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Abstract: Benzylic stereogenic centers are ubiquitous in natural products and pharmaceuticals. A
potentially general though challenging approach toward their selective creation would be
asymmetric Sn1 reactions that proceed through highly reactive benzylic cations. We now report a
broadly applicable solution to this problem by identifying chiral counteranions that pair with
secondary benzylic cations to engage in catalytic asymmetric C—C-, C—O- and C—N-bond forming
reactions with excellent enantioselectivity. The critical cationic intermediate can be accessed from
different precursors via Lewis- or Brgnsted acid catalysis. Key to our strategy is the use of only
weakly basic, confined counteranions that are posited to prolong the lifetime of the carbocation,

avoiding non-productive deprotonation pathways to the corresponding styrene.

One-Sentence Summary: Confined and weakly basic counteranions pair with secondary benzylic
cations to engage in catalytic asymmetric C—C-, C—O- and C—N bond forming Sn1 reactions with

excellent enantioselectivity.
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Main Text: Benzylic stereocenters are omnipresent substructures of a vast number of natural
products and drugs (1). For the asymmetric construction of the crucial benzylic C-C or C-
heteroatom bond, a plethora of methods has been described. Approaches using chiral auxiliaries,
metal catalysts, organocatalysts, and enzymes, among others, are known (2-5). However, despite
potential as a general approach to benzylic stereocenters, the catalytic enantioselective reaction of
a nucleophile with a benzylic cation remains underdeveloped. During the past decade, early
attempts towards this strategy have been reported but typically involved oxygenated arenes,
stabilizing the corresponding benzylic cation as ortho- or para-quinone methides and thus limiting

the scope of these methods (6-12).

Fig. 1. Subjecting benzylic cations to asymmetric catalysis. (A) Dynamic kinetic asymmetric
transformations via benzylic cations. (B) This work: confined counteranions tame secondary

benzylic cations for asymmetric catalysis.

Recently, the Jacobsen group reported an allylation of tertiary benzylic cations for the construction
of quaternary stereogenic centers using anion-binding, hydrogen bond-donor catalysis (Fig. 1A)
(13). Subsequently, the Sun group explored tertiary benzylic cations as intermediates in
asymmetric catalysis (14). Asymmetric catalysis of reactions proceeding through unstabilized
secondary benzylic cations has previously been reported by the Braun and Toste groups, albeit
each with only a single example (Fig. 1A) (15, 16). We hypothesized that engaging unbiased
secondary benzylic carbocationic intermediates with a wide range of nucleophiles could provide a

general solution to the problem of constructing benzylic stereocenters (Fig. 1B).

Over the past years, highly acidic and enzyme-like confined imidodiphosphorimidates (IDPi)
catalysts have emerged as a powerful motif to control the enantioselectivity in the reactions of
high-energy, cationic intermediates such as tertiary benzylic carbocations, vinyl carbocations and
the non-classical 2-norbornyl cation (17-20). Initially, we expected three fundamental challenges
toward applying our design to unstabilized secondary benzylic cations: (i)the differentiation
between two faces of an only hydrocarbon-based planar cationic intermediate , (ii) the exclusion
of unproductive reaction pathways such as deprotonation or rearrangement, and (iii) potential
catalyst deactivation by alkylation from the benzylic cation. Given the high local electrophilicity
and hydride ion affinities of benzylic cations, we postulated that essential cation stabilization could



be achieved using a less basic, weakly coordinating anion, which at the same time can also provide

a chiral microenvironment for further nucleophilic attack to achieve high enantiocontrol (21-23).

Here we report the design and development of an IDPi catalyzed Sn1 platform that enables the
conversion of racemic sp® starting materials into valuable enantioenriched benzylic stereocenter-

containing products in a dynamic kinetic asymmetric transformation.

