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THE BIGGER PICTURE The ubiquity of chiral elements in natural products, pharmaceuticals, and fine chem-
icals has led to significant advancements in catalyst design and mechanistic understanding of asymmetric
catalyst scaffolds. Enantiopure supramolecular hosts present a manmade catalytic scaffold with the ability
to leverage a suite of non-covalent and electrostatic interactions, much like enzymes. Developing an under-
standing of the mechanism and interactions through which these systems impart selectivity is critical to their
rational employment but has been the focus of little study. Herein, we utilize reaction scope and mechanistic
investigation with data-science-based analysis to interrogate features of host-guest and substrate-substrate
interactions involved in the asymmetric reduction of aryl, heteroaryl, and aliphatic oximes. The experimental
and computational framework described herein provides guidelines to inform future studies on enantioinduc-
tion in supramolecular hosts.

SUMMARY

Enzyme-like enantiopure supramolecular hosts leverage non-covalent and electrostatic interactions to
engage substrates in a chiral environment without direct coordination. Elucidating the mechanistic underpin-
nings of enantioinduction in these systems is critical to the success of this nascent field. We report herein an
enantiopure GasLg'?~ host-catalyzed asymmetric reduction of aromatic, heteroaromatic, and aliphatic ox-
imes to hydroxylamines, without N-O bond cleavage, using pyridine borane as a reductant cofactor. The re-
action scope and mechanistic study, in combination with data science analysis, showcase that guest recog-
nition and enantioinduction are highly sensitive to both steric and electronic effects. Optimization of
interactions between the host, oxime, and reductant within the host cavity enabled highly enantioselective
reactivity (>99% ee) for even previously unreported pyridine oximes. The emergent principles outlined herein
lay the foundation for future applications of these promising catalytic scaffolds toward challenging synthetic

targets.

INTRODUCTION

The development of a mechanistic understanding of enantioin-
duction is critical in asymmetric catalysis for the development
of next-generation catalysts and methods. Among the most se-
lective catalysts, enzymes have evolved to achieve exquisite
selectivity through the synergistic action of an array of highly
substrate-specific non-covalent and electrostatic interactions
within a confined active site. Despite advancements in directed
evolution and protein engineering, the widespread adoption of
enzymes in asymmetric catalysis is still hampered by the
limited range of reactions for which known enzyme counter-

parts can serve as a starting point for evolution campaigns.’
On the other hand, chiral small-molecule catalysts are generally
much more substrate promiscuous and can catalyze a wide
range of asymmetric reactions. While their synthetic modularity
enables a high degree of tunability, achieving enzyme-like
selectivity is inherently challenging since these catalysts gener-
ally rely on a limited range of interactions accessible at specific
sites on the catalyst to confer selectivity.>™* The application of
supramolecular chemistry toward asymmetric catalysis expl-
oits the ability of host molecules to stabilize reactive intermedi-
ates and conformations within a sterically confined cavity thro-
ugh a variety of non-covalent and electrostatic interactions.*®
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Figure 1. Features of asymmetric supramolecular catalysts

(A) Supramolecular hosts utilize features of chiral small-molecule catalysts and enzymes.
(B) Characteristics of racemic and enantiopure supramolecular GasLg'?~ tetrahedra used here and relevant to catalysis.

Supramolecular hosts therefore have the potential to comple-
ment traditional asymmetric catalyst platforms by leveraging
the advantageous features of both enzymatic and chiral
small-molecule catalyst systems to engage a broad range of
substrates in a non-covalent interaction-rich synthetic microen-
vironment (Figure 1A).

