylpropene. [a] Ref. 54. 

For the addition of particularly unreactive nucleophiles such 

as allyltrimethylsilane (cf. Chapter 1.1), however, as well as 

the activation of even less basic substrates, including 

olefins,[55] this catalyst class had still proven insufficiently 

active, resulting either in low substrate conversion and/or in 

undesired side-reactions driven by the Brønsted basicity of the 

counteranion.[43,28] By comparison, the basicities of the 

recently reported binaphthyl-allyl-tetrasulfones (BALT 33; pKa 

= 2.8 in MeCN) and IDPis (pKa (3n) = 4.5, pKa (3o) ≤ 2.0 in 

MeCN) are profoundly reduced,[14] allowing the selective 

conversion of such unreactive substrates as ,-unsaturated 

esters,[37] readily enolizable ketones[43] and even simple 

olefins.[55] The following section describes applications of 

IDPis for challenging Brønsted acid-catalyzed transformations. 

2.1. Catalytic Asymmetric Vinylogous Prins 
Cyclization: A Highly Diastereo- and 
Enantioselective Entry to Tetrahydrofurans 

Intramolecular reactions featuring the nucleophilic capture of 

oxonium ions by alkenes are valuable tools in the construction 

of cyclic ethers, such as tetrahydropyrans (THPs) 

and tetrahydrofurans (THFs). These ene and Prins reactions 

have been divided into three classes, according to the 

connectivity of the carbonyl oxygen and the alkene.[56] 

Specifically, in type III Prins reactions, in which the side chain 

bearing the alkene is tethered to the oxonium ion oxygen, 

cyclic ethers originate from carbocationic intermediates. The 

nature and stability of such intermediates, and therefore the 

relative energies of the transition states (TS), dictate the 

outcome of the cyclization to afford 5- or 6-membered rings 

when ,-unsaturated oxonium ions are involved. In this 

context, the acid-catalyzed Prins cyclization of homoallylic 

alcohols with aldehydes predominantly delivers THP 

products.[57] However, the presence of an additional double 

bond in dienols of type 42a allowed the List group to access 

the less preferred THF ethers, owing to the supplementary 

stabilization imparted by the allylic cation (Scheme 4).[58] 

While catalytic asymmetric Prins cyclizations to yield THPs 

have recently been reported,[59] an additional complication 

associated with the synthesis of THF rings is the more 

challenging discrimination between the two possible transition 

states leading to different diastereomers.[60] 

 

Scheme 4. Prins cyclization of dienol 42 with aldehydes (1). 

Nonetheless, under Brønsted acidic conditions enabled by 

IDP, THF products could be accessed with high diastereo- 

and enantioselectivities when various (hetero)aromatic 

aldehydes were subjected to the optimized reaction conditions 

(Table 11, Entries 13). Quaternary stereocenters could also 

be assembled, with only slightly diminished enantioselectivity 

(Entry 4).[58] To this point, the limitation of the methodology 

resided in the inability to handle simple aliphatic aldehydes. 

Indeed, unreactive acetals were exclusively produced under 

the catalysis operated by IDP catalysts.  
  



Table 11. Selected examples for the diastereo- and enantioselective synthesis 

of THFs using aromatic and aliphatic aldehydes. 

[a] Using IDP 13b. [b] Using IDPi 3p. 

In contrast, IDPi catalysts displayed excellent reactivity to 

afford the desired 2,3-disubstituted THF products from 

aliphatic aldehydes owed to the enhanced Brønsted acidity of 

this catalyst class, in remarkably high diastereo- and 

enantioselectivities (Entries 68).[58]  

2.2. Catalytic Asymmetric [4+2]-Cycloaddition of 
Dienes with Aldehydes 

In the previous chapter, the conjugated diene moiety of 

nucleophiles 42 engaged in intramolecular CC bond 

formation upon condensation of the hydroxy group with an 

aldehyde. The absence of this “hydroxy handle” results in 

orthogonal reactivity, where a CC bond is formed between 

the 1,3-diene and the activated carbonyl unit in an 

intermolecular fashion, as well as a simultaneous or 

subsequent CO bond formation, giving rise to dihydropyrans, 

the (formal) products of a hetero-DielsAlder reaction. 