Reaction development. First, we explored C-O bond forming reactions between rac-1-
phenylethyl 2,2,2-trichloroacetimidate (1a) as the cation precursor and acetic acid as the
nucleophile in the presence of different IDPi catalysts. In the initial attempts, we found an IDPi
catalyst (S2h) could catalyze this reaction, giving the desired product 3a in 86% yield with 61:39
enantiomeric ratio (er), so further optimizations were carried out (see supplementary materials for
details). Eventually, IDPi 2a was identified as the optimal catalyst, delivering product 3a in 73%
yield and with 95:5 er (Fig. 2A). With the optimal conditions (IDPi 2a, T = -90 °C, t = 5 d)
established, we turned our attention toward exploring the scope for this transformation. Substrates
(1b—d) with meta or para substituents performed well and furnished the products with high
enantioselectivities and modest to good yields. When propionic acid was employed as the
nucleophile, fluorenyl substituted IDPi catalyst 2b demonstrated superior performance. Propionate
products 3e—h were obtained in good yields and with high enantioselectivities.

Fig. 2. Substrate scope of the Brgnsted acid catalyzed C—O and C-N bond forming reactions.
(A) C-0 bond formation reaction. (B) C—N bond formation reaction. See supplementary materials
for details. er = enantiomeric ratio. Tf = SO2CF3z. Nf = —SO2C4Fe. Hdf = —SO,CgF17. Et.O = diethyl
ether. Ph = phenyl. Et = ethyl. Pr = propyl. Bu = butyl.

These results are consistent with a facile ionization of trichloroacetimidate l1a, even at low
temperature, delivering the highly reactive benzylic carbocation along with trichloroacetamide.
We wondered if the in situ generated trichloroacetamide could itself act as an N-nucleophile in the
absence of an external O-nucleophile. Such reaction might serve as an attractive approach to the
enantioselective formation of benzylic C—N bonds from benzylic alcohols (24-28). However,
trichloroacetamide is only poorly soluble in diethyl ether at low temperature, and an undesired
deprotonation to styrene could be problematic. Indeed, upon testing various IDPi catalysts, the
desired rearrangement product 4a was obtained with moderate to good enantioselectivities but in

only poor yield with significant amounts of styrene as side product (See supplementary materials



for details). We reasoned that the undesired deprotonation pathway could be minimized by using
even less basic IDPi counteranions, requiring more acidic IDPi catalysts. As shown in our previous
work, electron-withdrawing groups on the BINOL backbone enhance the acidity of IDPi catalysts
(29). Therefore, attempts to diminish the deprotonation pathway were made by modulating the
electronic properties of the catalyst. Gratifyingly, Fs-substitution of one BINOL skeleton led to
catalyst 2c, which provided the desired product 4a in 75% vyield and with an excellent 95:5
enantiomeric ratio (Fig. 2B). Moreover, substrates 1b—e bearing alkyl groups and halogen atoms
at the meta or para positions provided the corresponding products with good to excellent
enantioselectivities and moderate to good yields using catalyst 2d.

Extension to carbon nucleophiles. With the successful implementation of these Brgnsted acid
catalyzed asymmetric C-O and C—N bond forming Sn1 reactions, we were keen on exploring the
exciting potential to create C—C bonds by a similar pathway. We envisioned the previously
unknown reactions of secondary benzylic alcohol derivatives with silyl ketene acetals or electron
rich arenes toward the formation of pB-branched esters or 1,1-diaryl ethanes, respectively, as
particularly attractive targets. A somewhat related copper catalyzed enantioselective substitution
of benzylic propargylic acetates using indoles has been described (30). However, with silyl ketene
acetal, only 10% vyield and no enantioinduction was obtained. Similarly, our initial attempts at
reacting trichloroacetimidate 1a with silyl ketene acetals (SKA) using IDPi catalysts did not lead
to the desired C—C-bond forming product and only the substrate 1a was recovered. We speculate
that imidate 1a engages in a deprotosilylation (31), the product of which however is unreactive
toward ionization to the reactive benzylic carbocation. We had previously shown that heteroatom
stabilized cations (oxocarbenium ions and iminium ions) can be generated under (oxophilic)
silylium Lewis acid catalysis conditions when acetate was employed as leaving group (32). We
therefore investigated racemic 1-phenylethyl acetate (5a) as substrate toward a silylium-Lewis acid
catalyzed cation formation. Indeed when acetate 5a was treated with ((1-
(benzyloxy)vinyl)oxy)(tert-butyl)dimethylsilane (8a) in the presence of IDPi catalysts, the desired
product 6a was obtained in good yields and with moderate to good enantioselectivities (See
supplementary materials for details). Upon optimization, we found that IDPi catalyst 2e provided
product 6a with an er of 92.5:7.5 and in 85% yield (Fig. 3A). Other substrates with alkyl
substituents at the para position, linear or branched and with different chain lengths, delivered