Further understanding and structural diversification of supra-
molecular assemblies have resulted in a range of chemo- and re-
gioselective reactions, yet asymmetric supramolecular catalysis
is still largely underexplored and poorly understood. The few ex-
isting reports often describe the ability of host molecules to
affect reactivity and selectivity when known chiral small-mole-
cule catalysts are incorporated within the host scaffold”'* or
encapsulated within a racemic or achiral host.'®'® However,
these approaches still rely heavily on the mode of activation uti-
lized by the small-molecule catalyst, often through covalent
bonding. In addition, the former approach results in host struc-
tures tailored to the reaction of interest and therefore may not
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be applied more generally. In contrast, enantiopure hosts lacking
chiral small-molecule catalysts present an alternative catalytic
scaffold with a distinct mode of enantioinduction—reactivity
and selectivity are driven solely through non-covalent host-guest
interactions within the cavity. The host scaffold therefore is not
specific to a reaction or substrate type and can utilize an
ensemble of non-covalent and electrostatic interactions with
substrates on a case-by-case basis to achieve selectivity for a
range of reactions. Examples of catalysis among enantiopure
hosts are exceedingly few, and existing work has thus far
focused on the development of new hosts to try to modulate
enantioselectivity in well-understood model reactions.'”%?
Given that little is known of the interactions or substrate features
important for enantioinduction within these hosts, the develop-
ment and optimization of highly selective reactions utilizing
enantiopure supramolecular hosts remain exceedingly difficult.
For example, while host recognition of guest size and shape is
understood to be important for guest encapsulation,®?*=" its
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impact on enantioselectivity has been assumed rather than
demonstrated. Interrogation of the interactions between host
and substrate through the systematic study of reaction scope
and mechanism is therefore a critical step in the elaboration of
asymmetric supramolecular catalysis. However, current reports
lack the broad substrate scopes necessary to adequately study
enantioinduction in these systems.

The enantiopure Raymond Ga4L612‘ tetrahedron, acommonly
utilized catalytically active enantiopure host, was identified as a
scaffold of particular interest for study (Figure 1B). Although not
well understood itself, it maintains many of the properties of the
well-studied parent racemic GasLe'?~ host. Its bis-catechola-
mide-based ligands are structurally analogous to those of the
racemic host but also feature distal chiral amides proximal to
the metal centers, which reinforce host enantiopurity as a result
of strong mechanical coupling and thereby prevent catalyst
racemization events (Figure 1B)."®?® The dodecanionic charge
of the host enables its solubility in polar solvents such as water,
while the cavity of the host remains hydrophobic, enabling pref-
erential encapsulation and stabilization of hydrophobic and
cationic species.?>?%*° These properties position the host to
promote numerous acid-catalyzed reactions, including those
proceeding through iminium-type intermediates. A previous
study using the racemic Gaylg'?~ host toward reductive amina-
tion also reported the preparation of a small number of racemic
aliphatic hydroxylamines from oximes,®' a class of compounds
featuring an electron-rich C=N bond and labile N-O bond. Enan-
tioselective oxime reductions to hydroxylamines have garnered
interest in recent years because of the reduction’s difficulty;
the relatively low reactivity of oxime C=N bonds requires forcing
reduction conditions that often additionally result in N-O bond
cleavage.®”=® To date, only three examples of enantioselective
oxime reductions to aryl hydroxylamines have been reported to
use Ir-based®**° and Ni-based”' catalysts.

Such a synthetic challenge presents an interesting opportunity
to study the capabilities of enantiopure supramolecular hosts as
catalytic scaffolds. Given the precedent for racemic-host-cata-
lyzed oxime reductions, we envisioned that reductions of a
broad range of oximes in the enantiopure GayLg'>~ host might
help elucidate key interactions involved in enantioinduction,
particularly when paired with data science. Data-science-based
analysis is particularly advantageous over traditional transition-
state modeling in these systems because of the highly complex
and therefore computationally demanding nature of supramo-
lecular hosts.

