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ABSTRACT: Two different protocols were developed and
optimized to address the need for (1) high sensitivity or (2)
convenient utilization in the determination of the absolute
configuration of secondary alcohols. The first protocol uses the
competing enantioselective conversion (CEC) method to
determine configuration on nanomole scale. Reactions were
conducted with 145 nmol of the substrate using a 50 μL
microsyringe as the reaction vessel, and the absolute
configuration was assigned via qualitative determination of
the fast reaction by thin-layer chromatography. This protocol
resulted in a 50-fold reduction in material required from previous CEC method studies. The approach was evaluated with
benzylic and β-aryl systems. The second protocol was optimized to address the needs of practicing medicinal chemists. A one-use
CEC kit was developed, where the fast reaction was identified by 1H NMR spectroscopy and thin-layer chromatography. The
CEC reaction conditions developed for the microsyringe protocol and the one-use kit both displayed data consistent with
pseudo-first-order kinetics in substrate. Therefore, the lower limit of sensitivity for the substrate is limited only by the ability to
effectively detect the reaction conversions between alcohol substrate and ester product.

■ INTRODUCTION

The assignment of absolute configuration of stereogenic centers
is a crucial task for the synthetic organic chemist with the
continued rapid development of asymmetric strategies for the
synthesis of organic molecules.1 Several approaches have been
reported to facilitate this process including the use of chiral
derivatization reagents followed by NMR spectroscopy,2 chiral-
shift reagents,3 the exciton chirality method with electronic
circular dichroism,4 vibrational circular dichroism coupled with
density functional theory simulations,5 specific rotation coupled
with the use of Hartree−Fock and density functional theory
simulations,6 X-ray diffraction of single crystals,7 enantiomeric
pairs of molecularly imprinted polymers,8 and detection of
enantiomers of chiral molecules with microwave spectroscopy.9

Our laboratory has established the competing enantioselec-
tive conversion (CEC) method for the determination of
absolute configuration of stereogenic centers. This method is a
modern implementation of the Horeau method.10 The
enantioenriched compound of interest is reacted in parallel
reactions with each enantiomer of a chiral kinetic resolution
reagent over a given period of time. The fast (versus slow)
reaction of the pair is discovered by analyzing conversion using
one of several characterization methods. The identity of the fast
reaction is then compared with an empirical mnemonic in order
to assign the absolute configuration of the stereogenic center.
The CEC method has been applied to secondary alcohols,
oxazolidinones, lactams, thiolactams, and primary amines.11−13

Characterization techniques used to determine the reaction
conversion include 1H NMR spectroscopy, thin-layer chroma-

tography, and electrospray ionization-mass spectrometry (ESI-
MS).
The CEC method for secondary alcohols uses the chiral acyl-

transfer reagent homobenzotetramisole (HBTM), originally
developed by Birman.14 Propargyl and α-aryl secondary
alcohols have previously been analyzed with 1H NMR
spectroscopy11a and thin-layer chromatography11b on micro-
mole scale to assess the relatively fast and slow reactions with a
quantitative or qualitative measure of reaction progress. After
the fast reaction is determined, the predictive mnemonic for the
HBTM system identifies the absolute configuration (Figure
1).11 The CEC strategy was independently evaluated on
secondary alcohols with Fu’s planar-chiral DMAP catalysts by
Derksen and co-workers.15

After the initial CEC protocol was developed, three key goals
were investigated to expand the viability of the method for
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Figure 1. R-HBTM and S-HBTM acyl-transfer reagents and the
mnemonic for determining the absolute configuration of secondary
alcohols with the CEC method.
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secondary alcohols: (1) reduce the amount of substrate
required for the determination, (2) develop alternative CEC
protocols based on reactions with pseudoenantiomeric
reagents, and (3) expand the substrate scope.
One issue for the CEC method with secondary alcohols was

the micromole scale at which the determinations were
conducted. In the original report that used 1H NMR
spectroscopy, the micromole reactions were chosen as small-
scale reactions that still achieved an effective signal-to-noise
ratio to accurately assess a quantitative reaction conversion via
peak integration.11a When thin-layer chromatography was
introduced as a characterization technique, the micromole
scale utilized was an artifact based on convenience to the user.
Micromole scale afforded the possibility of both a qualitative
assessment of relative reaction progress between the two
reactions and a quantitative analysis of conversion to the ester
product via 1H NMR spectroscopy.11b However, for precious
compounds including isolated natural products or complex
intermediates in total synthesis, the use of even less material in
the determination could prove beneficial. Our first goal was to
develop a CEC method that used very small quantities of the
secondary alcohol.
The second goal was to develop a CEC strategy for

secondary alcohols based on competing reactions with
pseudoenantiomeric reagents. Previous work in our group
demonstrated the determination of absolute configuration of
primary amines at nanomole scale using electrospray ionization-
mass spectrometry as the characterization technique for the
enantioselective transformations.12 We initially investigated a
CEC method for secondary alcohols that could be used with
the highly sensitive ESI-MS characterization technique.
The third goal was to investigate the application of the CEC

