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ABSTRACT: Dynamic covalent chemistry-based sensors have recently emerged as powerful tools to rapidly determine the enanti-
omeric excess of organic small molecules. While a bevy of sensors have been developed, those for flexible molecules with stereo-
centers remote to the functional group that binds the chiroptical sensor remain scarce. In this study, we develop an iterative, data-
driven workflow to design and analyze a chiroptical sensor capable of assessing challenging acyclic y-stereogenic alcohols. Following
sensor optimization, the mechanism of sensing was probed with a combination of computational parameterization of the sensor mol-
ecules, statistical modeling, and high-level density functional theory (DFT) calculations. These were used to elucidate the mechanism
of stereochemical recognition and revealed that competing attractive non-covalent interactions (NCIs) determine the overall perfor-
mance of the sensor. It is anticipated that the data-driven workflows developed herein will be generally applicable to the development
and understanding of dynamic covalent and supramolecular sensors.

Introduction

The development of dynamic covalent chemistry (DCC) sensors can
fundamentally impact the disparate fields of biology, medicine, and
materials science.!™ At the heart of successful DCC-based sensors is a
robust molecular recognition strategy that involves the binding of and
the chemical or conformational response to the analyte. Recognition of
molecule type is often comparatively simple to engineer since it relies
on predicable functional group-specific reactions (e.g., nucleophilic at-
tack of an alcohol on an iminium).® In contrast, a difficulty of sensor
design often stems from having to discriminate between different mol-
ecules bearing the same or similar functional groups or having to re-
spond to specific analyte stereochemistry.? Solving these types of chal-
lenges often involves creating sensors that recruit the subtle additive
effects of modest (<2 kcal/mol) noncovalent interactions (NCls). How-
ever, the development and understanding of these types of sensors is
hampered by the difficulty of deconvoluting individual effects of the
multiple, competing NCls involved.

As examples, the challenge of designing sensors based on dynamic co-
valent chemistry coupled with weak NCls is evident in the field of chi-
roptical sensing (Figure 1). Many chiroptical sensors 1 feature a con-
figurationally labile set of CD-active chromophores that interact via ex-
citon coupling (e.g., + and — configurations, depicted in red and blue,
respectively).? In the absence of a chiral analyte, the (+)-1 and (-)-1
configurations are enantiomeric and exist in a 1:1 equilibrium ratio. As
a result, the Cotton effects from each enantiomer of the sensors cancel
with no net CD signal observed. However, upon binding an enantioen-
riched analyte, the NCls between the analyte 2 stereocenter and the op-
tically active chromophores (depicted with a grey arrow) can lead to a
net CD signal, which in turn is used to determine the enantioenrichment
of 2. When the stereocenter is adjacent to the binding functional group
(2, n=0), repulsive steric interactions influence the relative twist of the
chromophores, often leading to a substantial CD-signal (e.g., > 10
mdeg). When the stereocenter is remote (2, n >1) the steric interactions
necessarily diminish, and multiple weak NCIs (including attractive in-
teractions) could presumably induce a measurable CD-signal. How-
ever, there are a dearth of reports for chiroptical sensing of remote ste-
reocenters.’
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Figure 1. Covalent binding of an enantioenriched analyte 2 induces a
conformational bias in the chiroptical sensor. The resultant CD-signal
can be used to determine the enantioenrichment of 2.