RESULTS AND DISCUSSION

Developing the scope of enantioselective

host-catalyzed oxime reductions

On the basis of precedent for aryl oxime reductions using transi-
tion-metal catalysts and aliphatic oxime reductions using the
racemic GaylLgs'?>~ host, initial work investigated the asymmetric
reduction of acetophenone oxime (2a) and 2-pentanone oxime
(2b) using pyridine borane (1a) as a reductant within enantiopure
Gaylg'?™ host I under air. After optimization (see Table S1 for 2a
and Table S2 for 2b), | afforded the desired (S)-1-phenylethylhy-
droxylamine (3a) from 2a in 97% ee and (S)-N-(pentan-2-yl)hy-
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droxylamine (3b) from 2b in 51% ee (Figure 2A for 2a and Fig-
ure 2B for 2b). Notably, no overreduction to the corresponding
amine was detected. Control reactions with oxime 2a and the
chiral ligand precursor for host I, in the absence of host |, likewise
afforded no product. Moreover, attempted reduction of oxime 2a
with a host whose cavity was blocked by strongly binding phos-
phonium salts showed no reaction in D,O. However, low but
detectable amounts of reactivity were observed with blocked
host I in D,O alone using oxime 2b, which was eliminated under
buffered D,O conditions at pD 7.7 (see supplemental methods
section “control experiments” for experimental details). These
experiments are most consistent with the requirement for
encapsulation within the host cavity for catalysis. Thus, reactivity
occurs within the host cavity rather than on the host exterior.
Comparable reactivity and enantioselectivity to the opposite
enantiomer were observed when the AAAA, rather than
AAAA, host was used with 2a (see Table S1). Although enantio-
selectivity was achieved, the two oximes were reduced in dispa-
rate selectivity, which we hypothesized could be due to differing
interactions accessible to each substrate during the enantiode-
termining step.

We then considered a wide array of 53 small, synthesizable ox-
imes without bias to known or unknown capacity for asymmetric
reduction to search for potential trends underlying reactivity and
selectivity (see Figure S7 for unsuccessful substrates). The cata-
lytic activity of host I proved highly sensitive to substrate sterics
when aryl oximes, obtained as (E):(2) mixtures of isomers, were
subjected to optimized reaction conditions (Figure 2C). Most
notably, the use of oxime ethers (2j), rather than free oxime, as
substrate decreased the yield and enantioselectivity markedly.
Background control using 2j and blocked | showed no reactivity,
suggesting that the -OH group could be involved in important in-
teractions with the host or pyridine borane. Although substrates
featuring ortho-methyl (2k) and methoxy (2l) groups were reduced
in high enantioselectivity, substrates with ortho halogens (2m and
2n) displayed noticeably attenuated enantioselectivity compared
with that of 2a. Meta substituents (20-2s) were generally well
tolerated in that all afforded excellent enantioselectivity (92%—
99% ee) except bromo-containing oxime 2s, which was reduced
in good selectivity (75% ee). Notably, oxime 2q, which features a
basic nitrogen, was well tolerated. Although very limited substitu-
tion was tolerated at the para position, 4-fluoro acetophenone
oxime (2t) displayed sluggish reactivity but high enantioselectiv-
ity, which was further improved by the addition of a meta substi-
tutent (2u). A competition experiment between 2a and 2t using 1
equiv of pyridine borane found consumption solely of 2a, while 2t
was fully recovered, ruling out host decomposition mediated by
2t (see supplemental methods section “competition experiment
with oximes 2a and 2t” for details). Oximes featuring longer
aliphatic side chains were generally very reactive; those with
both linear (2v) and branched (2w) acyclic chains displayed mod-
erate enantioselectivity. Bicyclic indanone (2x) likewise displayed
moderate selectivity, whereas tetralone (2y) oximes displayed
very poor enantioselectivity. Although substrate shape clearly ap-
peared to affect enantioselectivity, no clear intuitive stereoelec-
tronic trends emerge upon inspection.

Additional aliphatic oximes were also explored, and it was
found that linear aliphatic oximes lacking any clear steric or
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(A and B) Preliminary investigation of the asymmetric reduction of aryl oxime 2a (A) and aliphatic oxime 2b (B).
(C) Oximes successfully reduced using pyridine borane (1a) plus enantiopure host | system.
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electronic biases (2c—2e) were generally reduced in higher yields
and enantioselectivities than their more sterically bulky branched
(2f and 2g) or cyclic (2h) counterparts (Figure 2C). In fact,
2-butanone oxime 2¢ (55% ee) was the most selective among
the linear oximes investigated. As the length of the alkyl chain
in the oxime increased (2b, 2d, and 2e), the observed reactivity
and enantioselectivity diminished, suggesting that smaller ox-
imes are better able to capture favorable interactions within
the host cavity. However, cyclohexyl-containing oxime 2i was
a notable exception to this trend in that it produced the desired
hydroxylamine in a reasonable 76% ee. Such a clear break in
the selectivity trend suggests unique host-guest interactions
for this substrate relative to other aliphatic oximes.

