
Effect of Solvents on Proline Modified at the Secondary Sphere: A
Multivariate Exploration
Danilo M. Lustosa,‡ Shahar Barkai,‡ Ido Domb,‡ and Anat Milo*

Cite This: J. Org. Chem. 2022, 87, 1850−1857 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The critical influence of solvent effects on proline-
catalyzed aldol reactions has been extensively described. Herein,
we apply multivariate regression strategies to probe the influence
of different solvents on an aldol reaction catalyzed by proline
modified at its secondary sphere with boronic acids. In this system,
both in situ binding of the boronic acid to proline and the outcome
of the aldol reaction are impacted by the solvent-controlled
microenvironment. Thus, with the aim of uncovering mechanistic
insight and an ancillary aim of identifying methodological
improvements, we designed a set of experiments, spanning 15
boronic acids in five different solvents. Based on hypothesized
intermediates or interactions that could be responsible for the
selectivity in these reactions, we proposed several structural
configurations for the library of boronic acids. Subsequently, we compared the statistical models correlating the outcome of the
reaction in different solvents with molecular descriptors produced for each of these proposed configurations. The models allude to
the importance of different interactions in controlling selectivity in each of the studied solvents. As a proof-of-concept for the
practicality of our approach, the models in chloroform ultimately led to lowering the ketone loading to only two equivalents while
retaining excellent yield and enantio- and diastereo-selectivity.

■ INTRODUCTION
The pursuit of reactions that deliver levels of selectivity similar
to those provided by enzymes is at the core of asymmetric
catalysis.1 The synthesis and derivatization of scaffolds that
resemble enzymatic active sites have led to countless
achievements, yet isolating active sites from their environment
also comes with its drawbacks. Notably, in an enzyme, both the
substrate and the active site have an ideal microenvironment to
interact and react selectively.2 Conversely, in a reaction flask,
the interaction between a substrate and molecular catalyst is
controlled by the interplay between their steric and electronic
characteristics, which in turn influences the way they assemble
into a reactive intermediate. Further confounding the situation,
this interplay is highly influenced by the surrounding solvent
molecules.3 This stark difference is exemplified by the
observation that many reactions that occur at room temper-
ature enzymatically, oftentimes need low temperatures and
long reaction times in vitro to afford desirable levels of
selectivity.4 In organocatalysis, wherein selectivity is often
governed by noncovalent interactions,5 solvents significantly
impact the structural organization and degrees of freedom of
intermediates and transition states.1c,6−13 This pronounced
sensitivity of reaction outcomes to solvent changes has led to
unusual solvent combinations.
The role of solvent variation on proline-catalyzed aldol

reactions was already described in the seminal work by List,

Lerner and Barbas, who revealed ranges of 67:33 to 88:12
enantiomeric ratio (er) as a response to solvent variation
(Figure 1.a, catalyst I).1c,6 Subsequently, List demonstrated
that the addition of chloroform (CHCl3) to a dimethyl
sulfoxide (DMSO)/acetone solvent system, could speed up the
reaction, minimize elimination and increase er.7 Similar
phenomena were observed for this reaction when using more
structurally complex catalysts. Xiao and co-workers demon-
strated that catalyst II in CHCl3 afforded the aldol adduct with
75:25 er, while increased er was obtained in acetone or a 1:1
mixture of acetone and dichloromethane (DCM). An even
more drastic response to solvent variations was identified by
Shirai and co-workers (Figure 1.a, catalyst III), who reported
that DCM and acetone delivered opposite enantiomers.9

Furthermore, changing the solvent to DMSO modulated the er
to 88:12. The impact of solvent on cyclic ketones as aldol
donors is also marked (Figure 1.b). Gong and co-workers, for
instance, demonstrated that by using catalyst IV with water as
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solvent, the aldol product of cyclohexanone was furnished with
dr of >20:1 and er of 97:3 at O °C.10 In contrast, when the
same reaction was performed in DCM, a low temperature of
−40 °C was required to obtain the same level of
diastereoselectivity.11 In addition, Chen and co-workers,
observed a strong dependency between the solvent for these
reactions and their enantioselectivity.12 Using catalyst V they
observed an increase in enantioselectivity when moving from
DMSO to THF.
Cyclopentanone as aldol donor is much less studied

compared to its 6-membered ring counterpart, which piqued
our interest in its application, yet finding systematic results
demonstrating solvent effects was challenging. Therefore, to
test its sensitivity to solvent effects in proline catalysis, we
conducted reactions in hexane, methanol and acetonitrile and
compared them to those reported by Barbas in DMSO (Figure
2.a).13 We observed that the er could vary from 65:35 in
hexane to 95:5 in DMSO. Additionally, the diastereoselectivity
goes all the way from 3:1 in favor of the anti-product in

methanol to 1:2 in favor of the syn-product in hexane. Whereas
solvent clearly plays an important role in the selectivity and
reactivity of amino-catalyzed aldol reactions, mechanistic
studies that clearly describe the influence of different solvents
on these reactions are scarce. Recently, Yang and co-workers
evaluated the effect of organic solvents and water on proline
catalyzed aldol reactions by explicitly placing a handful of
solvent molecules around the solute to simulate a first
solvation sphere.14 Yet generally, despite the great contribu-
tions DFT studies have provided to understanding solvent
effects,15 modeling solvents is challenging.16 Moreover, the
accuracy of computational methods is limited when small
changes in energy reflect large changes in stereoselectivity.17

As part of our ongoing program on secondary sphere
modified organocatalysts,18 we recently reported the applica-
tion of amino catalysts in an aldol reaction between aromatic
aldehydes and cyclopentanone (Figure 2.a).19 By modifying
proline with boronic acids in situ we were able to rapidly access
different organocatalyst derivatives without any synthetic
effort. Taking advantage of the broad spread of data stemming
from our secondary-sphere modification, we set out to study
the influence of solvent effects on the aldol reaction. Solvent
effects are of particular interest in secondary sphere modified
catalysts, not only because of the additional degrees of
structural freedom the modifier confers, but also due to the
required binding stability under different reaction conditions.
It is worth highlighting that the concept of secondary sphere
modification is inspired by enzymatic catalysis, yet the
modifiers impart less spatial constrains than an enzymatic

Figure 1. Solvent effects on the outcome of aldol reactions with
different catalysts using (a) acetone as aldol donor and (b)
cyclohexanone as aldol donor. The bar graphs represent % of yield
(dark blue), % of enantiomeric excess (ee, light blue), and % of
diastereomeric excess (de, teal) in each reaction; the values of yield,
dr, and er are noted on their respective bars.