Since the first report by Gresham and Steadman in 1949,[61] 

the [4+2]-cycloaddition of dienes with aldehydes gained 

influence over decades for its efficiency and synthetic utility in 

the quick assembly of pyran substructures. Furthermore, 

the possibility to generate contiguous stereogenic centers has 

encouraged the development of asymmetric versions, 

granting access to valuable optically-active compounds.[62] 

To control the absolute configuration of the product, strategies 

relying on both chiral auxiliaries and catalysts were developed.  

 

Scheme 5. Reactivity comparison between DSI and IDPi catalysts. [a] Using 

IDPi 3o. [b] Using IDPi 3q. 

The engagement of simpler feedstocks in this reaction has 

found its main obstacle in the large energy gap between the 

involved frontier orbitals of less activated species.[64] 

 

 

 

 

 

 



Table 12. Selected examples of the [4+2]-cycloaddition reaction of simple 

dienes with aromatic and aliphatic aldehydes. 

The Aggarwal group has shown that the strong Brønsted acid 

TfOH is capable of catalyzing the reaction of aromatic 

aldehydes with simple dienes such as isoprene.[65] List and 

coworkers recently found that IDPi catalysts possess 

appropriate features to catalyze this transformation with high 

reactivity and selectivity.[66] 

The superior acidity and enhanced confinement of IDPi 

enabled simple 2,3-dimethyl-1,3-butadiene (44b; 

nucleophilicity parameter N = 1.17, sN = 1.00)[67] to react with 

aromatic and even simple aliphatic aldehydes that proved 

inaccessible with TfOH (Scheme 5), thereby overcoming the 

severe limitations of DSIs to aromatic aldehydes and highly 

reactive dienes (e.g. Danishefsky diene (44a): N = 8.57, sN = 

0.84).[63b,68] Along with the reaction of various aromatic and 

aliphatic aldehydes with 2,3-dimethyl-1,3-butadiene 

(44b; Table 12, Entries 1, 2 and 79), examples displaying the 

reactivity of other simple dienes with a range of aldehydes 

were also reported (Entries 36 and 10, 11).[66]  

To validate the practicality of the methodology, gram scale 

experiments were performed. With a catalyst loading as low 

as 0.2 mol%, benzaldehyde (1c) could be reacted with 

2,3-dimethyl-1,3-butadiene (44b) to afford the desired 

dihydropyran 46a in excellent yield and enantioselectivity. 

Moreover, 97% of the catalyst could be recovered 

(Scheme 6a). Similarly, the commercialized fragrance 

Verdirosa (46n) could be prepared with high enantopurity, 

and subsequently be reduced to Doremox (47), an odorant 

with a rosy note (Scheme 6b). 

 

Scheme 6. Preparative scale experiments and synthesis of valuable small 

molecules. 

2.3. Hydroalkoxylation of Simple Olefins 

The employment of unactivated 1,3-dienes as nucleophiles in 

asymmetric Prins cyclizations (cf. Chapter 2.1) and [4+2]-

cycloadditions (cf. Chapter 2.2) has faced vast difficulties that 

could only be addressed with a catalyst class as acidic as IDPi. 