Given the ability of I and 1a to successfully reduce oxime 2q
with excellent enantioselectivity, heterocyclic oximes were
also of interest. Because the host metal lacked an open coordi-
nation site, we hypothesized that various heterocyclic oximes,
including those featuring a basic, coordinating nitrogen, might
also reasonably be tolerated under host-catalyzed reaction con-
ditions. Furan 2z was found to yield hydroxylamine in modest
enantioselectivity, which was greatly improved with a pseudo-
meta methyl group (2aa). Very limited examples of racemic
reduction of pyridine-based oximes have been reported,*>*®
and we have found no reports of their enantioselective reduction.
We note that pyridine-containing heterocyclic oximes, such as
2ab, were not reduced under conventional pyridine borane
reduction conditions in the absence of host. In the presence of
racemic host Il, however, oxime 2ab was successfully reduced
to the corresponding hydroxylamine nearly quantitatively (see
supplemental methods section “general procedure H for the
racemic synthesis of N-heterocyclic hydroxylamines” and hy-
droxylamine 3ab” for more details). When subjected to enantio-
pure host I under optimized conditions, the oxime was reduced
to the desired hydroxylamine (3ab) in near quantitative yield with
excellent enantioselectivity. Subjecting oximes 2ac and 2ae to
the host-l-catalyzed reaction yielded similar results, and
4-substituted oxime 2ad yielded dramatically diminished reac-
tivity with slightly diminished selectivity. Surprisingly, methyl
ether oxime 2af was reduced with attenuated but modest selec-
tivity compared with that of parent oxime 2ae, in contrast to that
observed with acetophenone-derived oximes (2a versus 2j).

In light of the decreased enantioselectivity observed with
some oximes, we probed background reactivity by examining
the reactivity of substrates 2v, 2x, 2y, and 2z in the presence
of host | and blocking agent tetraethylphosphonium iodide. Un-
der these inhibited host conditions, only trace product was
observed, thus eliminating the possibility of competing racemic
background reactivity eroding enantioselectivity. The observed
differences in both reactivity and enantioselectivity between
even subtly different substrates therefore suggest that highly
specific interactions with substrates inside the host cavity
may be involved in enantioinduction. However, few trends
clearly emerged from initial crude analysis of the entire dataset
to suggest one or more interactions involved in enantioinduc-
tion across substrates. In general, aryl and heteroaryl oximes
were reduced in higher selectivity than aliphatic oximes. That
aryl oxime ethers and non-methyl ketone-derived oximes
were poorly or moderately tolerated suggests that added bulk
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around the oxime could hinder selectivity. Additional '°F-NMR
titration experiments in D,O are also generally consistent with
this hypothesis. Reactive aryl oximes featuring a free -OH
(2m and 2t) displayed the formation of additional '°F peaks
upon the addition of an excess of pyridine borane, whereas
an unreactive methyl ether oxime did not display additional
peaks after as much as 3 equiv of pyridine borane was added
(see supplemental methods section “!°F NMR titrations” for
more details). All together, these findings suggest that oxime
shape, particularly with respect to steric bulk around the oxime
functionality, could indeed be important for enantioinduction in
the host.