One of our groups has been particularly interested in developing chi-
roptical sensors of enantioenriched alcohols (Figure 2). We have shown
that 2-formylpyridine (4) can efficiently react with dipicolylamine (5)
and Zn(OTf); in the presence of an acid catalyst (chloroethylmorpho-
line hydrochloride, CEM*HCI) to form hemiaminal 6 (Figure 2A).27
The pyridine rings in 6 adopt enantiomeric CD-active helical configu-
rations (P and M, depicted in red and blue, respectively). Upon binding
of a chiral alcohol 7, a series of diastereomers form by virtue of the
pyridine helical twist, the chiral alcohol, and the newly formed point
stereocenter of the hemiaminal ether functional group. If the alcohol is



enantioenriched, one configuration at the hemiaminal ether group dom-
inates, which induces a bias toward a P or M twist of the pyridines,
leading to exciton coupling and thus an observable CD signal. The
magnitude of the CD signal can be correlated through a linear free en-
ergy relationship to differences in steric size of the R-groups on the
stereocenter of the alcohol.® This sensor assembly has proven to be ro-
bust in detecting the enantioenrichment of a-stereogenic alcohols in
many settings >

More recently, we developed complex 8 that is capable of sensing the

more challenging B-stereogenic alcohols (Figure 2B).'® The design
strategy hinged on the incorporation of an “appendage” off the pyridine

ring closest to the hemiaminal group that could interact with the more
remote stereocenter. While the assembly formation is identical to 9, the
chromophore responsible for sensing the chirality of the alcohols is an
atropisomeric biaryl motif (depicted in red and blue). Importantly for
the present work, however, designing sensors for the more challenging
y-stereogenic alcohols 11 remains a tremendous challenge (Figure 2C).
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Figure 2. (A) The reversible covalent binding of enantioenriched 7 by assembly 6 favors one helically chiral configuration of the terpyridine motif.
(B) Assembly 8 can be used to sense the enantioenrichment of B-stereogenic alcohols through induced atropisomerism of a biaryl axis. (C) This study
focuses on the development of a chiroptical sensors for y-stereogenic alcohols.

Merging the need to develop sensors for y-stereogenic alcohols with
the challenges of identifying what structural features are required to
achieve this goal, we sought to develop an integrated synthetic and data
science-based workflow (Figure 3). With such a remote stereocenter,
significant steric interactions with the three pyridines or the atropiso-
meric chromophore were anticipated to be minimal, while the possibil-
ity of attractive NCIs could arise that would place a twist into either
chromophore.!” Ideally, this workflow would allow one to simultane-
ously optimize, as well as understand, the performance of chiroptical
sensors that require multiple weak NCls to function effectively. Four
key stages were envisioned: 1) a simple machine-learning (ML) ena-
bled strategy would be used to carefully identify highly diverse append-
ages (blue in structure 10) that are synthetically accessible, 2) the se-
lected compounds would then be synthesized and tested, 3) the result-
ant data would be used to train statistical models that correlate struc-
tural features to CD signal intensity, and 4) interrogation of the models
would provide insight to inform next generation designs. This work-
flow is iterative in nature, wherein the mathematical model is applied
to quantitatively predict the performance of new assemblies and ulti-
mately deconvolute the noncovalent interactions critical to the success
or failure of the chiroptical sensor. Herein, we present the successful
application of this workflow to the identification and interrogation of
chiroptical sensors of y-stereogenic alcohols. Further, we were able to
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bolster the insight acquired from statistical modelling with DFT-level
calculations to probe the underlying NCls responsible for the observed
sensor performance.
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Figure 3. Data-science workflow for the development and understand-
ing of chiroptical sensors.