products 6b—f in 84-91% yields with high enantioselectivities using fluorenyl substituted IDPi



catalyst 2f. Substrate 5g having meta, para disubstitution furnished product 6g in 92% yield with
95:5 er. Furthermore, product 6h was obtained with modest enantioselectivity using catalyst 2e
where a methoxy group in place of acetate was employed as leaving group for substrate 5h since
the corresponding acetate substrate was found to be unstable for isolation. The microenvironment
of the binding site in the IDPi catalyst allows the C—C bond formation to proceed by selective
addition of a single SKA nucleophile. Presumably, the steric differentiation between substrate and
the product prevents the product from participating further in a Mukaiyama—Claisen-type

condensation reaction.

Fig. 3. Substrate scope of the silylium Lewis acid catalyzed C—C-bond forming reactions. (A)
SKA a-alkylation reaction. (B) Friedel-Crafts reaction. See supplementary materials for details.
er = enantiomeric ratio. Tf = =SO,CFs. Nf = —SO>C4F9. Hdf = —SO2CgF17. Et2O = diethyl ether.
TBSO = tert-butyldimethylsilyloxy. TMSO = trimethylsilyloxy. Bn = benzyl. OMe = methoxy.
Ac = acetyl. BSTFA = N,O-bis(trimethylsilyl)trifluoroacetamide.

Asymmetric Friedel-Crafts alkylations. With the successful establishment of a silylium Lewis
acid catalyzed C—C-bond forming a-alkylation reaction, we were keen to expand the asymmetric
transformation of secondary benzylic cations with other C—nucleophiles. The Friedel—Crafts
alkylation as a classic and broadly applicable transformation proceeding via carbocations became
a natural target. Previously, asymmetric catalytic Friedel-Crafts alkylations involving benzylic
cations had not been reported. Compared to carboxylic acids and SKAs, electron-rich arenes are
much weaker nucleophiles (33, 34). We therefore envisioned controlling and stabilizing the
benzylic cation in this electrophilic aromatic substitution reaction a rather challenging task.
Gratifyingly, under silylium Lewis acid conditions, the Friedel-Crafts alkylation of racemic
acetate substrate 5a with anisole gave product 7a in 60% yield with 96:4 er and > 50:1
regioisomeric ratio (rr) using IDPi catalyst 2g (Fig. 3B). Different anisoles were evaluated under
these conditions with the same catalyst. When anisoles with ortho and meta substituents were
applied in this transformation, products 7b and 7c were obtained with excellent enantioselectivities,
regioselectivity and modest yields. Notably, a silylated phenol was found to be a suitable
nucleophile for this transformation and delivered the trimethylsilylated product 7d in good vyield

with high enantioselectivity. Furthermore, this conversion also proceeded under purely Brensted



acid catalytic conditions using substrate 1a and the same IDPi catalyst 2g to furnish the same
product with consistent enantioselectivity, in line with the formation of a benzylic cation via Sn1

reaction (See supplementary materials for details).

Fig. 4. Mechanistic studies, characterization of ion pair and origin of enantioselectivity (A)
Proposed reaction pathway. (B) Enantioselectivity and NMR yield comparison of rac-1a with
enantiopure la substrate. (C) Reactivity measurements of rac-1la and enantiopure 1a; reaction
monitored by *H NMR at —60 °C. (D) *H NMR spectrum of ion pair (9) consisting of 1-(2,4,6-
trimethoxyphenyl)ethan-1-ylium cation and bistriflimide anion. (E) **C NMR spectrum of ion pair
(9). (F) Comparison of HSQC spectrum for bistriflimide and IDPi (S2h) anions. (G) DFT
optimized ion pair structure. (H) Electrostatic potential map (MEP) of ion pair. (I) Topographic

steric map of the ion pair (see supplementary materials for orientation and further details).