Profiling the reaction mechanism toward understanding
enantioinduction
To gain a clearer mechanistic picture, we undertook a rigorous
mechanistic investigation. A series of in situ ®F-NMR kinetics
experiments were conducted on substrate 2m (see supple-
mental methods section “kinetics experiments” for full details)
under homogeneous conditions. Variable time normalization
analysis** demonstrated that the reaction proceeds with first or-
der in the host. Varying equivalents of 1a indicated that the
reductant is at saturation above 1 equiv, and "H-NMR indicated
that it undergoes rapid exchange with I on the NMR timescale
(see supplemental methods section “representative 'H NMR
spectra of reactants and host”). Much like that of pyridine
borane, the 'H-NMR of oxime with I indicated rapid guest ex-
change on the NMR timescale in the absence of pyridine borane,
suggesting that oxime does not bind strongly within the host (see
supplemental methods section “representative '"H NMR spectra
of reactants and host”). The observed linearity of the logarithmic
reaction profile in oxime beyond 50% conversion is therefore
consistent with the first order in oxime and suggests a rate-
limiting step involving host and oxime. We also conducted ki-
netic isotope effect (KIE) experiments*® to more clearly define
the rate-limiting step. A primary solvent KIE was observed
when reductions were run in H,O or D,O (Figure 3B). Conversely,
a weak primary KIE was observed with 2a (Figure 3C) and 2z (see
supplemental methods section “kinetic isotope experiments”) in
one-pot intermolecular competition experiments using a 1:1
mixture of pyridine borane-Hz and pyridine borane-D3. No KIE
on reaction rate was observed when pyridine borane-Hs and pyr-
idine borane-D3; were independently measured in parallel with
2m (Figure 3D), suggesting that pyridine borane is not involved
in the rate-limiting step. Combined, these results imply rate-
determining encapsulation of protonated oxime followed by irre-
versible hydride delivery to furnish the desired hydroxylamine
(Figure 3A). The need for stoichiometric or superstoichiometric
quantities of 1a for optimal conversion (see Tables S1 and S2)
suggests that pyridine borane delivers only one hydride before
extrusion to regenerate the empty host (Figure 3A). The observed
H» evolution throughout the reaction, as well as the recovery of
pyridine at the end of the reaction, also supports this analysis.
Kinetic and thermodynamic analysis of the binding behavior in
I of (R) and (S) cationic arenes (see supplemental methods sec-
tion “selective inversion recovery (SIR) NMR experiments” for
details), selected to resemble protonated oxime, provided ins-
ight into the enantiodetermining step, which was hypothesized
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(E) Differing reactivity of oxime isomers under reaction conditions with enantiopure host I.

to be hydride delivery. Selective inversion recovery NMR anal-
ysis indicated that | displays only slight differences in guest
exchange rates (only 1.3 times faster) between the two enantio-
mers, implying that encapsulation cannot be sufficiently selec-
tive to account for the observed enantioselectivities. Further-
more, a binding competition experiment between (R) and (S)
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arene with | indicated no preferential binding for one enantiomer
over another, and the addition of an excess of 1a did not perturb
the equilibrium. Therefore, although the encapsulation event is
kinetically rate limiting, enantioinduction is most likely achieved
through Curtin-Hammett control of the transient, prochiral
reductant-oxime complexes during hydride delivery (Figure 3A).
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The observed enantioenrichment is therefore influenced by
biased interactions, most likely an array of non-covalent interac-
tions between the reductant, oxime, and host cavity wall, to pref-
erentially stabilize one diastereomeric transition state over the
other.