Figure 2. (a) Solvent effects on the outcome of proline catalyzed aldol
reactions of cyclopentanone; (b) data set design based on a systematic
variation of different solvents and different boronic acids as secondary
sphere modifiers; (c) boronic acids selected for the data set based on
their diverse substitution patterns as well as steric and electronic
properties.
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microenvironment. Therefore, the role of solvent molecules is
paramount in controlling the structure of intermediates and
transition states that determine reactivity and selectivity.

■ RESULTS AND DISCUSSION
In our aforementioned work,19 the combination of proline with
boronic acids led to unprecedent levels of diastereoselectivity,
short reaction-times and a broad scope. The optimized
conditions required 18 equiv of neat cyclopentanone with
respect to the aldehyde because we were unable to identify a
solvent that provided satisfactory yield or diastereoselectivity.
It is often the case that proline-catalyzed aldol reactions are
performed in neat ketone, which represents a formidable
drawback for its practical use. Given our interest in
understanding the intertwined effect of solvents on binding
and reactivity in our system, we were keen to design a data set
based on the systematic variation of both solvent and
secondary sphere modifier (Figure 2.b). We were not
discouraged by our previous solvent screening, because it
was the result of a univariate optimization of a handful of
solvents with a single boronic acid modifier. In contrast, our
new data set was planned to deconvolute the effects of different
secondary sphere modifiers in a diverse set of solvents. We
postulated that this design would not only uncover mechanistic
insight, but could potentially lead to methodological improve-
ments.
With the variance of our data set in mind, we aimed to

compare our neat reaction conditions to reactions in hexane,
CHCl3, acetonitrile (ACN), and methanol (MeOH). With the
aim of obtaining a broad spread of results suitable for
modeling, boronic acids with different steric, electronic, and
substitution patterns were represented in the data set (Figure
2.c). With 5 solvents and 15 boronic acids, we designed a total
of 75 reactions and 75 duplicates. All of these 150 reactions are
independent of each other, which allows for their parallel
execution. We first focused on dr values because these
appeared to change significantly from solvent to solvent with
different boronic acids. We note that dr values are well
distributed for neat, ACN and CHCl3 conditions, whereas for
hexane and MeOH they do not substantially vary as a function
of boronic acid (see Figure 3).
As a part of our modeling strategy, molecular libraries of

boronic acid derivatives were produced for several possible
structural configurations. These configurations were selected
based on mechanistic hypotheses from the proline-catalyzed
aldol-reaction literature,20 as well as our own experience with
noncovalent interactions and secondary sphere modifiers in
organocatalysis.18,19 Each of these sets of molecular libraries
represents an intermediate or interaction that may come into
play in determining selectivity (Figure 4.a-e.).21 We postulated
that different libraries could lead to better correlations with the
experimental outcome in each solvent. Furthermore, we
assumed that even if the same library would lead to the best
models in different solvents, the specific parameters that appear
in each model and their relative contribution would still be
informative. This approach could serve to pinpoint which
interaction contributes more significantly to the selectivity in a
given solvent.
Molecular descriptors were extracted for each library,

correlated against all of the experimental data and the best
performing model was identified (a report including all models
produced in this work is appended to the SI).21 The
parameters used in this process were intended to capture

both the electronic and steric variation due to different
substitution patterns. The electronic nature of the structures is
represented by NBO charges, and their steric nature is
depicted by bond lengths, distances, and dihedral angles as well
as Sterimol parameters. The directional components of the
dipole moment and specific bond stretching frequencies are
stereoelectronic hybrids affected by the location, size, mass,
and electronic nature of the substituents. The components of
the dipole moment for all of the structures were taken with
respect to the center of the boronic acid aromatic ring. The
models with the highest goodness-of-fit Q2 leave-one-out cross-
validation values were identified for each proposed structure in
each solvent system (see SI section 21 for a detailed
explanation of cross validation). We decided to use this Q2

value as the selection criterion rather than the R2 because it not
only reflects the goodness-of-fit but also the predictive
robustness of each model, thus minimizing the likelihood of
overfitted models being selected.
Under neat reaction conditions, wherein 18 equiv of

cyclopentanone were used as both reactant and solvent, the
model with the best fit was based on the boronic acid−
aldehyde π interaction structure (Figure 4.f). The parameters
that appeared in this model were the distance between the
aldehyde’s oxygen and one of the hydrogens of B(OH)2, the
overall dipole moment, and the charge on the boron atom. The
best model for the reactions in ACN was also based on the
boronic acid−aldehyde π interaction structure (Figure 4.g).
The parameters that appeared in this model were the charge
on one of the boronic acid hydrogens, the difference in charge
between the other boronic acid hydrogen and oxygen, and the
difference in charge between the same hydrogen and the
aldehyde oxygen. The best model for the reaction in CHCl3
was based on the bound boronic acid−proline structure
(Figure 4.h). The parameters that appeared in this model were
the overall dipole moment, the charge on the oxygen that binds
boronic acid with proline, and the difference in charge between
the boron and carbon on the boronic acid. The best
performing model in hexane had a lower Q2 value compared
to the models in other solvents, which we attribute to the