Results and Discussion
Initial Design and Evaluation

To effectively use this workflow to design chiroptical sensors for y-
stereogenic alcohols, we had to select which modular structural element
of the assembly to systematically vary (Figure 4A). We identified the
A-ring (highlighted in blue) as ideal. Diverse moieties could be easily
introduced using a metal-catalyzed cross-coupling reaction and would
also presumably be well positioned to interact with the y-stereocenter.
To ensure that the biaryl aldehydes 10 selected for evaluation are chem-
ically diverse, we employed a data-driven substrate selection strategy
(Figure 4B). This was comprised of an initial generation of a data-rich
virtual library of arylboronic acids 13 followed by a machine learning-
based selection strategy.'® The virtual library was first curated by com-
putationally assessing all commercially available and in-house aryl bo-
ronic acids (a total of 5,136 boronic acids) (Step 1). To accomplish this,
the geometry of each substrate was minimized and then 1,357 compu-
tationally inexpensive 2D and 3D Quantitative Structure Activity Re-
lationship (QSAR) parameters - simple molecular descriptors routinely
used in medicinal chemistry - were calculated for each boronic acid
(Step 2, see SI for details).!® With this computational data set, the bo-
ronic acids were analyzed based on their similarity in descriptor space
by performing principal component analysis (PCA) to reduce the di-
mensionality of the computed descriptors. A small, representative set
was then selected for biaryl aldehyde synthesis by employing K-means
clustering.?%?! This machine learning algorithm is used to group or
“cluster” structures based on structural similarity (Step 3). Through this
process, nine boronic acids (described below) were identified from dis-
tinct clusters, procured, and subjected to a Suzuki cross-coupling with
aryl bromide 14 to produce the initial library of biaryl aldehydes 10a —
10k (Step 4).22

We note that the selection strategy depicted in Figure 4B resulted in a
small, highly diverse library of candidates. Intuitively, this is inferred
from a simple inspection of the structures and substitution patterns of
10a — 10k. The library features both electron rich and electron poor
arenes (e.g., 10a and 10d, respectively), substrates with extended 7 sur-
face area (10f, 10g, and 10h), and a multitude of substitution patterns
(e.g., 10c, 10e, and 10k). Moreover, the chemical diversity resulting
from our workflow can be visualized (each member plotted as a blue
point) using a Uniform Manifold Approximation and Projection
(UMAP) visualization plot (see plot depicted in step 3).2* With UMAP,
similar boronic acids are positioned close to one another in their de-
scriptor space as demonstrated by their grouping in “islands”. The com-
pounds that were selected from our workflow (plotted with yellow cir-
cles) are well spread across the representation, reflecting the statistical
diversity of our library. It should be noted that the UMAP axes enable
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visualization of the variance in the two plotted dimensions, similar to a
principal component representation.
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Figure 4. (A) The strategy to diversify assemblies 12 is enabled by the
modular introduction of diverse A-rings in aldehyde 10. (B) The data-
science-based workflow to select diverse A-ring motifs begins with cu-
ration and parameterization of an arylboronic acid virtual library (1-2),
followed by (3) ML-based substrate selection, and (4) synthesis of
biaryl aldehydes 10.

We next turned our attention to the evaluation of assemblies 12, which
were readily formed from the reaction of biaryl aldehydes 10 with
Zn(OTY),, dipicolylamine, and an enantioenriched y-stereogenic alco-
hol (either 11a. or 11B, Figure 5A).>* The resultant assemblies 124 and
123 were assessed via CD spectroscopy (subscript o and B denote the
use of alcohols 11a and 11f, respectively). In nearly all cases, we ob-
served a common Cotton effect at 267 nm (see representative spectra,
Figure 5B).2% On the basis of previous reports, it was concluded that
this feature arose from exciton coupled circular dichroism (ECCD) of
the helical pyridine chromophore (depicted in blue).'>!® The intensity
of the CD signal varied substantially depending on the structure of 12,
with signals of up to 22.7 mdeg observed for 12dq and near-zero signals
for assemblies 12bg, 12gp, and 12hg (Figure 5C).2 The diversity of re-
sponses is likely a result of the intentional incorporation of disparate



structural features as a function of the data-driven design strategy. Ad-
ditionally, no trends relating the structure of 12 to the CD spectrum
were intuitively obvious.
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Figure 5. (A) Synthesis and CD measurements of assemblies 12. (B)
The representative spectrum of assembly 12¢q shows clear Cotton ef-
fect at 267nm. (C) The heat map depicts the CD signal (mdeg, normal-
ized for absorbance) at the Amax (267 = 2 nm) for assemblies 12a4—
12k and 12ag— 12kg.