We hypothesized that concurrent reactivity of both the (E) and
(2) oxime isomers within the host could be the source of the
lower enantioselectivities observed with some substrates. How-
ever, many of the least selective oximes (2j, 2x, and 2y) were iso-
lated only as the (E) isomer. Furthermore, during the course of
kinetic analysis, the (E) isomer of oxime 2m was consumed,
whereas the amount of (2) oxime present remained constant.
To probe this finding, we subjected enriched (Z) oxime 2m to re-
action conditions, which yielded less than 5% hydroxylamine
and unreacted oxime (94% [Z]), consistent with the (E) isomer’s
being the only reactive species and indicating minimal to no
isomerization (Figure 3E). However, when highly enriched (2)
oxime 2a was similarly subjected to reaction conditions, hydrox-
ylamine 3a was formed in comparable yield and with high enan-
tioselectivity to the same enantiomer as observed when an (E):(2)
mixture was used (Figures 2A and 3E). Furthermore, an approx-
imately 1:1 (E):(2) ratio of 2a was recovered, suggesting that
oxime isomerization can occur. Highly enriched (E) 2a and 2z
also formed hydroxylamine in identical or highly comparable
enantioselectivity as observed with the (E):(2) mixture, and
notably, no (Z) oxime was recovered, suggesting that only (2)-
to-(E) isomerization occurs during the reaction. Control experi-
ments in the absence of pyridine borane suggested that this
isomerization is host catalyzed rather than a result of back-
ground reactivity (see supplemental methods section “oxime
isomerization control experiments” for details). Combined, these
results suggest that host-catalyzed isomerization helps to funnel
oxime mixtures to the much more reactive (E) isomer and that it is
possible for comparatively much slower (2) isomer to concur-
rently react with lower enantioselectivity. Oximes 2m and 2w
appear to be exceptions to this regime given that very little to
no isomerization was observed between oxime isomers. There-
fore, the decreased enantioselectivity observed is most likely
due to differential interactions within the host cavity between
(E) oxime, reductant, and host rather than competing reactivity
of oxime isomers.

Data science describes molecular features correlating
to enantioinduction

With this mechanistic information and reaction scope, we turned
to data-science-based analysis to help elucidate important reac-
tion features. We used an in-house python workflow to parame-
terize reactive oximes into chemically meaningful descriptors
(see supplemental methods section “general calculation work-
flows” for complete details). Although oxime isomer and proton-
ation states were examined, parameterization of the protonated
form of (E)-oximes provided the best correlation, and given the
above data, these are the most mechanistically relevant species
to the reaction outcome. No clear trend was observed between
oxime size and reactivity, and in fact, many of the reactive ox-
imes proved larger than unreactive oximes (see supplemental
methods section “reactivity analysis” for more details), so atten-
tion was directed toward studying the features that might be
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involved in enantioinduction. We applied principal-component
analysis (PCA) to condense the many-dimensional space into a
more concise, holistic representation of the dataset. A k-means
clustering algorithm on this chemical space indicated that the
30-oxime substrate scope considered could be represented by
four distinct classes (Figure 4A). Across the entire dataset, a uni-
variate correlation was observed with enantioselectivity using
solely ground-state sterimol_L, a feature conveying molecular
length (see supplemental methods section “oxime identity im-
pacts performance of univariate correlation to observed enantio-
selectivity” for more details). Notably, analysis of the error asso-
ciated with predictions of oximes belonging to separate clusters
revealed that the largest deviations were primarily located in a
single set of substrates. The addition of a second variable,
namely ground-state buried volume at the oxime o-C (4 A
radius), generated an improved correlation (R? = 0.67) with the
observed enantioselectivity across the entire dataset (Figure 4B;
see supplemental methods section “unsupervised clustering re-
veals subset of oximes perform better with bivariate correlation”
for more details). In analyzing the observed correlation, we noted
that longer molecular length, as indicated by sterimol_L, and less
hindered oximes, as indicated by the buried volume descriptor,
each contribute to greater enantioinduction. Given that both vari-
ables generally describe steric properties, these findings provide
data-based support for the hypothesis that guest size and shape
are important for host-mediated enantioinduction.

Experimental and data science analysis of sterics and
electronics effects on enantioselectivity

The identification of hydride delivery as the enantiodetermining
step within the host cavity implies that tuning the reductant
and host identities should affect enantioselectivity. Although
non-covalent interactions with the host are often hypothesized
as playing key roles in racemic and enantioselective catalysis
in supramolecular hosts,*®*® the interactions between sub-
strates in multicomponent enantioselective reactions within su-
pramolecular hosts have been the subject of little study. To
probe for potential interactions between oxime and pyridine
borane, we calculated interaction energies* between the oxime
substrate and a pyridine probe molecule (see supplemental
methods sections “non-covalent interactions” and “data sci-
ence analysis of stereoelectronic effects on enantioselectivity”
for full workflow details and calculations). Given that steric pa-
rameters correlated with enantioselectivity, we posited that
they may also be important to the interaction between substrate
and reductant. We noted that oxime ground-state sterimol_L
also correlated with the interaction energy between pyridine
and substrate (R® = 0.66). Importantly, this steric parameter cap-
tures the magnitude of a non-covalent interaction between reac-
tants while also correlating to the enantioselectivity of their
reaction.

