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Abstract

From the preparation of pharmaceuticals to enzymatic construction of natural products, 

carbocations are central to molecular synthesis. Although these reactive intermediates are engaged 

in stereoselective processes in nature, exerting enantiocontrol over carbocations with synthetic 

catalysts remains challenging. Many resonance-stabilized tricoordinated carbocations, such as 

iminium and oxocarbenium ions, have been applied in catalytic enantioselective reactions. 

However, their dicoordinated counterparts (aryl and vinyl carbocations) have not, despite their 

emerging utility in chemical synthesis. We report the discovery of a highly enantioselective 

vinyl carbocation carbon–hydrogen (C–H) insertion reaction enabled by imidodiphosphorimidate 

organocatalysts. Active site confinement featured in this catalyst class not only enables effective 

enantiocontrol but also expands the scope of vinyl cation C–H insertion chemistry, which broadens 

the utility of this transition metal–free C(sp3)–H functionalization platform.

Since the late 19th century, carbocations (cationic molecules that feature an even number 

of electrons with a positive charge residing on one or more carbon atoms) have fascinated 

organic chemists because of their fundamental properties and potent modes of reactivity 
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(1). From agostic bonding, which is critical to our understanding of chemical structure 

(2, 3), to biosynthesis, in which carbocations facilitate the assembly of stereo-chemically 

complex natural products (4, 5), these reactive intermediates have played an essential role 

in our understanding of chemistry. Despite the relevance of carbocations to many modern 

synthetic processes, controlling the regio-, chemo-, and stereoselectivity of their reactions 

has proven challenging (6). This is especially true in asymmetric catalysis, in which high-

energy, prochiral cationic intermediates must proceed through energetically differentiated 

diastereomeric transition states (TSs) to obtain synthetically useful enantiomeric excesses 

(ee). Achieving an energy difference (ΔΔG‡) of >2.0 kcal/mol (which is required for 

>90% ee at 70°C) is a daunting task for such high-energy intermediates for which 

productive bond formation can proceed via relatively low energetic barriers (Fig. 1A). 

Moreover, the propensity for such intermediates to engage in unproductive side reactions 

further complicates the development of selective processes. This fundamental challenge is 

manifested in modern carbocation chemistry, in which high levels of selectivity are only 

routinely realized in the reactions of resonance- or heteroatom-stabilized carbocationic 

species (6–10). The asymmetric reactions of carbocations that are not stabilized by p-

resonance remain rare (11).

Unlike resonance-stabilized tricoordinated carbocations, dicoordinated carbocations, such 

as aryl and vinyl cations, have thus far been excluded from the field of asymmetric 

catalysis (Fig. 1B). This is likely due to the lack of catalytic methods for their generation 

and their high reactivity once formed (12). Recent reports that these intermediates 

undergo facile insertion into unactivated sp3 C–H bonds (13–20), which often creates 

stereogenic carbons, prompted us to investigate their application in asymmetric catalysis. 

In addition to the fundamental challenges associated with engaging a high-energy species 

in catalytic enantioselective reactions [in some cases, dicoordinated cations are computed 

to undergo almost barrierless insertion into alkane C–H bonds (15, 16, 20)], most 

catalytic C–H insertion reactions of dicoordinated carbocations have required the use of 

weakly coordinating anions (WCAs). These anions are notable in their weak basicity and 

nucleophilicity, which avoids deleterious E1 elimination or SN1 nucleophilic substitution 

reactions (21). However, the few chiral WCAs that have been reported have not been 

successfully used in asymmetric catalysis (22, 23) because the highly ordered TSs that are 

required for enantioselectivity almost always rely on directional coordinative interactions. 

Inspired by the exquisite stereocontrol over reactive carbocations manifested within a 

confined enzyme active site (24) and key synthetic studies on confinement effects in 

selective catalysis (25, 26), we hypothesized that confinement of a dicoordinated carbocation 

intermediate could direct its ensuing reactivity with enantio-control. In this work, we report 

the discovery of a highly enantioselective C–H insertion reaction of vinyl carbocations 

enabled by imidodiphosphorimidate (IDPi) strong acids pioneered by List et al. (27, 

28), which results in an organocatalytic platform for stereoselective functionalization of 

unactivated C(sp3)–H bonds (Fig. 1C).

Our initial investigations focused on the intramolecular desymmetrization of a piperidinyl 

fragment via C–H insertion to generate bicyclic structures, given the prevalence of 

nitrogen-containing polycyclic scaffolds in numerous bioactive natural products (29). 

