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The precise manipulation of unfunctionalized hydrocarbons remains
afundamental challenge for chemical synthesis and catalysis.

Stereodifferentiationin strained alkanes is particularly difficult to
accomplish because a catalyst has to distinguish various highly exergonic
chemo- and stereoselective strain-release channels. Here we disclose an
organocatalytic asymmetric hydroalkoxylation of bicyclobutanes with
alcohols to efficiently access tertiary cyclopropylcarbinyl ethers with
high enantioselectivity (e.r. up to 98:2). Enantiocontrol is accomplished
through chiral recognition between the confined iminoimidodiphosphoric
acid catalyst and the substrate, mediated by non-covalent interactions
between a Lewis basic binding site of the confined anion and the
polarized C-H bond of the cyclopropylcarbinylion intermediate. Our
work establishes bicyclobutane activation by harnessing strain-release
energetics while maintaining precise stereo- and regiocontrol through
structural confinement.

Although Baeyer introduced the ‘ring strain’ concept as long ago as
1885, strain-release chemistry has experienced a renaissance over
the past decade as a transformative strategy for molecular manipu-
lation?. Strain-release tactics are used to create versatile synthetic
intermediates, finding broad applications across total synthesis®,
polymer science® and bio-orthogonal chemistry®’. Representative
examplesinclude theradical/anionic ring opening of [1.1.1]propellane
towards bicyclo[1.1.1]pentanes® ™, structural analogues that serve as
three-dimensional bioisosteres for planar para-substituted arenes
due to their matching substituent vectors'>". Parallel advances use
[3.1.1]propellaneto construct bicyclo[3.1.1]heptanes through radical-
mediated pathways, establishing meta-arene bioisosterism (Fig. 1a)"*".
Despite these successes, the activation of simpler hydrocarbon-based
bicyclo[1.1.0]butanes (BCBs) remains underexplored'®®, presum-
ably duetotheintermediacy of cyclopropylcarbinyl and non-classical
bicyclobutonium carbocations', the dynamic behaviour of which is
difficult to control?’. Functionalized BCB derivatives bearing ketone,
ester or amine groups have been extensively investigated” >*. These
functional groups oftenact as stabilizing and directing groups and ena-
ble diverse transformations, including cycloadditions, C-C couplings
andradical processes® . In contrast, the absence of such coordinating

functionalities in hydrocarbon BCBs fundamentally impedes selective
bond activation and enantiocontrol and enhances side reactions (see
below), complicating efforts to harness their strain energy.

Our research group has developed a class of chiral Brgnsted
acid catalysts, including imidodiphosphate (IDP), imidodiphospho-
rimidates (IDPis) and iminoimidodiphosphates (ilDPs)?’>°, which
exhibit extraordinary acidity and spatial confinement effects. These
catalysts have previously demonstrated remarkable efficacy inactivat-
ing inert hydrocarbon systems through cyclopropane ring-opening
reactions and controlling stereoselectivity in Wagner-Meerwein
rearrangements® >,

Inspired by these investigations, we envisioned applying this cata-
lytic platformto resolve the long-standing challengesin BCB hydrocar-
bonactivation, in whichthe absence of directing groups has historically
hindered both reactivity modulation and stereochemical control. We
hypothesize that stereochemistry may be controlled through the stabi-
lization of the cyclopropylcarbinyl-bicyclobutonium cationintermedi-
atewithin the enzyme-like chiral environments of our IDP-type catalysts.
Inthis study, we report the enantioselective hydroalkoxylation of BCB
hydrocarbons using alcohols as nucleophiles, yielding enantioenriched
ether productswithupto98:2e.r. (Fig.1b). The synthetic utility of these
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Fig. 1| Progress instrain-release chemistry. a, Strain-release alkane activation and calculated strain-release energies for strained alkanes®. b, Our design: asymmetric

organocatalytic hydrocarbon BCB activation. HX*, chiral Brgnsted acid; Bn, benzyl.

ethers lies in their facile conversion to chiral tertiary alcohols—key
intermediates in pharmaceuticals and materials science®*.

At the onset of our study, several organic chiral Brgnsted acids
were tested in the targeted ring-opening of substrate 1d. The mild and
unconfined chiral phosphoricacid (CPA) delivered the desired product
3d with poor enantiocontrol and a high yield of side product 4. However,
our confined IDP catalyst 2a gave product 3d in moderate yield and a
highe.r.0f93.5:6.5. We found thatits sterically congested 2,4,6-tripentyl
phenyl substitution was crucial in achieving excellent selectivity and
enantiocontrol. Using the same 2,4,6-tripentyl phenyl substitution in
the more acidic sulfonylimidophosphorylilDP catalyst sustained the
high enantioselectivity (96.5:3.5 e.r.), while increasing the yield of 3a
andreducing the amount of unwanted ‘cracking’side product 4. Com-
pared with the chemoselectivity of IDP 2a and iIDP 2d, stronger acids
enhancealcohol trapping to give the ether, whereas weaker acids favour
elimination. To visually assess this substituent effect, buried volumes
were calculated usinga model of the substrate in the catalyst pocket®>*°
(Fig. 2). A higher percentage of buried volume, which corresponds to
anarrower pocket, may indicate that the substrate is stabilized within
the iIDP pocket by non-covalent interactions, possibly compensating
for the absence of traditional heteroatom or resonance stabilization.