Figure 3. Probability densities (curves) and distributions (box plots)
of the experimental dr values obtained in the tested solvents. The
height of the curves reflects the probability of a given dr in each
solvent, whereas the boxes represent the margin between the 25th and
the 75th percentiles, with an inner line indicating the median and
single points indicating outliers.
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narrow distribution of results in this solvent (Figure 3).
Nevertheless, the model stemming from the structure of the
boronic acid alone provided a decent fit in hexane (Figure 4.i).
The parameters that appeared in this model were the
stretching frequency vibration between the boron and one of
the oxygens, the bond length between the boron and carbon,
and the B5 Sterimol parameter representing the maximal width
of the boronic acid. All of the attempts to identify a model for
the dr obtained in MeOH resulted in poor correlations. Based
on the lack of correlation and the extremely low er values
observed for this reaction, we tested whether there was a
background reaction interfering with our catalytic process.
Indeed, even in the absence of both proline and boronic acid,
we observed a racemic aldol reaction in MeOH which led to
poor dr and er values with all of the boronic acids (see Table
S4).
In all of the solvents besides MeOH and hexane the er values

were excellent for all boronic acids tested. In hexane, as
opposed to MeOH, the er varied significantly as a result of the
boronic acid structure. This variation enabled correlating the
libraries of descriptors to enantioselectivity in hexane and the
best fit was based on the bound boronic acid−proline structure
(Figure 5). The parameters that appeared in this model were
the difference in charges between the nitrogen and hydrogen

atoms, the Sterimol B5 width on the boronic acid aryl ring, and
the component of the dipole moment on the plane of the aryl
ring in the direction of the ortho and meta positions. Based on
the assumption that both stereocenters are formed in the same

Figure 4. Several optimized structures used in parametrization: (a) boronic acid; (b) H-bonding interaction between boronic acid and 4-
nitrobenzaldehyde; (c) π-interaction between boronic acid and 4-nitrobenzaldehyde; (d) boronic acid bound to proline; (e) boronic acid bound to
enamine. The best fitted multivariate linear regression models for the dr with varying boronic acid substituents in (f) neat cyclopentanone (18
equiv), (g) acetonitrile (ACN) as solvent with 6.8 equiv of cyclopentanone; (h) CHCl3 as solvent with 6.8 equiv of cyclopentanone, (i) hexane as
solvent with 6.8 equiv of cyclopentanone. Parameters that were identified as predictive for each system are presented with their corresponding
structure. The goodness-of-fit of each model is indicated by R2 and Q2 for 3-fold (500 iterations), 5-fold (500 iterations), and leave-one-one (LOO)
cross validations (see SI section 21 for details). The equations predicting log(dr) are added to the right of each plot for normalized and raw
parameters.

Figure 5. Multivariate linear regression model for enantioselectivity
(in kcal/mol based on ΔΔG⧧ = −RT ln[er]) with hexane as a solvent.
Parameters identified as predictive for this system are presented with
the corresponding optimized structure. The goodness-of-fit is
indicated by R2 and Q2 for 3-fold (500 iterations), 5-fold (500
iterations), and leave-one-one (LOO) cross validations. The
equations predicting ΔΔG⧧ are added to the right of the plot for
normalized and raw parameters.
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step, we were expecting to identify models stemming from the
same structural configuration for both the enantio- and
diastereo-selectivity. Nevertheless, these types of selectivity
are controlled by the face from which and with which the
aldehydes approach.20 Therefore, it is not unlikely that they
may be decoupled because of the fine balance between possible
spatial arrangements of the reaction components. Moreover,
since the diastereoselectivity is fairly low in hexane showing a
narrow distribution in response to changes in the structure of
boronic acid, it could indicate an averaging across different
configurations. Thus, the fairly good fit of the model with
boronic acid alone could in fact also represent an averaging
across different structures or interactions in which boronic acid
takes part. Enantioselectivity, on the other hand, seems to be
more significantly impacted by different boronic acids and is
perhaps more stringently controlled by a specific interaction or
intermediate represented by the structure of boronic acid
bound to proline.
As stated above, we set out to study solvent effects with the

intention of uncovering mechanistic aspects of our secondary-
sphere guided aldol reaction, but in the process were also
hoping to identify conditions with lower aldol donor loading.
Gratifyingly, the excellent experimental results obtained using
CHCl3 or ACN as solvents with only 6.8 equiv of
cyclopentanone already surpassed our previously optimized
neat conditions.19 Given these results, we wondered whether
the models could provide an indication as to which of these
systems could withstand further reduction in the amount of
ketone without an erosion of selectivity. For the reaction in
CHCl3 the bound boronic acid−proline structure provided the
best fit (Figure 4.h), whereas in ACN it was the boronic acid−
aldehyde π interaction structure that led to the best fit (Figure
4.g). We speculated that having a bound species in the best
fitted model could indicate that covalently bound species
rather than noncovalently interacting ones govern selectivity. If
this assumption is correct, it would be easier to lower the
ketone loading in the case where stronger interactions hold the
selectivity determining units together, thus indicating toward
CHCl3 as the more appropriate system. It is noted that for
reactions in CHCl3 the boronic acid−aldehyde π interaction
structure led to a decent fit as well, whereas the bound boronic
acid−proline structure led to an excellent fit for the reactions
in ACN (see Figures S11−S12 for details). We assume that
this disparity could indicate that both types of interactions or
species come into play in both cases, yet in CHCl3 a covalently
bound proline−boronic acid species may play a more
important role.
Because the bound boronic acid−proline structure (Figure

4.d) provided an excellent fit in both cases, we turned to
analyze the parameters that appear in each of these models.
The most important parameter in the CHCl3 model was the
total dipole moment (μtot) on the boronic acid moiety (see
Figure 4.h), whereas for ACN it was the difference in charge
between the oxygen and carbon of the carbonyl on the proline
moiety (see Figure S11). Carbonyl charges are tightly
correlated with pKa and Hammet values;22 therefore, we
interpreted this parameter to reflect binding strength between
the proline and boronic acids. This assumption led us to
presume that binding in CHCl3 is strong enough to have less
of an impact on selectivity because, in contrast to ACN, the
most important parameter in the CHCl3 model did not signify
binding. Taken together, these hypotheses led us to select the
reaction in CHCl3 as a more appropriate candidate for

lowering ketone loading. Indeed, when we lower the ketone
loading enantio- and diastereoselectivity are preserved;
however, the yields in 1 h reactions are diminished. When
we moved to slightly higher reaction times we were able to
lower the ketone loading to 2 equiv with excellent er and dr
values (see Figure 6). We note that even a 1:1 ratio of
aldehyde to ketone was possible with only a slight loss of yield
(see Figure S6 for details).