protocol utilizing HBTM to a broader substrate scope.
Previously, we focused on enantioenriched α-aryl secondary
alcohols due to a proposed interaction of the aryl system with
the HBTM catalyst in the transition state during the acyl
transfer, ultimately producing high enantioselectivity. The β-
aryl alcohols might also provide selectivity and were considered
good candidates to expand the substrate scope. Additionally, we
rationalized that, based on the reported effectiveness of
propargyl secondary alcohols, the hybridization at the α-
position to the secondary alcohol would result in selectivity
with the HBTM catalyst. Therefore, π-systems such as alkene
or carbonyl groups might also serve to impart selectivity during
the acyl transfer. Expanding the scope of the CEC method and
improving its sensitivity would make the method more useful.

■ RESULTS AND DISCUSSION
Initial Studies with HBTM Salts. With a reduction in the

scale of the analysis in mind, we first sought to determine the
viability of using an ESI-MS protocol with the HBTM system.
Analogous to the previously reported CEC method for primary
amines utilizing stoichiometric acylation reagents, each
enantiomer of HBTM could be converted to the corresponding
acyl salt. The key difference between enantiomers would be the
mass of the acyl group transferred from each HBTM reagent.
By using different masses, two separate pathways for acylation
could be monitored by ESI-MS analysis of the acylate products
(Figure 2). The two different acyl groups selected were
propionyl-d5 with R-HBTM (1) and propionyl-H5 with S-
HBTM (2). These salts, with the same generic counterion X,
would result in two esters formed with a mass difference of five
units. The concept is illustrated in Figure 2, where a generic

enantioenriched alcohol is reacted with an equal amount of 1
and 2 in excess that leads to the formation of both esters. In
accordance with the predictive mnemonic (Figure 1), one
would expect that R-HBTM salt 1 would be the faster reacting
of the two salts, and the resulting product should favor the (M
+ 5)+ ester. The potential advantages of this method are the
very high sensitivity of the ESI-MS analysis and that it requires
only a single reaction.
The synthesis of a salt of an analog of HBTM (CF3−PIP)

was previously reported by Birman using acetyl chloride and a
sodium salt of the counterion (SbF6

−).16 We used the same
protocol to prepare propionyl salts (from propionyl chloride)
of HBTM.17 The HBTM salt with the NO3

− counterion (2a)
provided efficient and effective kinetic resolution of 1-
phenylethanol 3 (eq 1).18

A number of other salts with different counterions were
tested. With nonbasic counterions like SbF6

− (2b), the reaction
became much slower and the selectivity also declined. It is clear
that the counterion in the original catalyzed reaction, EtCO2

−,
leads to a much faster reaction than any of the isolatable, less
basic salts.19 The stability of the salts was improved with
nonbasic counterions. The NO3

− salt 2a was a compromise that
gave reasonable reactivity and stability.
The next step was to analyze whether exchange of the

propionyl group was possible between 1 and 2. In the proposed
ESI-MS protocol, salts 1 and 2 are in the same solution during
the reaction. If propionyl exchange does occur, the propionyl-
H5 and propionyl-d5 groups would scramble between each
enantiomer of HBTM. Such an exchange would render the
proposed protocol useless because the analysis is based on the
[M]+/[M + 5]+ ratio with an assumption that each propionyl
group comes exclusively from the corresponding HBTM salt.
Therefore, 2a was tested again via two kinetic resolutions of 3
(Table 1).
The test for propionyl exchange was conducted by adding

“spectator” HBTM to an acylation using salt 2a. An equimolar
portion of the HBTM enantiomer was included in each
reaction. In entry 1, the added HBTM matched the enantiomer
of HBTM in salt 2a. This resolution resulted in a conversion of

Figure 2. Proposed CEC method using D5 and H5 enantioselective
acyl-transfer reagents with electrospray ionization-mass spectroscopy
as the characterization technique.
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34% over 1 h with a selectivity factor of 16. When the other
enantiomer, R-HBTM, was added with salt 2a (entry 2), the
reaction proceeded to the same reaction conversion of 34%
over 1 h. However, the enantiomeric excess of the recovered
starting material fell to 6% with a corresponding drop of the
selectivity factor from 16 to 1.4. This experiment demonstrates
that the exchange does indeed occur between the neutral
HBTM reagent and the acylated-HBTM salt. The observed acyl
exchange doomed the proposed ESI-MS strategy and led us to
abandon it. We turned our focus to the catalytic CEC method
to achieve our goals.
Microsyringe Nanomole-Scale Protocol. Among the