Compared withilDP 2b (47.2% buried volume) and 2¢ (58.8% bur-
ied volume), the tripentyl-substituted iIDP 2d has a more confined
microenvironment, leading to stronger enantiocontrol on the BCB
substrate. Despite having good chemoselectivity, IDPi2e (74.3% buried
volume) unexpectedly showed negligible enantiocontrol (53.5:46.5
e.r.). We hypothesized that the Lewis basic phospho-oxy moiety (P=0)
of the ilDP 2d had a crucial effect on the chiral recognition of the BCB
substrate (see below). Collectively, aprecise balance between Brgnsted
acidity, confinement and oxy Lewis basicity seems to be essential to
achieve good chemoselectivity, enantiocontrol and overall reactivity.

After a further screening of catalysts and reaction conditions, we
selected iIDP 2d, n-heptane (0.1 M) at —40 °C for 3 h as the optimal
reaction conditions to afford product 3d in good yield and excellent
enantioselectivity (71%, 96.5:3.5e.r.).

With optimized conditionsin hand, weinvestigated the substrate
scope (Fig. 3). First, benzyl alcohol was used as the nucleophile: alkyl
chain (-R")-substituted BCBs gave products 3a-3d in good yields and
excellent enantioselectivities (61-75%, 96.5:3.5-98:2 e.r.), albeit moder-
ate enantioselectivity was obtained with an ethyl group (3e, 84.5:15.5
e.r.). Unfortunately, lowyields of 3fand 3g—containing branched alkyl
substituents on -R'-were displayed with 3g exceptionally displaying
high enantioselectivity (3g, 93.5:6.5e.r.). Asubstrate bearing a chloro-
alkyl substituent was well tolerated, providing product 3hwithane.r.
0f95.5:4.5in 65%yield. The aryl-substituted alkyl chain substrate reacts
efficiently with benzyl alcohol, affording products 3i and 3j in good
yield with excellent enantioselectivity. Subsequently, we examined
various alcohol nucleophiles with two representative BCB substrates
(1c and 1d): n-butanol as the nucleophile gave products 3k and 30
in good yields and excellent enantioselectivities. To our delight, the
smallest alcohol, methanol, displayed excellent yield and equally high
enantioselectivity for product 31 (67%yield, 93.5:6.5e.r.). Further, allylic
alcohols (3m and 3n), 2-methoxyethan-1-ol (3r) and phenylethanol
(3q) added to BCBs resulted in good yields and excellent enantiose-
lectivities. Branched nucleophiles, such as isopropanol, resulted in
low product yields, but excellent enantioselectivities were retained
(3p, 96:4 e.r.). The reaction could be applied to the natural monoter-
penoids R-(+)-citronellol and S-(-)-citronellol, leading to products 3s
and 3t, respectively, in good yields and excellent catalyst-controlled
diastereoselectivity. The tertiary alcohol products 5d and 5i could
be prepared from the benzyl ether precursors 3d and 3i in excellent
yields, without erosion of enantiopurity under simple hydrogenation
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Fig. 2| Investigation of acidity, confinement and chiral pocket size of the
catalystin the catalytic BCB activation. Yields were determined by 'H NMR
spectroscopy using CH,Br, as the internal standard. The e.r. was determined by
gas chromatography analysis (see Supplementary Section 9 for further details).
Calculated steric map of simplified substrate visualized by SambVca 2.1*°. The
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map is viewed from the centre of the substrate and directed toward the active
site of each catalyst. The colour indicates the depth along the z axis; the red zone
is closer to the substrate, whereas the blue zone is farther away. BnOH, benzyl
alcohol; "Pent, n-pentyl; Et, ethyl; %V;,,, buried volume.

conditions (10 mol% Pd/C, H,). X-ray diffraction analysis of ester 8,
derived from the tertiary alcohol 5i, allowed the unambiguous deter-
mination of the absolute configurations of the obtained products to
be (R)-configured”*,

Mechanistically, we speculated that the reaction proceeds via a
stepwise protonation of BCB 1c to form the corresponding carbocation,
whichissubsequently attacked by the alcohol nucleophile. However, a
concerted mechanismin which protonation and C-O bond formation
occur simultaneously is also plausible®**°, To explore the mechanism,
we conducted a series of experimental and theoretical investigations.
We found that the reaction of deuterated benzyl alcohol with BCB 1d
afforded the corresponding deuterated benzyl ether 3d* with 85%
deuterium incorporation and 3d? with 15% deuterium incorporation
(Fig.4a). Thissuggests that the protonation occurs fromonly onesite,
and the catalyst shows somesite preferencein the protonation. Kinetic
profiling by '"H NMR spectroscopy shows that hydroalkoxylation and
decomposition of BCB 1c are parallel and not consecutive processes
(Fig.4b).Inaddition, we performed a control experiment using isolated
4 and BnOH as the starting material under the standard reaction condi-
tions, and no reactivity was observed. Overall, the olefin by-product
is inactive towards hydroalkoxylation, excluding it as a productive
intermediate in the reaction mechanism.