Taking into account all the models identified in the different
solvents, we were surprised that the boronic acid−aldehyde π
interaction structure provided the best fit under neat
conditions and using ACN as solvent. These results were not
in full agreement with our previous work,19 where both NMR
and mass spectrometry suggested that the active catalyst in this
system consisted of one proline unit bound to boronic acid(s).
To address this discrepancy, we decided to measure mass
spectra of boronic acid in the presence of proline and
cyclopentanone in all of the tested solvents. Due to low
solubility, this analysis was not possible in hexane; however, in
ACN, CHCl3, and MeOH we were able to not only identify
masses that can be attributed to boronic acid−proline adducts
but also to their enamines (for details, see SI section 25). This
result supports our hypothesis that the active catalyst could
contain a boronic acid−proline adduct because such adducts
seem to form a putative reactive intermediate in the catalytic
cycle. To try to settle this result with a possible π interaction
between the boronic acid and aldehydes, we designed a proline
catalyst that cannot form an ester derivative with boronic acid.
Thus, proline methyl ester was prepared and submitted to our
reaction conditions in ACN with three different boronic acids
that spread over the dr range (see Figure 7). In the reaction
without the addition of boronic acid a 2:1 ratio was obtained in
favor of the syn-diastereomer. Once boronic acid was added,
the anti-diastereomer was predominantly formed; however, the
differences in dr values for different boronic acids were not
significant. Moreover, the trend in dr observed for this catalyst
in the presence of different boronic acids is distinct from that
observed with proline, where the same boronic acids spread
the syn:anti ratio from 1:6 all the way up to 1:19.
These results suggest that a noncovalent interaction with

boronic acid can indeed control selectivity; however the
difference in trends may indicate that it is not necessarily the π
interaction between unbound boronic acid and free aldehyde

Figure 6. Evaluating the effect of the amount of cyclopentanone on
the reaction outcome. Reactions were performed for 9 h using 0.5
mmol of aldehyde, 5 mol % of proline, and 10 mol % of 3,5-F-
phenylboronic acid (for details, see Table S6).
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in both cases. For methyl prolinate, a covalent bond with
boronic acid is ruled out, but besides a possible π interaction of
unbound boronic acid with aldehyde, there could be an
additional hydrogen-bonding interaction involving the oxygen
of proline, or even a bridging hydrogen bonding interaction
between boronic acid and the oxygens of the proline and
aldehyde. Ultimately, these results strongly imply that the
structures on which the models are based represent selectivity-
controlling interactions rather than specific reaction inter-
mediates. We note that in this case, where covalent binding to
proline was blocked, the variation in dr was not significant, but
the variation in er was. This is reminiscent of the er changes
observed in hexane as solvent, indicating that the dr and er
determination may be similarly decoupled in this system.

■ CONCLUSIONS
In this work, we set out to study the influence of different
solvents on proline-catalyzed aldol reactions, which are
notoriously sensitive to solvent effects. Specifically, we studied
their influence on reactions of proline modified in situ at its
secondary sphere. These modifications were aimed at
mimicking steric and electronic constrains that exist in the
microenvironment of enzymatic active sites. However, the
molecular control in these modified systems depends on the
compatibility between catalytic activity and in situ binding of
the modifier under reaction conditions. Accordingly, the
impact of solvent effects here is 2-fold because they control
both binding and catalysis. Yet at its core, this work echoes
general issues of attaining enzymatic-like selectivity with
molecular catalysts. Whereas some mechanistic aspects of
this study may be specific to secondary sphere modified
systems, the strategy that we developed to uncover them is
broadly applicable. The models revealed statistical correlations
with molecular descriptors of selected moieties and inter-
mediates. It was also evident that the significance of each of

these structures varies with the variation of solvent. For
example, in ACN, we found that several of the modeled
structures could lead to an excellent statistical correlation with
the experimental data. This observation along with further
mechanistic experiments with methyl prolinate strongly
suggested that the proposed structures provided a partial
picture of possible interactions, and that, in certain cases,
several effects may work in concert to impart the observed
selectivity. Furthermore, based on the models for ACN and
CHCl3, we hypothesized that the latter would likely not lead to
erosion of selectivity with the reduction in the amount of aldol
donor. As a result, we were able to optimize the conditions of
our reaction to only 2 equiv of cyclopentanone while
maintaining excellent yield and enantiomeric and diastereo-
meric ratios.

■ EXPERIMENTAL SECTION
Reactions were conducted according to general procedure 1 (GP1),
general procedure 2 (GP2), and general procedure 3 (GP3); see
below. With respect to the ketone/solvent ratio, we decided to start
out by using 1/3 of cyclopentanone/solvent. This decision was taken
because we hypothesized that in order to properly depict a solvent
effect, the solvent should be used as the major component in the
mixture. As every reaction used 0.8 mL of solvent + ketone mixture,
we rounded up the 0.27 mL of ketone to 0.3 mL, leading to 6.8 equiv
of ketone. It is important highlight that no less than 6.8 equiv of
ketone was initially evaluated, as we knew from our previous study
that drastically reducing the amount of ketone can lead to low
conversions. It was also known that water had a marked effect on the
diastereoselectivity and reactivity of these reaction.19 Thus, all the
reactions were performed with the addition of 0.9 μL of water. In an
attempt to address the effect of water, we also planned an additional
set of reactions without water. Unfortunately, the conversion of
starting materials and the yield of the products were so low that the
NMR determination of the diastereomeric rates became challenging.
As a result, we deemed these dr values untrustworthy for modeling.