After exploration of various catalyst structures (Table 1), we were able to catalyze 
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the transformation of vinyl tosylate 1a to the cyclized C–H insertion product 2a 
with high ee using IDPi 8B and stoichiometric allyltriisopropylsilane (entry 6). This 

C–H functionalization reaction forges three contiguous stereocenters with notable 

diastereoselectivity [>20:1 diastereomeric ratio (d.r.)] and reasonable conversion after 72 

hours. We posit that the reaction is sluggish because of a high barrier for vinyl carbocation 

formation and therefore is directly dependent on the Lewis acidity of the silicon species 

(12). Thus, we hypothesized that the conversion could be improved by tuning the silyl 

group on the allyl silane, given that the silylated IDPi is likely the active catalyst (see 

below). We were inspired by Lambert’s studies on the effects of steric bulk on silylium 

ion coordination, in which tris(trimethylsilyl)silylium [Si(TMS) +3] paired with a WCA 

generated a near-trivalent silylium cation, in contrast to trialkyl silylium cations that form 

tetravalent Si centers by coordination to solvent or counteranion (30). Gratifyingly, in our 

system, we observed a positive correlation between silane size and activity (entries 6 to 8 

in Table 1), in which tris(triethylsilyl) allylsilane resulted in full conversion without any 

influence on enantioselectivity. We performed Gutmann-Beckett studies that supported the 

enhanced Lewis acidity of tris(triethylsilyl)silane [Si(TES)3]–silylated IDPi relative to its 

trialkyl silyl IDPi counterpart, although other effects cannot be ruled out (see supplementary 

materials).

With this improved activity and encouraging enantioselectivity on our model substrate, 

we explored the scope of this reaction (Fig. 2). The transformation proved compatible 

with substitution at both of the aryl rings on the substrate, delivering insertion products 

in moderate to good yield with excellent enantioselectivity (up to 93% ee) and 

diastereoselectivity (>20:1 d.r.). High levels of enantioselectivity were maintained with 

ortho substitution near the insertion site (2g and 2i), with electron-rich (2f, 2g, and 2o), 

electron-deficient (2e, 2n, and 2p), and heterocyclic (2j and 2k) substrates also performing 

well. Moreover, functional groups labile in many transition metal–catalyzed processes 

(2p to 2s) were compatible, which highlights this method’s complementarity to transition 

metal–catalyzed C(sp3)–H functionalization platforms. C–H insertion adjacent to a sterically 

congested all-carbon quaternary center (2u) occurred in good yield, albeit with moderate 

enantioselectivity. An additional highlight was the conversion of an all-hydrocarbon variant 

of the model substrate to bicyclo[4.3.0]nonenes in modest stereoselectivity (2v). The 

enantiopurity of many of the piperidine insertion products could be readily upgraded via 

a single recrystallization to afford enantiopure material (>99% ee). Moreover, the N-triflyl 

protecting group could be removed with sodium bis(2-methoxyethoxy)aluminum hydride 

(Red-Al) to afford free amine 2w (31). Heating insertion product 2a with acid isomerized the 

olefin to the thermodynamically more favored tetrasubstituted olefin isomer (2x), without 

loss of enantioenrichment. WCA catalysts that were previously used in our laboratory in 

vinyl cation C–H insertion reactions resulted in low yields (<10%) or intractable product 

mixtures because of the formation of multiple isomers, oligomeric products, and other 

unidentifiable side products (see supplementary materials). These findings, when compared 

with previous examples of catalytic vinyl cation C–H insertion reactions, highlight a 

compelling advance in substrate compatibility and catalyst control.
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Confirming the intermediacy of the vinyl cation

Although catalytic vinyl cation formation via sulfonate abstraction has been previously 

reported (15, 16), we sought to further support its intermediacy in this system. To this 

end, we found that both the Z- and E-vinyl tosylate isomers afforded the same insertion 

product with identical enantioselectivities, which supports the common intermediacy of a 

linear vinyl carbocation (Fig. 3A). Moreover, we prepared tosylate 9 (which cannot undergo 

intramolecular C–H insertion) and found that allene 10 is produced as the major product 

under the reaction conditions, which likely arises from a Wagner-Meerwein rearrangement

—a known reactivity pathway of vinyl carbocations (12).