Mechanistic considerations. Experimental and computational studies were carried out to
challenge our benzylic cation Sn1-hypothesis (Fig. 4A). At first, substrate rac-1a and each of the
enantiopure starting materials, (S)-1a or (R)-1a, were individually subjected to the optimized
reaction conditions. Consistent with the ion pair formation followed by nucleophilic attack on the
benzylic cation in a Sn1 like mechanism, we found that all three reactions delivered the same major
enantiomer of product 3a with essentially identical yield (85%, 86%, and 85%, by NMR) and
enantioselectivity (95:5, 95:5, and 94.5:5.5 er) (Fig. 4B). Interestingly, when the progress of the
C-O bond forming reaction was monitored by *H NMR at —60 °C for each substrate separately
(rac-1a, enantiopure (S)-1a, and (R)-1a), both enantiomers were found to react with similar rates
showing very little to no kinetic resolution (Fig. 4C). Attempts to characterize either an ion pair or
a covalent adduct in the reaction of substrate 1a with IDPi 2a were unsuccessful, exclusively
delivering product 4a and styrene under the reaction conditions. To gain further insight into the
cationic intermediates and their lifetime, we investigated a series of biased substrates featuring
different substitution patterns, which were ionized with HNTf; as strong achiral acid. In most
cases, the ion pair was either not detectable or it rapidly underwent decomposition during the
measurement (see supplementary materials for details). We anticipated the ion pair resulting from
the reaction of 1-(2,4,6-trimethoxyphenyl)ethan-1-ol (5i) and HNTf, to have a sufficiently long

lifetime for its characterization. Indeed, when alcohol 5i was treated with HNTf2 (3 equiv.) in
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CD.ClI; at —60 °C in an NMR tube, the formation of the ion pair was observed and could be
characterized by NMR spectroscopy (*H, *C and 2D NMR experiments) (Fig. 4D, 4E). A gradual
increase of the temperature from —60 °C to —20 °C was performed and the resulting mixture was
monitored by NMR spectroscopy. lon pair 9 was found to be stable in that range and only start to
decompose at higher temperature. The same ion pair 9 could also be generated under silylium
Lewis acid conditions and a similar behavior was observed in this case (see supplementary
materials for details). Importantly, the oxygenated benzylic cation could also be observed with
catalyst S2h in NMR experiments. Decomposition of this ion pair species 10 was observed at —60
°C presumably due to the relatively higher basicity of the IDPi counteranion compared to the NTf,
anion. A shift in the *H and *C NMR (benzylic proton from 8.7 to 8.5 ppm and benzylic carbon
from 173.8 to 172.8 ppm) was observed (Fig. 4F), clearly indicating different counteranions in the
close proximity of the cation. In addition, density functional theory (DFT) was used to optimize
the ion-pair. A large number of conformers was initially generated at various levels of GFNn-
FF/XTB theory, and the low-energy structures were refined using DFT (see supplementary
materials for details). Analysis of the electrostatic potential surfaces reveals that the ion pair
structure is held together by directional electrostatic interactions between the IDPi anion and the
benzylic carbocation (Fig. 4G—4l). The computed association free energy between the IDPi anion
and benzylic carbocation (AG) is negative (-22.08 kcal/mol), indicating that the formation of the
ion pair is thermodynamically favored. The decomposition of the electronic interaction energy
between the anion and the cation (AEinx = -43.21 kcal/mol) into dispersive (AEdisp) and
steric/electrostatic components (AEsterelec) Shows that dispersion plays a crucial role in favoring
the formation of the chiral ion pair, contributing with 27.33 kcal/mol to AEint. The negative
interaction is at least partially counterbalanced by: (i) the energy penalty required to distort the
catalyst to maximize the electrostatic interaction with the cation and (ii) entropy and temperature
effects. Most notably, the cation resides between the 3-biphenyl substituents of the BINOL
skeleton (3.6 A and 3.2 A, respectively) that aid in stabilizing the reactive intermediate by virtue
of cation—r interactions. Additionally, the benzylic CH group clearly interacts with a sulfonyl
oxygen atom (2.2 A), as well as the phenyl 3-CH with an inner core nitrogen atom (2.34 A, for a
full display of interactions see fig. S6). It is plausible to assume that all of these interactions can
be expected to play a vital role in the stabilization of the respective transition states leading to the

major enantiomer.



Given the significance of carbocations in chemical synthesis, our results may have broader

implications for a plethora of other fundamental organic transformations.
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