Notably, Olah et al. reported in 1992 that cyclopropylcarbinyl
intermediates could arise from cyclopropanol substrates*’. Neverthe-
less, using cyclopropanes 6 or 7 with excess BnOH (5 equiv.) afforded
product 3¢ in poor enantioselectivity (Fig. 4c), in sharp contrast
to the high selectivity observed from substrate 1c. This rules out a
cyclopropylcarbinyl pathway under our conditions and further sets

our system mechanistically apart from Patel and Marek’s stereospe-
cific generation of such cations from chiral homoallylic alcohols*.
To investigate the mechanism, density functional theory studies
were performed at the CPCM(heptane)-PBEO-D3(BJ)/def2-TZVP//
CPCM(heptane)-PBEO-D3(BJ)/def2-SVP level of theory (Fig. 4d; see
Supplementary Section11for further details)** *. The iIDP/BnOH com-
plex Bis more stable (AG* = -13.8 kcal mol™) than the iIDP/1d complex
C (AG*=-9.7 kcal mol™), suggesting that the more basic BnOH binds
more strongly to theilDP pocket than the substrate 1d. The Gibbs free
activation energy from B to (R)-TS2 (AG*=2.2 kcal mol™) supports a
concerted, although asynchronous mechanism, in which the reaction
is triggered by the protonation of the BCB followed by C-0 bond for-
mation. The transition state conformer (R)-TS2 leading to the (R)-3d
is 2.4 kcal mol™ lower compared with the conformer (§)-TS2 leading
to (8)-3d. This is in reasonable agreement with the experimental e.r.
0f96.5:3.5.

Tofurther understand why ilIDP 2d leads to superior enantioselec-
tivities, while IDPi2e results in poor enantioselectivities, non-covalent
interaction plots were generated (Fig. 4¢e). The transition states (R)-TS3
and (S)-TS3 for IDPi catalysis display only non-directional disper-
sion interactions (N'-H? distance, 2.45 A for (R)-TS3 and 2.49 A for
(5)-TS3) with the substrate. In stark contrast, in iIDP catalysis (S)-TS2
exhibits awell-defined, spatially oriented hydrogen bonding between
the Lewis-basic component (P=0) of the iIDP fragment and the polar-
ized C-Hbond at the methyl group of the cyclopropylcarbinyl cation.
Moreover, in the favoured (R)-TS2, another hydrogen bond between
iIDP and the protonated hydrogen of the cyclopropyl moiety is also
present, whereas this interaction is absent in (§)-TS2. This leads to
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preferred stabilization of (R)-TS2 compared with (S)-TS2, in which
these hydrogen bonds are less pronounced (O'-H! distance, 2.08 A;
O'-H2distance, 2.52 A for (R)-TS2; O'-H! distance, 2.21 A for (S)-TS2),
explaining the observed enantioselectivity.

Adelicateinterplay between Brgnsted acidity, Lewis basicity and
steric confinement of the iIDP catalyst class enables the asymmetric
hydroalkoxylation of BCB alkanes using simple alcohols in enantiose-
lectivities up to 98:2. Traditional directing groups and metal catalysts
are not required and we demonstrate how molecular strain and con-
fined catalyst design synergistically enable enantiocontrolin the strain
release of hydrocarbon ring systems.

Methods

General procedure for the catalytic asymmetric BCB activa-
tion

AS5-mlvialwas charged with IDPi2d (3.0 pmol, 3 mol%) and amagnetic
stirbar under anatmosphere of argon. Dry pentane/heptane (1ml) and

alcohol (0.3 mmol, 3.0 equiv.) were added. The vial was cooled to—40 °C.
The BCB substrate (0.1 mmol, 1.0 equiv.) was added dropwise at -40 °C
and thereaction was stirred at -40 °C for 3 h. Afterwards, the reaction
mixture was treated with triethylamine (0.1 mmol, 1 equiv.) at =40 °C.
After the mixture had been stirred for 0.5 h, the solvent of the reac-
tion mixture was directly removed under reduced pressure. The prod-
uct was then collected by column chromatography on silica (methyl
tert-butyl ether:cyclohexane =1:30), and its e.r. determined by chiral
high-performance liquid chromatography and gas chromatography.

Data availability

The experimental procedures and analytical data supporting the
findings of the study are available in the paper and Supplementary
Information. Crystallographic data for compound 8 are provided in
Supplementary Information and are available free of charge from the
Cambridge Crystallographic Data Centre (CCDC) under the deposition
number CCDC 2451420.
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