In order to correlate CD intensity to the structural features of 12, we
next employed a two-step statistical modelling protocol (Figure 6A &

B).27-30 This was accomplished by computing a range of physical or-
ganic descriptors to reflect the physical properties of 12a — 12k. These
were computed using a simplified chemical structure 15, which cap-
tured the essential structural elements anticipated to influence the CD
response to the chiral alcohols.?! The descriptors included sterimol val-
ues (steric measurements),’>?> global electronic terms such as
HOMO/LUMO energies and polarizability, as well as local electronic
terms reflected by NBO charges on various atoms (see SI for full pa-
rameter list). Using a forward stepwise linear regression algorithm to
correlate experimental CD intensities to computed parameters, a four-
term statistical model was found (Figure 6A).3* This model included
one parameter to account for the alcohol 11c/11f and three derived
from the biaryl pyridine motif. The alcohol parameter (classifier) was
a simple unitless value (1 for 11a, —1 for 11B), used to assign which
alcohol was used in the assembly. The remaining three parameters,
NBOipso, AErmo, and ortho B5 (a sterimol value), were derived from 15
(Figure 6B).>> While the parameters NBOips, and AErvo had a rela-
tively even distribution of values across 15a — 15k (see SI), the B5
(Sterimol parameter reflecting size) for the ortho substituent had only
three discrete values. Assemblies stemming from biaryl aldehydes with
H at both A-ring ortho positions (12a — 12i) all had an ortho B5 of 1.1A
and only 12j and 12k had larger measurements. Therefore, the param-
eter ortho B5 can be considered a classification term that reflects
whether 12 has an ortho substituent.

The first iteration of the workflow accomplished one of our two initial
goals, i.e., it identified which biaryl aldehyde (10j) would lead to as-
semblies with large enough CD signals to accurately determine the ee
of both 11a and 11B. To our knowledge, this is the first chiroptical sen-
sor that can assess a stereocenter so remote to the binding functional
group. However, the second primary goal, to deconvolute the NCls that
underpin a successful sensor, was not yet realized. The model depicted
in Figure 6A is statistically sound, but the descriptor terms do not give
clear insight into the NCls that determine the magnitude of the CD sig-
nal. For instance, it is challenging to understand the physical signifi-
cance of the NBO charge on the ipso carbon (NBOjps, highlighted with
a green sphere). Furthermore, the need to classify two aldehydes that
incorporate an ortho-substituted A-ring (only 10j and 10k) reduces the
utility of the statistical modelling approach.

As a result, we revisited the workflow discussed above for a second
iteration with the goal of exploring regions of chemical space that
should be further sampled. Specifically, the under representation of or-
tho substituents in the initial library led us to the hypothesis that incor-
poration of additional examples would enhance our application of re-
gression analysis. In turn, the improved regression model would likely
provide a more detailed understanding of the origin of the NClIs at play
in determining large CD signals.
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Figure 6. (A) First-generation MLR modeling of CD signal intensity for sensor 12. (B) Alcohol classifier and DFT-parameters that were used to
develop an MLR model to predict CD-signal intensity. (C) Role of A-ring ortho sterics on CD performance.

Second Generation

To better understand of the role of ortho substituents in the chiroptical
sensing of y-stereogenic alcohols, we next focused on the selection,
synthesis, and evaluation of aldehydes 101 — 10p (Figure 7). Boronic
acid precursors 131 — 13p were selected using the ML-based selection
workflow described in Figure 4 (131 — 13p depicted with orange dia-
monds, Figure 7A). It should be noted that this selection protocol fo-
cused on a narrower region of chemical space (ortho-functionalized
compounds only) and that this is reflected by the close grouping of 131
and 13n — 13p on the UMAP plot. The resultant assemblies 121 — 12p
were then evaluated via CD spectroscopy. As was anticipated from the
MLR model shown above, ortho-functionalized assemblies 12j — 12p
tended to give comparatively higher CD intensities than 12a — 12i (Fig-
ure 7C). Nevertheless, the varied substituents in the aldehyde structures
provided meaningful trends difficult to ascertain by simple inspection.