In the context of enantioselective insertion, the allyl silane did not influence the selectivity 

of the reaction, despite its profound influence on rate. This result not only supports 

the proposed role of the Si-center in the ionization of the substrate but also suggests 

that after ionization, a discrete vinyl cation–IDPi ion pair is formed that undergoes 

the enantiodetermining C–H insertion step. Supporting this hypothesis, deuteration of 

the substrate’s insertion sites resulted in an appreciable increase in % ee across two 

structurally distinct catalysts (Fig. 3B), which corresponds to up to a 0.12 ± 0.03 kcal/mol 

difference in ΔΔG‡ (32). Moreover, no indication of deuterium incorporation adjacent to 

the CD2 methylene was observed, which would be expected if a stepwise hydride rebound 

mechanism was operative (15) given that hydride shifts would result in H/D scrambling 

(Fig. 3C). Additionally, substrate 1u cleanly forms insertion product 2u in high yield, with 

no sign of rearrangement. Although these observations support either a concerted insertion 

or a rapid rebound mechanism, in which a putative 2° carbocation is trapped by olefin 

attack before facile 1,2-shifts can occur, we recognize that the mechanism likely resides 

on a continuum between these two extreme scenarios (see below). On the basis of these 

results, a proposed mechanism (Fig. 3D) initiates with protodesilylation of the allylsilane to 

generate the active Lewis acid 11, which is consistent with prior work by List et al. (27, 

33). Subsequent ionization of the vinyl tosylate by 11 generates the reactive vinyl cation 

species (12), which we propose is confined within the IDPi anion as a contact ion pair. An 

enantiodetermining C–H insertion step followed by kinetic deprotonation delivers insertion 

product 2 and regenerates IDPi.

Modeling the TS

To probe the specific interactions responsible for the experimentally observed stereo-

selectivity, density functional theory (DFT) calculations at the ωB97X-D/6–311++G(d,p), 

CPCM(cyclohexane)//B3LYP-D3/6–31G(d,p), CPCM(cyclohexane) level were carried out. 

Two diastereomeric TSs that used substrate 1a and catalyst 8B were computed and found to 

correspond with a concerted, asynchronous C–H insertion of the vinyl cation with an energy 

difference (ΔΔG‡) of 2.1 kcal/mol, which favored the experimentally observed enantiomer 

(Fig. 3E). In the minor TS, the sterically encumbering piperidine is situated in much closer 

proximity to the congested p-SF5 substituents of the catalyst scaffold. These repulsive 

interactions obstruct the optimal positioning of the substrate within the anionic pocket of the 

catalyst, which ultimately weakens the intermolecular interactions between the associated 

ions. The difference in electrostatic stabilization between the two TSs was calculated to be 
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0.6 kcal/mol (34) with an additional 1.4 kcal/mol of stabilization in the favored enantiomeric 

TS arising from dispersive interactions, which together correspond to enhanced binding 

of the C–H insertion TS by the IDPi anion if the preferred enantiomeric conformation is 

adopted. Careful inspection of the TS structure reveals bending of the vinyl cation, placing 

the tolyl group away from the bulky N–Tf piperidine ring (Tf, trifluoromethylsulfonyl), 

which is consistent with an anti relative orientation seen in the experimentally obtained 

diastereomer. Although product 2a was computed to be energetically favored over its 

benzylic epimer (14; Fig. 3F), thermodynamically driven equilibration after C–H insertion is 

likely not the driver of diastereoselectivity. 1,2-hydride shifts are known to be stereospecific 

(35), which rules out benzylic hydride exchange as a potential mechanism for epimerization 

of the benzylic stereocenter (Fig. 3F), and hydride shifts from the ring fusion carbon are 

discounted given the lack of H/D scrambling observed in deuterated substrate 1b–D4 (Fig. 

3C). Taken together, these results are consistent with a 1,1-insertion step that sets all three 

stereocenters concurrently with high stereocontrol (see supplementary materials for further 

discussion).

To further explore factors governing how catalyst and substrate structure affected the 

enantioselective outcomes, we investigated the reaction holistically by using statistical 

modeling to analyze the diverse reaction outputs recorded within the optimization 

and substrate scope studies. This was accomplished by regressing computationally 

derived molecular descriptors to the measured enantioselectivities (36). Substrates and 

truncated IDPi catalysts (see supplementary materials) were independently subjected to 

conformational searches by using molecular mechanics, and the relevant structures were 

submitted for DFT optimization at the PBE1PBE-D3BJ/def2-SVP level of theory with 

M06–2X/def2-TZVP single-point energy corrections. Both steric and electronic molecular 

descriptors were extracted from the lowest energy conformer of the computed ensembles 

(37). The data were split into a training and validation set by using a pseudorandom 

50:50 partition followed by forward stepwise multivariate linear regression analysis. A 

four-parameter model [coefficient of determination (R2) = 0.85] was found in which (Fig. 