GP1Subsets: Neat Conditions, Acetonitrile, and MeOH. A
5 mL vial, containing 5.8 g of proline (0.05 mmol) and a stirring bar,
was placed under argon (with a balloon). To this flask, 25 mg of
activated molecular sieves (3 Å) and a boroxine derivative (0.03
mmol) were also added. Next, 0.8 mL of a stock solution of internal
standard 1,3,5-trimethoxybenzene (25 mg/mL, 0.15 M) and water
(11.3 μL of water per 1 mL of solvent) in 37.5% V of cyclopentanone
and 62.5% V of a given solvent was also added to the solids in the vial.
The reaction was then allowed to stir for 1 h and after that quenched
with a saturated solution of ammonium chloride. The organic phase
was then collected, and the water phase was extracted once again with
chloroform. The organic phases were then combined and dried over
magnesium sulfate. Lastly, solvent was removed under reduced
pressure, and the reaction crude was directly analyzed via 1H NMR
for yield and diastereoselectivity determination and via chiral HPLC
for determination of enantioselectivity.

GP2Subsets: Chloroform, Hexane. For the subsets in
chloroform and hexane, due to low water solubility in this solvents,
water was added to each individual reaction instead of being used as a
component in the solvent stock solutions. A 5 mL vial, containing 5.8
g of proline (0.05 mmol) and a stirring bar, was placed under argon
(with a balloon). To this flask was added 25 mg of activated molecular
sieves (3 Å), and a boroxine derivative (0.03 mmol) were also added.
Next, 0.8 mL of a stock solution of internal standard 1,3,5-
trimethoxybenzene (25 mg/mL, 0.15 M) in 37.5% V of cyclo-
pentanone and 62.5% V of a given solvent was also added to the solids
in the vial. To this mixture was added 9 μL of water (0.5 mmol). The
reaction was then allowed to stir for 1 h and after that quenched with
a saturated solution of ammonium chloride. The organic phase was
then collected, and the water phase was extracted once again with
chloroform. The organic phases were then combined and dried over
magnesium sulfate. Lastly, solvent was removed under reduced

Figure 7. Influence of different boronic acid on reaction yield, er and
dr of reactions catalyzed by proline (top) and methyl prolinate
(bottom). Reactions were performed for 1h, using 0.3 mL of
cyclopentanone (6.8 equiv), 0.5 mmol of aldehyde, 5 mol % of
proline, and 10 mol % phenyl boronic acid derivatives (for details see
SI, Table S8).
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pressure, and the reaction crude was directly analyzed via 1H NMR
for yield and diastereoselectivity determination and via chiral-HPLC
for determination of enantioselectivity.
GP3Single Reactions. Unlike the reaction in different solvents,

the reactions for studying the stoichiometry of ketone, those with
methyl prolinate, and blank reactions were not performed in batch.
These reactions were performed using the following procedure:
proline (0.05 mmol, 5.8 mg), boroxine derivative (0.03 mmol), 1,3,5-
trimethoxybenzene (20 mg, 0.12 mmol), 25 mg of molecular sieves 3
Å, 0.8 mL of cyclopentanone, and 9 μL of water were placed in a
screw-capped vial under argon (with a balloon). The mixture was
stirred for 15 min at ambient temperature followed by addition of
aldehyde (0.5 mmol). After completion of the reaction, the reaction
mixture was treated with saturated aqueous ammonium chloride
solution, and the whole mixture was extracted 3 times with CHCl3.
The organic layer was dried over sodium sulfate and concentrated to
give a crude residue which was then purified via column
chromatography over silica gel using hexane−ethyl acetate or
hexane−DCM as an eluent to afford pure product. Diastereoselec-
tivity and yield were determined by 1H NMR analysis of the crude
aldol product. The ee of the aldol product was determined by chiral-
phase HPLC analysis.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.1c02778.

Excel sheet with all the results and parameters that were
used to identify models (XLSX)

Report with the details of all of the best-fitted models
identified in this work (PDF)

Detailed experimental and computational procedures,
analyses, and characterizations (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Anat Milo − Department of Chemistry, Ben-Gurion University
of the Negev, Beer Sheva 84105, Israel; orcid.org/0000-
0003-1552-8193; Email: anatmilo@bgu.ac.il

Authors
Danilo M. Lustosa − Department of Chemistry, Ben-Gurion
University of the Negev, Beer Sheva 84105, Israel

Shahar Barkai − Department of Chemistry, Ben-Gurion
University of the Negev, Beer Sheva 84105, Israel

Ido Domb − Department of Chemistry, Ben-Gurion University
of the Negev, Beer Sheva 84105, Israel

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.1c02778

Author Contributions
‡D.L.M., S.B., and I.D. contributed equally.
Funding
This research was supported by the Israel Science Foundation
(Grants No. 2252/21).
Notes
The authors declare no competing financial interest.
The raw data and code files are openly available in GitHub at
https://github.com/Milo-group/SolEffectsJOC2022 and in-
clude all HPLC, NMR and HRMS traces, as well as all
optimized xyz files, code, and data sets used for model
identification.

■ ACKNOWLEDGMENTS

D.M.L. gratefully acknowledges the Kreitman School of
Advanced Graduate Studies for a postdoctoral research
fellowship. S.B. and I.D. gratefully acknowledge the Kreitman
School of Advanced Graduate Studies for Chemo-tech PhD
fellowships.