Once more, we turned to statistical modeling to assess assemblies 12a
— 12p (Figure 8).3® The best model obtained was able to adequately
account for both assemblies 124 and 12 suggesting common NCIs in-
trinsic to the biaryl motif are similarly important whether alcohol 11a.
or 11f are used. The model featured a good correlation (R =0.91) and
robust internal validation measures (Q? = 0.85 and 4-fold = 0.84). Fur-
thermore, an external validation was prepared by initially partitioning
the data into training and test set (80/20 split, see SI for details) and
then evaluating the ability of the model to predict the test set data
points. It was found that the model reliably predicted the CD signals of
the test set (test R =0.91).

As in the previous iteration of MLR modeling, we evaluated a multi-
tude of steric and electronic parameters in this second model (see SI for
more details). Those parameters that were included in the final model
are depicted in Figure 8B & 8C and include the same alcohol classifier
and AEgmo terms used in the previous model, as well as two new steric
terms, Buax 2A and Buax 8.5A. The latter two parameters are advanced
sterimol descriptors recently introduced by Paton and coworkers.3” The
parameters were measured by first defining an axis along the pyridine
C4—Cy> bond (depicted with a grey line, Figure 8C). The maximum and
minimum steric measurements perpendicular to this axis (Bm.x and
Bmin, respectively) were collected at 0.5 A intervals along the axis. The
Buax measurements collected at 2.0 A and 8.5 A led to the best MLR
model.
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resolved steric parameters that describe the steric profile of the A-ring.

In order to further validate the robustness of the statistical model, we
synthesized and tested an additional validation set of 4-biaryl aldehydes
10q — 10t that were not used for statistical modeling (Figure 9). These
were synthesized from boronic acids that were already on hand in our
laboratory via a Suzuki cross-coupling reaction. The aldehydes were
then tested with alcohols 11a and 11 and the CD spectra of the result-
ant assemblies were measured. The original model was then retrained
using all assemblies 12a — 12p. We were pleased to find that assemblies
12q — 12t were well predicted by the model (validation R? = 0.81). It
should be noted that the compounds in the validation set featured both
electron-poor (12t), electron-rich (12s), and m-extended (12q) arenes
and a common 3,5-disubstitution pattern that was absent from the alde-
hydes used for model generation. This highlights the ability of the
model to effectively predict the performance of unique, out-of-sample
substrates.

While the second model was only modestly better than the first in terms
of regression statistics (R?, test R, etc.), it was significantly more in-
terpretable. Both the “hardness” term (AErmo) and alcohol classifier
term were conserved across both models. However, the relatively
opaque NBOj,, value and the ortho-substituent classifier were replaced
by two intriguing steric parameters presented above. These were par-
ticularly interesting because of their contrasting correlation to CD sig-
nal. While steric bulk was positively correlated to CD signal at 2.0 A,
it was negatively correlated at 8.5 A.38 As discussed below, these pro-
nounced distance-resolved effects provided insight into subtle intramo-
lecular NCIs within assemblies 12 that critically effect CD signal in-
tensity.
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Figure 9. The second-generation MLR model accurately predicted 8
assemblies deriving from aldehydes 10q — 10t and alcohols 11a and
118 (R?=0.82).

Computational Investigation

Armed with a statistical model composed of mechanistically interpret-
able parameters, we sought to answer the following question: what is
the mechanism for the transfer of stereochemistry from the CD-silent
point stereocenter of the alcohol to the CD-active terpyridine helix? As
stereoenrichment of the terpyridine is the basis for the CD signal, an
underlying understanding of this phenomena would provide a blueprint
for what structural features make an effective sensor.