4A) two features for both the catalyst and substrate are required for a good correlation 

(Fig. 4B). Cross-validation techniques, including leave one out (LOO; 0.79) and k-fold (k 
= 4,0.77), as well as external validation [predicted R2 (predR2) = 0.77], were performed 

to indicate that a statistically robust model was produced. The catalyst is described by the 

natural bond orbital (NBO) partial charge of the para substituent and the buried volume 

within a 3.5-Å sphere centered on the sulfonamide sulfur (VBurS), which indicates that a 

more sterically constricted catalyst pocket positively affects selectivity, consistent with the 

DFT TS studies. The substrate is described by the 13C nuclear magnetic resonance (NMR) 

chemical shift and partial equalization of orbital electronegativity (PEOE), which are both 

primarily electronic descriptors (38). The PEOE term can classify general substrate types 

as well as differentiate the various piperidine protecting groups that were tested during 

optimization [i.e., p-toluenesulfonyl (Ts), Tf, trifluoroacetyl (TFA), and so on] on the basis 

of the proximity of electronegative atoms (Fig. 4C). Taken together, this model suggests that 

high enantioselectivity results from a combination of sterically restricted catalysts and dense 

electronegativity present in the Tf-protected piperidinyl substrates. Catalysis is optimal in 

the negatively charged pocket of the catalyst for substrates with cation stabilization features, 
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which rationalizes the 93% ee we observed for IDPi (8B) with 2f and supporting the 

proposed TS.

Extension to strained-ring product motifs

Having established the conceptual groundwork for achieving enantioselectivity in a vinyl 

cation C(sp3)–H insertion reaction, we sought to test our system with new substrate 

classes, and we were particularly drawn to the possibility of leveraging the high energy of 

these intermediates to forge strained rings. Bicyclo[3.2.1]octanes are prevalent carbocyclic 

scaffolds found in various bioactive natural products (39), and we sought to access them in 

enantioenriched form. To this end, we prepared substrates of the type 15 (Fig. 5), for which 

insertion into the cyclohexyl group generates a chiral [3.2.1] carbocycle (16), and found that 

IDPi 3A (Table 1) catalyzes its formation in moderate yields and enantioselectivity (up to 

77% ee). Expansion of this chemistry to other substrate classes that generate structurally 

distinct products suggests the potential for broader applicability of IDPi catalysis in carrying 

out challenging enantioselective C(sp3)–H functionalization reactions via vinyl carbocations. 

Moreover, products from this reaction can be readily converted to enantioenriched 1,3-

diketocyclohexanes (17) via oxidative cleavage (40) with high levels of enantiospecificity. 

Current catalytic methods to access enantioenriched 1,3-diketocyclohexanes are limited to 

the desymmetrization of anhydrides (41), after which additional steps are required to convert 

the resulting carboxylic acid to scaffolds such as 17a to 17c, which highlights a strategic 

application of this reaction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Selective reactions of carbocations.
(A) Challenges associated with high-energy intermediates in selective catalysis. 

(B) Properties associated with carbocation coordination number. (C) Discovery of 

enantioselective C–H insertion reactions of vinyl cations. high E int, high-energy 

intermediate; low E int, low-energy intermediate; OTs, p-toluenesulfonate; X, NSO2CF3 

or CH2.
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Fig. 2. Substrate scope.
All reported yields are isolated yields of purified product. *After single recrystallization. †96 

hours at 75°C. ‡0.1M. §70°C. ¶60°C. #2.3 equivalents of silane used because of alcohol 

silylation; the crude reaction was then stirred with tetrabutylammonium fluoride. **0.025M 

using 3A. BPin, pinacol boronic ester; es, enantiospecificity; Me, methyl; Ph, phenyl; PhMe, 

toluene; PMP, p-methoxyphenyl; rt, room temperature; Tol, p-tolyl; TsOH, p-toluenesulfonic 

acid.
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Fig. 3. Mechanistic studies.
(A) Evidence for vinyl carbocation intermediacy. (B) Effect of isotopic labeling on 

enantioselectivity. Listed values are the average of triplicate runs. (C) Rearrangement 

products from a rebound mechanism that were not observed. (D) Proposed mechanism. 

(E) DFT-calculated diastereomeric TS structures with corresponding bond lengths (Å), 

electrostatic potential surfaces, and free-energy differences between major and minor TSs. 

Substrate atoms are rendered as a stick model, and the catalyst is rendered as a space-filling 

model. Electrostatic potential areas are colored red to indicate a more-negative potential and 

blue to indicate a more-positive potential. (F) Benzylic stereocenter epimerization is not 

likely. Et, ethyl.
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Fig. 4. Statistical modeling.
(A) Multivariate linear regression model with a pseudorandom 50:50 partitioning of the 

91 data points into training set:validation set. (B) Visual representation of the molecular 

descriptors used in the model. (C) Substrate classification of X identity on the basis of 

PEOE12.
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Fig. 5. Catalytic asymmetric synthesis of strained bicycles.
All reported yields are isolated yields. *After single recrystallization. Ar, aryl; DCM, 

dichloromethane; PCC, pyridinium chlorochromate; tBu, tert-butyl.
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