To further qualify the nature of these non-covalent interac-
tions, we tested pyridine boranes (1a-1e) with differing stereoe-
lectronic profiles by using a selected subset of oximes (Figure 4;
see supplemental methods section “pyridine borane reductant
screens” for other oximes tested). Interaction energies of the
Boltzmann distribution of conformations were calculated for
each pyridine derivative with the protonated (E) isomer of the
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Figure 4. Interrogating interactions involved in enantioinduction through data science and Hammet-type analysis
(A) Oximes considered in linear regression tasks constitute four clusters (k-means clustering) across principal-component-reduced chemical space.
(B) Regression analysis shows the impact of oxime size and shape on interactions with the host for enantioinduction as represented by ground state sterimol_L

and buried volume at the oxime «-C (4 A).

(C) Reductant choice affects the enantioselectivity of pyridine oxime 2ae reduction as a result of borane electronics according to correlation to calculated non-

covalent interactions in the proposed enantiodetermining complex.

(D) Enantioselectivity of aryl oxime 2k reduction displays dependence on borane sterics according to correlation to buried volume at the N-atom of the reductant.

corresponding oximes (see supplemental methods sections
“analysis of correlations between non-covalent interactions
calculated and enantioselectivity” and “analysis of correlations
between pyridine borane features and enantioselectivity” for
calculations). A positive correlation was observed between
enantioselectivity and the interaction energies for pyridine-
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based oxime 2ae (R? = 0.77; Figure

4C), suggesting that elec-

tronic effects dominate selectivity-determining interactions for
this oxime. On the other hand, a negative correlation between
the buried volume at the pyridine borane reductant and enantio-
selectivity was observed for 2k (R? = 0.87; Figure 4D), suggesting
that steric effects may be more important for the selectivity of
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this oxime. Notably, these correlations do not exist across every
oxime tested. Together, these correlations align with experi-
mental observations highlighting the importance of both steric
and electronic features for guest interactions within the host cav-
ity and strongly suggest that interactions important for enantio-
selectivity are likely to vary on a substrate-to-substrate basis.
The unexpected disparities observed between the relative
importance of steric and electronic effects on the selectivity of in-
dividual substrates will be the subject of future investigation.

Conclusions

We report the application of an enantiopure Gaslg'2~ supramo-
lecular host for the asymmetric reduction of oximes to hydroxyl-
amines under mild conditions. The host’s unique structure and
mode of enantioinduction enable the reduction of a broad range
of aryl, aliphatic, and heteroaryl oximes, including the first exam-
ples of oximes featuring Lewis basic metal-coordinating func-
tionalities, such as pyridine-based oximes. The substrate scope
and mechanistic work, in combination with data science analysis,
demonstrate the importance of guest size and shape in their inter-
actions with the host for enantioselectivity. However, a solely ste-
ric-based model for enantioinduction in these systems paints an
incomplete picture of host-guest interactions, as electronic ef-
fects are also demonstrated to be at play. Modulating the pyridine
borane reductant cofactor reveals the importance of steric and
electronic matching of guests on a substrate-by-substrate basis
in multicomponent reactions to achieve high selectivity. The
scope of this reaction, coupled with the mechanistic and statisti-
cal framework described herein, highlights the potential of supra-
molecular hosts in asymmetric catalysis and provides a founda-
tion for further interrogation of enantioinduction in these systems.

METHODS

Details of general synthetic procedures, compound character-
ization (including NMR spectra and high-performance liquid
chromatography [HPLC]) procedures for data science analysis,
and coordinates for the density functional theory (DFT)-opti-
mized structures can be found in the supplemental information.
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