A key consideration relevant to this question was whether the configu-
ration at the aminal stereocenter (R vs S) played a role in biasing the
terpyridine configuration (M vs P). One of our groups had previously
discovered a correlation (R? = 0.97) between the dr of 8 and the meas-
ured CD signal intensity (Figure 10A).%!5 On the basis of this striking
correlation, it was concluded that a point-to-point-to-helix mechanism
of stereochemical transfer was operative (Figure 10B). This can be con-
ceptually deconstructed into two steps: (1) the alcohol stereocenter
(highlighted with a blue star) causes one of the hemiaminal ether epi-
mers (stereocenter highlighted with a grey sphere) to be enriched. In
turn, the configuration of the aminal influences the energetics to favor
one of the two terpyridine configurational twists. It was determined that



the (S)-aminal led to (P)-helicity and the (R)-aminal led to (A/)-helic-
ity.!> Therefore, the ratio of aminal epimers directly controls the mag-
nitude of the CD signal.

A. Strong correlation between CD and dr for assembly 8.
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Figure 10. (A) Strong correlation is present between the aminal stere-
ocenter and CD signal intensity for assemblies 8. (B) The point-to-
point-to-helix mechanism of stereochemical transfer from the configu-
rationally inert point stereocenter to the helically chiral terpyridine ste-
reocenter.

Given the good correlation previously observed between CD signal in-
tensity and dr for assembly 8, we questioned whether a similar relation-
ship existed for the y-stereogenic alcohol-derived assemblies 12 (Fig-
ure 11). In order to test this, we measured the dr of several assemblies
12, via 'H-NMR spectroscopy as previous reported.3*4% Although a
similar range of values was observed (dr =1.1 —2.2), there was no cor-
relation with CD signal intensity. This suggested that either: (1) another
variable was at play that obscured the correlation, or (2) the hemiaminal
ether stereochemistry did not strongly influence the pyridine configu-
ration and, instead, another mechanism for stereochemical transfer was
involved.

In order to interrogate the mode of stereochemical transfer from point
to helical chirality, we performed a computational study of assemblies
12by and 1204, as well as the previous assembly 8 (Figure 12).4! Given
the presumed importance of both proximal and distal steric effects re-
vealed by MLR modelling, 120, was selected because it had an ortho
substituent on the A-ring, while 12by was para-substituted. Addition-
ally, 1204 and 12bg were the best and worst-performing assemblies
tested during model construction respectively and would, therefore, re-
flect the limiting cases. Assembly 8 was selected as it would provide a
benchmark into the origin of the impact of hemiaminal-ether stereo-

chemistry on the CD response. For each assembly analyzed, both ami-
nal epimers were subjected to a gas-phase molecular mechanics-based
conformational search using the OPLS3e forcefield.*?> From this, five
distinct conformers were identified for 8 while the conformationally
flexible 12bg and 1204 resulted in numerous conformers (92 — 145 per
epimer). To limit computational resources, the latter two were clustered
(17 — 32 clusters per epimer) based on atomic RMSD and one repre-
sentative conformer was selected from each cluster. All conformers
from 8 and the selected conformers from 12by and 1204 were then re-
fined via DFT calculations. Geometry optimization was conducted us-
ing the B3LYP functional with the 6-31G(d,p) basis set in Gauss-
ian16.*3 Single-point corrections were then carried out with the M06-
2X* functional and def2-TZVP* basis set. Solvation effects of ace-
tonitrile were considered using the PCM solvation model.®

_Zn2+
N---ant

PG
T X J

Me
(R)-12,
25
12,de
20 A 12,
. 12, e
12,t L
5 15 12,
o a °
g 122
£
Q 10
© 12,c0 12,6
e12,h
5 12,9
0 T T T : r
1 125 15 175 2 2.25 25

dr

Figure 11. No clear relationship is present between hemiaminal ether
stereocenter and CD signal for assemblies 12.
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Figure 12. Computational workflow employed a molecular mechanics-
based conformational search and then used a clustering algorithm to
select 11 — 30 representative conformers. These were further refined
with DFT optimization and single-point energy calculations. Note: the
acetonitrile molecule that coordinates to Zn?>" was removed from the
CYLview renderings for clarity.