A perhaps even greater challenge has been the application of 

simple olefins as electrophiles in hydrofunctionalizations, 

owed to their inherent low Brønsted basicity. Yet, the intrinsic 

simplicity, perfect atom economy and the abundant substrate 

availability renders such hydrofunctionalizations highly 

desirable.[69] Despite all advances, enantioselective 

Markovnikov, as well as anti-Markovnikov hydroalkoxylations, 

had remained an unsolved problem. Previously reported 

photochemical and transition metal-based approaches 

achieved only modest enantioselectivities and in the case of 

intramolecular variants were limited to substrates of enhanced 

reactivity,[70] e.g. through application of the ThorpeIngold-

effect.[71] While enzymes efficiently catalyze transformations 

that require the protonation of unactivated olefins, such as the 

cyclization of squalene to hopene,[72] it was not until recently 



that an enzymatic enantioselective hydroalkoxylation as part 

of the biosynthesis of the fungal natural product herqueinone 

was reported.[73] In contrast, the employment of unactivated 

olefins as electrophiles in asymmetric hydroalkoxylations has 

remained elusive in Brønsted acid catalysis. With the 

intramolecular hydroalkoxylation of enol 48a to produce THF 

49a as a model reaction, the List group demonstrated how DSI 

2b proved just active enough to afford moderate yields of the 

targeted compound, albeit in almost racemic form (Table 13).  

 
Table 13. Performance of different classes of chiral Brønsted acids in the 

hydroalkoxylation of enol 48a. 

[a] THF 49a not detected. [b] Reaction conducted in cyclohexane. 

The less acidic IDP 13a, however, was catalytically inactive in 

this process. Intriguingly, IDPi 3c exhibited high catalytic 

activity toward the desired hydroalkoxylation, providing THF 

49a in high yield and good enantioselectivity.[55] Upon 

changing the solvent to cyclohexane (CyH) and replacing the 

triflyl groups of the core by the bulky 

3,5-bis(trifluoromethyl)benzenesulfonyl groups (IDPi 3t), 

the enantioselectivity was improved even further, without 

reduction of catalytic activity and yield. A variety of 

functionalized and unfunctionalized alkenols were 

successfully converted under the optimized reaction 

conditions, providing the desired THFs in good yields and 

excellent enantioselectivities (Table 14, Entries 14).[55]  

 

Table 14. Selected examples of the substrate scope. 

[a] Reaction conducted in 1,2-dichloroethane/cyclohexane = 1:1. 

Diene- and styrene-derived substrates were also well 

tolerated (Entries 57), and THP 50 could be accessed from 

the corresponding homologated alkenol substrate in 70% 

yield and only slightly diminished enantioselectivity (entry 8). 

Moreover, excellent catalyst-controlled diastereoselectivities 

were observed in the hydroalkoxylation of chiral alkenol (R)-

51 bearing a stereogenic center in the -position of the 

reacting hydroxy group, using either IDPi 3t or its enantiomer 

ent-3t. 



Based on DFT studies and a Hammett analysis, the reaction 

is proposed to comprise an asynchronous concerted 

mechanism, which is initiated by the protonation of the olefin, 

followed by the CO bond formation, deprotonation and 

release of the product (Scheme 7a). This scenario is in line 

with experimental results, showing no reactivity with the 

regioisomeric substrates (E)- and (Z)-53 and vastly different 

reactivity and enantioselectivity in the case of diol 54 as 

alternate cyclization precursors (Scheme 7b). 

 

Scheme 7. Mechanistic studies. a) Proposed catalytic cycle. b) Performances 

of alternate cyclization precursors 53 and 54. n.d. = not detected. 

3. Conclusion and Outlook 

Imidodiphosphorimidates (IDPis) have opened doors to 

unprecedented reactivities in catalysis, while providing 

outstanding stereocontrol in a series of challenging inter- and 

intramolecular CC and CO bond-forming reactions. Small 

organic molecules such as proline are capable of catalyzing 

transformations with high enantioselectivities through the 

presence of covalent and strong non-covalent (H-bonding) 

interactions with the reacting substrates.[74] In contrast, IDPis, 

mimicking enzymes, effect excellent enantiofacial 

discrimination through the confined chiral microenvironment 

of their substrate binding sites (Figure 7). 

The immense potential of IDPi catalysts has been amply 

illustrated in only a short period of time, and various further 

applications and mechanistic insights can be expected in the 

future. 

 

 

 
 

Figure 7. IDPi (b) as small “artificial enzymes” between small organocatalysts 

such as proline (a) and enzymes (c).[75] 
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