■ REFERENCES
(1) (a) Hajos, Z. G.; Parrish, D. R. Asymmetric synthesis of bicyclic
intermediates of natural product chemistry. J. Org. Chem. 1974, 39,
1615−1621. (b) Eder, U.; Sauer, G.; Wiechert, R. New Type of
Asymmetric Cyclization to Optically Active Steroid CD Partial
Structures. Angew. Chem., Int. Ed. Engl. 1971, 10, 496−497. (c) List,
B.; Lerner, R. A.; Barbas, C. F. Proline-Catalyzed Direct Asymmetric
Aldol Reactions. J. Am. Chem. Soc. 2000, 122, 2395−2396.
(d) MacMillan, D. The advent and development of organocatalysis.
Nature. 2008, 455, 304−308.
(2) (a) Lai, C.; Nakai, N.; Chang, D. Amino Acid Sequence of
Rabbit Muscle Aldolase and the Structure of the Active Center.
Science. 1974, 183, 1204−1206. (b) Dalby, A.; Dauter, Z.; Littlechild,
J. A. Crystal structure of human muscle aldolase complexed with
fructose 1,6-bisphosphate: mechanistic implications. Protein Sci. 1999,
8, 291−297. (c) Barbas, C. F.; Heine, A. L.; Zhong, G.; Hoffmann, T.;
Gramatikova, S.; Bjorbestedt, R.; List, B.; Anderson, J.; Stura, E. A.;
Wilson, I. A.; Lerner, R. Immune versus natural selection: antibody
aldolases with enzymic rates but broader scope. Science. 1997, 278,
2085−2092. (d) Ragsdale, S. W. Pyruvate Ferredoxin Oxidoreductase
and Its Radical Intermediate. Chem. Rev. 2003, 103, 2333−2346.
(e) Kluger, R.; Tittmann, K. Thiamin Diphosphate Catalysis: Enzymic
and Nonenzymic Covalent Intermediates. Chem. Rev. 2008, 108,
1797−1833. (f) Chabriere, E.; VernHde, X.; Guigliarelli, B.; Charon,
M. H.; Hatchikian, E. C.; Fontecilla-Camps, J. C. Crystal structure of
the free radical intermediate of pyruvate:ferredoxin oxidoreductase.
Science. 2001, 294, 2559−2563. (g) Mansoorabadi, S. O.; Seravalli, J.;
Furdui, C.; Krymov, V.; Gerfen, G. J.; Begley, T. P.; Melnick, J.;
Ragsdale, S. W.; Reed, G. H. EPR Spectroscopic and Computational
Characterization of the Hydroxyethylidene-Thiamine Pyrophosphate
Radical Intermediate of Pyruvate:Ferredoxin Oxidoreductase. Bio-
chem. 2006, 45, 7122−7131.
(3) (a) Hughes, E. D.; Ingold, C. K. Mechanism of substitution at a
saturated carbon atom. Part IV. A discussion of constitutional and
solvent effects on the mechanism, kinetics, velocity, and orientation of
substitution. J. Chem. Soc. 1935, 244−255. (b) Reichardt, C.; Welton,
T. Solvent and Solvent Effects in Organic Chemistry; Wiley: Weinheim,
2010.
(4) (a) Horecker, B. L.; Tsolas, O.; Lai, C. Y.. Aldolases. In The
Enzymes; Boyer, P. D., Ed.; Academic Press: New York, 1972; Vol. 7,
pp 213−258. (b) Kuo, D. J.; Rose, I. A. Chemical trapping of
complexes of dihydroxyacetone phosphate with muscle fructose-1,6-
bisphosphate aldolase. Biochem. 1985, 24, 3947−3952. (c) Morris, A.
J.; Tolan, D. R. Lysine-146 of Rabbit Muscle Aldolase Is Essential for
Cleavage and Condensation of the C3-C4 Bond of Fructose 1,6-
Bis(phosphate). Biochem. 1994, 33, 12291−12297. (d) Mase, N.;
Hayashi, Y. The Aldol Reaction: Organocatalysis Approach. In
Comprehensive Organic Synthesis II; Elsevier, 2014. (e) Trost, B. M.;
Brindle, C. S. The direct catalytic asymmetric aldol reaction. Chem.
Soc. Rev. 2010, 39, 1600−1632.
(5) (a) Wheeler, S. E.; Seguin, T. J.; Guan, Y.; Doney, A. C.
Noncovalent Interactions in Organocatalysis and the Prospect of
Computational Catalyst Design. Acc. Chem. Res. 2016, 49, 1061−
1069. (b) Knowles, R. R.; Jacobsen, E. N. Attractive noncovalent
interactions in asymmetric catalysis: Links between enzymes and
small molecule catalysts. PNAS. 2010, 107, 20678−20685.
(6) Sakthivel, K.; Notz, W.; Bui, T.; Barbas, C. F. Amino Acid
Catalyzed Direct Asymmetric Aldol Reactions: A Bioorganic
Approach to Catalytic Asymmetric Carbon−Carbon Bond-Forming
Reactions. J. Am. Chem. Soc. 2001, 123, 5260−5267.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c02778
J. Org. Chem. 2022, 87, 1850−1857