The lowest-energy structures of both (P, S)-8 and (M, 5)-8 (Figure 13)
were analyzed revealing a large energy difference between the (M) and
(P) configurations (AGwp = 2.2 kcal/mol).4” This likely stems from the
difference in orientation of the alkoxy group between the (P) and (M)
conformers. (P, §)-8 positions the C—-O bond of the alkoxy group



(highlighted in blue) downward with respect to the N—Zn bond (high-
lighted in red). This positioning of the alkoxy group is termed axial and
likely benefits from minimized steric interactions with the pyridine mo-
tifs.*® In contrast, the alkoxy group is projected roughly perpendicular
to the Zn—N bond in the (M, S)-8 conformer. This placement of the
alkoxy group, termed equatorial, is likely disfavored due to energeti-
cally unfavorable repulsive interaction with the pyridine rings. The
substantial energetic preference for one terpyridine configuration is
consistent with the notion that the hemiaminal ether stereocenter con-
trols the helicity.

“Axial” '." \ “Equatorial” ;
Alkoxy Group [ Alkoxy Group |

Figure 13. Discrete conformational ensembles for both (/) and (P)
terpyridine configuration (the acetonitrile molecule coordinate to Zn>*
was removed from the CYLview renderings for clarity).

We next considered the computed structures for 12bg, the worst-per-
forming assembly tested during model generation (Figure 14). While
we investigated both hemiaminal ether epimers, we will discuss (R)—
12b, as it was calculated to be more stable than (S§)—12bg (not shown)
by ca. 1.8 kcal/mol. It was noted that the 30 conformers assessed at the
DFT level of theory could all be categorized into two distinct confor-
mational ensembles: one with (M) and one with (P) terpyridine config-
urations. We then compared the energies and structures of the lowest-
energy conformer from each ensemble. As was the case for 8, the con-
figuration of the terpyridine dramatically impacted the orientation of
the alkoxy group for (R)-12bg. In this case, the (P) and (M) configura-
tions coincide with the alkoxy group being placed equatorial and axial,
respectively. Unlike 8, however, the energy difference between (P, R)—
124 and (M, R)-124 were comparatively small (AGwp = 0.1 kcal/mol).
The low energy difference between helical conformers is consistent
with the modest CD-signal observed experimentally.
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Figure 14. Assembly 12by features a modest energy difference be-
tween (M) and (P) configurations (CYLview renderings of the lowest-
energy conformers from the (P) and (M) conformational ensembles are
depicted). Note that the conformational ensembles are only depicted
with three conformers for clarity.

Finally, we turned our attention to 120q, the best-performing assembly
assessed in this study (Figure 15). Once more, we will only discuss the
lowest-energy hemiaminal ether epimer, which was ($)-1204. All con-
formers could again be categorized into two distinct conformational en-
sembles, each with an opposite pyridine helicity. The (M)-terpyridine
configuration resulted from the equatorial alkoxy orientation while the
(P)-configuration favored the axial alkoxy positioning. Unlike both 8
and 12bg, in which the axial alkoxy orientation was favored, the con-
former with the equatorial orientation of the alkoxy group (M, S)-120q
was preferred, now by 2.7 kcal/mol.#° This comparatively large energy
difference likely results in a substantial enrichment of the (M) terpyri-
dine configuration and is consistent with the large CD-signal observed
for 120q.
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Figure 15. Assembly 1204 strongly favors the (M) terpyridine config-
uration (CYLview renderings of the lowest-energy conformers from
the (P) and (M) conformational ensembles are depicted). The acetoni-

trile molecule coordinated to Zn?* was removed from the CYLview
renderings for clarity.