1856

https://pubs.acs.org/doi/10.1021/acs.joc.1c02778?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02778/suppl_file/jo1c02778_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02778/suppl_file/jo1c02778_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02778/suppl_file/jo1c02778_si_003.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anat+Milo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1552-8193
https://orcid.org/0000-0003-1552-8193
mailto:anatmilo@bgu.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danilo+M.+Lustosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shahar+Barkai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ido+Domb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02778?ref=pdf
https://github.com/Milo-group/SolEffectsJOC2022
https://doi.org/10.1021/jo00925a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00925a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.197104961
https://doi.org/10.1002/anie.197104961
https://doi.org/10.1002/anie.197104961
https://doi.org/10.1021/ja994280y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja994280y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature07367
https://doi.org/10.1126/science.183.4130.1204
https://doi.org/10.1126/science.183.4130.1204
https://doi.org/10.1110/ps.8.2.291
https://doi.org/10.1110/ps.8.2.291
https://doi.org/10.1126/science.278.5346.2085
https://doi.org/10.1126/science.278.5346.2085
https://doi.org/10.1021/cr020423e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020423e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068444m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068444m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1066198
https://doi.org/10.1126/science.1066198
https://doi.org/10.1021/bi0602516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0602516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0602516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/jr9350000244
https://doi.org/10.1039/jr9350000244
https://doi.org/10.1039/jr9350000244
https://doi.org/10.1039/jr9350000244
https://doi.org/10.1021/bi00336a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00336a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00336a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00206a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00206a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00206a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b923537j
https://doi.org/10.1021/acs.accounts.6b00096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1006402107
https://doi.org/10.1073/pnas.1006402107
https://doi.org/10.1073/pnas.1006402107
https://doi.org/10.1021/ja010037z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010037z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010037z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010037z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c02778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(7) Martinez, A.; van Gemmeren, M.; List, B. Unexpected Beneficial
Effect of ortho-Substituents on the (S)-ProlineCatalyzed Asymmetric
Aldol Reaction of Acetone with Aromatic Aldehydes. Synlett. 2014,
25, 961−964.
(8) Chen, J. R.; An, X. L.; Zhu, X. Y.; Wang, X. F.; Xiao, W. J.
Rational Combination of Two Privileged Chiral Backbones: Highly
Efficient Organocatalysts for Asymmetric Direct Aldol Reactions
between Aromatic Aldehydes and Acylic Ketones. J. Org. Chem. 2008,
73, 6006−6009.
(9) Sato, K.; Kuriyama, M.; Shimazawa, R.; Morimoto, T.; Kakiuchi,
K.; Shirai, R. Direct asymmetric aldol reactions catalyzed by L-
proline-2,4,6-trinitroanilide. Tetrahedron Lett. 2008, 49, 2402−2406.
(10) Zhao, J. F.; He, L.; Jiang, J.; Tang, Z.; Cun, L. F.; Gong, L. Z.
Organo-catalyzed highly diastereo- and enantio-selective direct aldol
reactions in water. Tetrahedron Lett. 2008, 49, 3372−3375.
(11) He, L.; Jiang, j.; Tang, Z.; Cui, X.; Mi, A. Q.; Jiangb, Y. Z.;
Gong, L. Z. Highly diastereo- and enantioselective direct aldol
reactions of cycloketones with aldehydes catalyzed by a trans-4-tert-
butyldimethylsiloxy-L-proline amide. Tetrahedron Asymmetry. 2007,
18, 265−270.
(12) Tzeng, H. Z.; Chen, H. Y.; Reddy, R. J.; Huang, C. T.; Chen, K.
Highly diastereo- and enantioselective direct aldol reactions promoted
by water-compatible organocatalysts bearing a pyrrolidinyl-camphor
structural scaffold. Tetrahedron. 2009, 65, 2879−2888.
(13) Sakthivel, K.; Notz, W.; Bui, T.; Barbas, C. F., III Amino Acid
Catalyzed Direct Asymmetric Aldol Reactions: A Bioorganic
Approach to Catalytic Asymmetric Carbon-Carbon Bond-Forming
Reactions. J. Am. Chem. Soc. 2001, 123, 5260−5267.
(14) (a) Xue, X. S.; Yang, C.; Li, X.; Cheng, J. L. Computational
Study on the pKa Shifts in Proline Induced by Hydrogen-Bond-
Donating Cocatalysts. J. Org. Chem. 2014, 79, 1166−1173.
(b) Nobakht, Y.; Arshadi, N. DFT study of the dual catalytic role
of L-proline in the aldol reaction and the effect of water on it. J. Mol.
Model. 2018, 24, 334. (c) Yang, G.; Zhu, C.; Zhou, L. J. Stabilization
of zwitterionic proline by DMSO. Int. J. Quantum Chem. 2015, 115,
1746−1752. (d) Yang, G.; Zhou, L. Mechanisms and reactivity
differences of proline-mediated catalysis in water and organic
solventes. Catal. Sci. Technol. 2016, 6, 3378−3385.
(15) (a) Biswas, S.; Wong, B. M. Ab Initio Metadynamics
Calculations Reveal Complex Interfacial Effects in Acetic Acid
Deprotonation Dynamics. J. Mol. Liq. 2021, 330, 115624. (b) Han,
Y.; Zhu, L.; Yao, Y.; Shi, X.; Zhang, Y.; Xiao, H.; Chen, X. Strong
Bases Behave as Weak Bases in Nanoscale Chemical Environments:
Implication in Humidity-Swing CO2 air Capture. Phys. Chem. Chem.
Phys. 2021, 23, 14811−14817.
(16) (a) Frenkel, D.; Smit, B. Understanding molecular simulation:
from algorithms to applications, 2nd ed.; Academic Press, 2002.
(b) Silvestrelli, P. L.; Parrinello, M. Water Molecule Dipole in the Gas
and in the Liquid Phase. Phys. Rev. Lett. 1999, 82, 3308−3311.
(c) Lin, H.; Truhlar, D. G. QM/MM: what have we learned, where
are we, and where do we go from here? Theor. Chem. Acc. 2007, 117,
185−199. (d) Jeanmairet, G.; Levesque, M.; Borgis, D. Tackling
Solvent Effects by Coupling Electronic and Molecular Density
Functional Theory. J. Chem. Theory. Comput. 2020, 16, 7123−7134.
(e) Tomasi, J.; Persico, M. Molecular Interactions in Solution: An
Overview of Methods Based on Continuous Distributions of the
Solvent. Chem. Rev. 1994, 94, 2027−2094. (f) Tomasi, J.; Mennucci,
B.; Cammi, R. Quantum Mechanical Continuum Solvation Models.
Chem. Rev. 2005, 105, 2999−3094. (g) Klamt, A. The COSMO and
COSMO-RS solvation models.Wiley Interdiscip. Rev. Comput. Mol. Sci.
2011, 1, 699−709.
(17) (a) Plata, R. E.; Singleton, D. A. A Case Study of the
Mechanism of Alcohol-Mediated Morita Baylis−Hillman Reactions.
The Importance of Experimental Observations. J. Am. Chem. Soc.
2015, 137, 3811−3826. (b) Liu, Z.; Patel, C.; Harvey, J. N.; Sunoj, R.
B. Mechanism and reactivity in the Morita−Baylis−Hillman reaction:
the challenge of accurate computations. Phys. Chem. Chem. Phys.
2017, 19, 30647−30657. (c) Jorner, K.; Brinck, T.; Norrby, P.-O.;
Buttar, D. Machine learning meets mechanistic modelling for accurate