Our combined computational and statistical modeling efforts suggest
that attractive m—m interactions as well as London dispersion forces,
play a key role in controlling CD-signal intensity by modulating AGwp
(Figure 16). For assembly (R)—12bq, we observed attractive NCIs that
stabilize both the (P)-equatorial and (A/)-axial conformations. London-
dispersion contacts can be seen in the former between the y-phenyl ring
and both the pyridine rings and the A-ring ortho-protons (see NCI plots,
Figure 16B).%%! However, long-range dispersive interactions between
the alkoxy chain and the A-ring para-substituent also stabilize the (M)-
axial conformation. The presence of distal dispersive contacts (i.e., the
4-bocamino group), therefore, stabilizes (M,R)—12bg relative to (P,R)—
12be and attenuates AGwp. In contrast, more significant attractive
NClIs were observed for the (M)-equatorial conformer of (5)—-120q than
in the (P)-axial conformer (Figure 16C). In addition to extensive dis-
persion interactions, the former benefits from a T-stacked interaction?
between the A-ring ring ortho-proton and the y-phenyl moiety (see dark
blue attractive T-stacking interaction in the inset, Figure16C). The lim-
ited rotation enforced by the ortho isopropyl group results in an in-
creased dihedral angle of the biaryl which, in turn, enhances this T-
stacked interaction.

The computational analysis discussed herein, details the complexities
of dynamic covalent sensors that exist as a mixture of multiple equili-
brating diastereomeric and conformational isomers (i.e. 16, Scheme
16A). While we have analyzed this in detail in the preceding para-
graphs, the overarching conclusion can be summarized as follows. Sub-
stitution at the A-ring ortho and para positions has opposite, competing
effects on the CD-signal intensity. Ortho steric bulk energetically fa-
vors one of the helical diastereomers by reinforcing a key T-stacking
interaction (i.e., Figure 16C, inset). This leads to a large, net CD-signal
from exciton coupling of the energetically preferred helical chromo-
phore. Para steric bulk, in contrast, stabilizes the minor isomer leading
to a smaller energetic preference for one terpyridine helix. This means
that the exciton coupling of the terpyridine chromophores with opposite
helicity will largely offset one another and only a weak net CD signal
will be observed. The competing roles of para and ortho substituents
are also reflected in the final MLR model (Figure 8). Steric bulk at the
para position is reflected by the term Buax 8.5A and is negatively cor-
related to CD signal intensity, while steric bulk at the ortho position,
reflected by Bmax 24, is positively correlated. Taken together this illu-
minates the following design principle. Installation of an ortho-func-
tionalized A-ring and omission of para-substituents will maximize ef-
ficient stereochemical transfer from the hemiaminal ether stereocenter
to the terpyridine helix and will thereby maximize the CD signal for
chiral alcohols of this type.

CONCLUSION

The development of DCC-based sensors remains a broadly applicable
endeavor within the field of supramolecular chemistry. However, the
identification and deconvolution of subtle NClIs that are important to
sensor performance remains an unsolved problem. In this study, we
used a combination of computational parameterization, statistical mod-
eling, and high-level DFT calculations to develop and gain a detailed
understanding of the first reported chiroptical sensor for y-stereogenic
alcohols. By performing two iterations of a data-driven optimization
workflow, we were able to identify a highly effective sensor and pro-
duce a robust, interpretable statistical model. This provided the basis to
deconvolute the roles of distal and proximal steric bulk on sensor per-
formance by mathematically relating the distance resolved sterimol pa-
rameters Bmax 2 A and Bpax 8.5 A to CD-signal intensity. We then per-
formed high-level DFT calculations to understand the physical signifi-
cance of the steric parameters. These calculations both revealed a likely
sensing mechanism and suggested that both distal and proximal sub-
stituents influence sensor performance through attractive NCIs. This
work demonstrates the effectiveness of an iterative data-driven ap-
proach to sensor design and showcases the utility of computational pa-
rameterization and statistical modeling to deconvolute competing weak
NCIs. We anticipate that the workflows described herein can be readily
adopted for the design of other DCC-based assemblies and in the design
and understanding of new supramolecular systems at large.
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