prediction of experimental activation energies. Chem. Sci. 2021, 12,
1163−1175.
(18) (a) Dhayalan, V.; Gadekar, S. G.; Alassad, Z.; Milo, A.
Unravelling mechanistic features of organocatalysis with in situ
modifications at the secondary sphere. Nat. Chem. 2019, 11, 543−
551. (b) Gadekar, S. C.; Dhayalan, V.; Nandi, A.; Zak, I. L.; Barkai, S.;
Mizrachi, M. S.; Kozuch, S.; Milo, A. Rerouting the organocatalytic
benzoin reaction toward aldehyde deuteration. ACS Catal. 2021, 11,
14561−14569. (c) Zak, I. L.; Gadekar, S. C.; Milo, A. Designing the
secondary coordination sphere in small-molecule catalysis. Synlett
2021, 32, 329−336.
(19) Domb, I.; Lustosa, D. M.; Milo, A. Secondary-sphere
modification in proline catalysis: Old friend, new connection. Chem.
Commun. 2022, DOI: 10.1039/D1CC05589E.
(20) (a) Ishihara, K.; Ohara, S. Extremely active amidation catalyst.
J. Org. Chem. 1996, 61 (13), 4196−4197. (b) Bahmanyar, S.; Houk,
K. N.; Martin, H. J.; List, B. Quantum mechanical predictions of the
stereoselectivities of proline-catalyzed asymmetric intermolecular
aldol reactions. J. Am. Chem. Soc. 2003, 125, 2475−2479. (c) Sharma,
A. K.; Sunoj, R. B. Enamine versus oxazolidinone: What controls
stereoselectivity in proline-catalyzed asymmetric aldol reactions?
Angew. Chem., Int. Ed. 2010, 49, 6373−6377. (d) Armstrong, A.;
Boto, R. A.; Dingwall, P.; Contreras-García, J.; Harvey, M. J.; Masona,
N. J.; Rzepa, H. S. The Houk−List transition states for organocatalytic
mechanisms revisited. Chem. Sci. 2014, 5, 2057−2071. (e) Bakr, B.
W.; Sherrill, C. D. Analysis of transition state stabilization by non-
covalent interactions in the Houk−List model of organocatalyzed
intermolecular Aldol additions using functional-group symmetry-
adapted perturbation theory. Phys. Chem. Chem. Phys. 2016, 18,
10297−10308.
(21) Lustosa, D. M.; Barkai, S.; Domb, I.; Milo, A. Data from: The
effect of solvents on proline modified at the secondary sphere: A
multivariate exploration. GitHub 2022, https://github.com/Milo-
group/SolEffectsJOC2022.
(22) (a) Milo, A.; Bess, E. N.; Sigman, M. S. Interrogating selectivity
in catalysis using molecular vibrations. Nature. 2014, 507, 210−214.
(b) Santiago, C. B.; Milo, A.; Sigman, M. S. Developing a Modern
Approach to Account for Steric Effects in Hammett-Type
Correlations. J. Am. Chem. Soc. 2016, 138, 13424−13430.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c02778
J. Org. Chem. 2022, 87, 1850−1857

1857

https://doi.org/10.1055/s-0033-1340920
https://doi.org/10.1055/s-0033-1340920
https://doi.org/10.1055/s-0033-1340920
https://doi.org/10.1021/jo800910s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo800910s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo800910s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2008.02.066
https://doi.org/10.1016/j.tetlet.2008.02.066
https://doi.org/10.1016/j.tetlet.2008.03.131
https://doi.org/10.1016/j.tetlet.2008.03.131
https://doi.org/10.1016/j.tetasy.2007.01.028
https://doi.org/10.1016/j.tetasy.2007.01.028
https://doi.org/10.1016/j.tetasy.2007.01.028
https://doi.org/10.1016/j.tet.2009.02.022
https://doi.org/10.1016/j.tet.2009.02.022
https://doi.org/10.1016/j.tet.2009.02.022
https://doi.org/10.1021/ja010037z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010037z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010037z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010037z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo402605n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo402605n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo402605n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00894-018-3851-0
https://doi.org/10.1007/s00894-018-3851-0
https://doi.org/10.1002/qua.25012
https://doi.org/10.1002/qua.25012
https://doi.org/10.1039/C6CY00033A
https://doi.org/10.1039/C6CY00033A
https://doi.org/10.1039/C6CY00033A
https://doi.org/10.1016/j.molliq.2021.115624
https://doi.org/10.1016/j.molliq.2021.115624
https://doi.org/10.1016/j.molliq.2021.115624
https://doi.org/10.1039/D1CP01121A
https://doi.org/10.1039/D1CP01121A
https://doi.org/10.1039/D1CP01121A
https://doi.org/10.1103/PhysRevLett.82.3308
https://doi.org/10.1103/PhysRevLett.82.3308
https://doi.org/10.1007/s00214-006-0143-z
https://doi.org/10.1007/s00214-006-0143-z
https://doi.org/10.1021/acs.jctc.0c00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00031a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00031a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00031a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9904009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wcms.56
https://doi.org/10.1002/wcms.56
https://doi.org/10.1021/ja5111392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5111392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5111392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP06508F
https://doi.org/10.1039/C7CP06508F
https://doi.org/10.1039/D0SC04896H
https://doi.org/10.1039/D0SC04896H
https://doi.org/10.1038/s41557-019-0258-1
https://doi.org/10.1038/s41557-019-0258-1
https://doi.org/10.1021/acscatal.1c04583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c04583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0040-1707326
https://doi.org/10.1055/s-0040-1707326
https://doi.org/10.1039/D1CC05589E
https://doi.org/10.1039/D1CC05589E
https://doi.org/10.1039/D1CC05589E?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo9606564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja028812d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja028812d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja028812d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201001588
https://doi.org/10.1002/anie.201001588
https://doi.org/10.1039/C3SC53416B
https://doi.org/10.1039/C3SC53416B
https://doi.org/10.1039/C5CP07281F
https://doi.org/10.1039/C5CP07281F
https://doi.org/10.1039/C5CP07281F
https://doi.org/10.1039/C5CP07281F
https://github.com/Milo-group/SolEffectsJOC2022
https://github.com/Milo-group/SolEffectsJOC2022
https://doi.org/10.1038/nature13019
https://doi.org/10.1038/nature13019
https://doi.org/10.1021/jacs.6b08799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c02778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