analysis techniques previously utilized in our group, adapting
the thin-layer chromatography protocol to nanomole-scale
reactions appeared most promising. The original CEC protocol
with TLC involves two parts: (1) the reactions in small vials on
micromole scale followed by quenching and (2) the TLC
analysis based on a small aliquot removed from each reaction
solution. We previously reported that the TLC analysis
displayed nanomole sensitivity. The quantity of substrate
used in the CEC method, however, is dictated by the reaction
protocol. Therefore, while nanomole sensitivity was displayed
with the characterization technique, micromoles of substrate
were used in the reaction component of the CEC method. The
sensitivity of the CEC method would be dramatically increased
if the reaction protocol were revised to only deliver enough
material for TLC analysis.
To achieve similar reaction progress, the volume of the

reaction would be reduced while maintaining similar reagent
concentrations. We envisioned running reactions using a 50 μL
microsyringe as the reaction vessel (Figure 3). Within the
microsyringe, three separate stock solutions of equal volume

would be drawn with an air bubble between each solution to
prevent mixing while the solutions were measured. Then, the
solutions would be mixed in a 600 μL glass vial and drawn back
up into the microsyringe for the duration of the reaction.
Dispensing the reaction solution into a vial containing
methanol would quench the reaction and provide the final
solution for TLC analysis. The outcome would be a significant
reduction in the excess substrate used in the reactions.
Using microsyringes as the reaction vessels, several substrate

loadings of alcohol (R)-5 were analyzed with varying
concentrations of HBTM, propionic anhydride, and N,N-
diisopropylethylamine in order to gain an understanding of the
reaction progress via qualitative analysis (Figure 4). Entry 1

used the concentrations in a previously reported undergraduate
laboratory experiment using the CEC method, because these
concentrations were designed to minimize reagent costs
without degrading the resultant TLC data, but reduced the
volumes to only 10 μL of each of the stock solutions.11c As in
the undergraduate experiment, toluene was used as the reaction
solvent in order to reduce concentration changes due to
evaporation during the reaction. Entry 1 conditions used 3000
nmol of substrate per reaction and showed clear differentiation
of reaction progress for the lane containing S-HBTM on the
right of the plate. A new set of stock solutions was prepared to
enable approximately a 10-fold reduction of the concentration
of (R)-5. Because of our previous findings of first order with
respect to the catalyst, anhydride, and substrate in the kinetic
investigations of the HBTM-mediated esterification of an
enantiopure alcohol,20 it seemed logical to offset the 10-fold
reduction in substrate with an increase in the concentration of
catalyst and anhydride. The result in entry 2, with 290 nmol of
substrate in each reaction and a total additive volume of 30 μL,
is a similar qualitative outcome with S-HBTM clearly
designated as the fast reaction lane. Reduction in substrate
loading to 145 nmol (entry 3) and 29 nmol (entry 4) resulted
in a similar qualitative output with the S-HBTM lane
proceeding as the fast lane. However, in entry 4, the spot
densities appear significantly less distinctive. When considering
the application of a general strategy, entry 3 was selected as a
reliable substrate loading around which to build the CEC
microscale system.

Table 1. Kinetic Resolution of Alcohol 3 via Enantioselective
Acyl-Transfer of Salt 2a

entry HBTM added conversiona (%) ee 3b (%) s

1 S 34 42 16
2 R 34 6 1.4

aConversion was determined via 1H NMR spectroscopy. bEnantio-
meric excess was calculated via analysis of chiral HPLC traces of
recovered 3 on a Chiralpak AD column.

Figure 3. Nanomole-scale CEC reactions in microsyringes: (a)
respective stock solutions drawn for use in one of two reactions in
the CEC protocol; (b) the reaction mixture during the course of the
reaction. The solutions are colorless but refract the background color.

Figure 4. Initial investigations of reduced substrate loading of sample
alcohol (R)-5 with the CEC method and TLC. Substrate loadings per
reaction were (1) 3000, (2) 290, (3) 145, and (4) 29 nmol of (R)-5.
Left TLC lane, R-HBTM; right TLC lane, S-HBTM. Plates were
eluted in 30% ethyl acetate in hexanes. Visualization was achieved by
staining with PMA stain.
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After selecting 145 nmol per reaction as the target substrate
loading, a screen of equivalents of HBTM (0.10−1.0) and
propionic anhydride (5.0−30) was conducted with the goal of
identifying the best qualitative differentiation of reaction
progress between HBTM reactions after a reaction time of 1
h (Table 2). All reaction volumes were 30 μL, and reaction

progress was halted with 10 μL of methanol. TLC analysis was
conducted with a 4 μL portion from each reaction. The 30 μL
additive volume, composed of 10 μL portions from each stock
solution was envisioned to minimize volume addition error by
keeping a consistent volume value.21

Using 30 equiv of propionic anhydride, there was no
substrate remaining in the lane with S-HBTM with both 1.0
equiv of HBTM (entry 1) and 0.50 equiv of HBTM (entry 2).
With 15 equiv of propionic anhydride, there was again no
substrate remaining in the lane with S-HBTM with both 1.0
equiv of HBTM (entry 3) and 0.50 equiv of HBTM (entry 4).
The plates in entries 1−4 look nearly identical from a
qualitative assessment of spot density, which is interesting
with respect to the slow reaction lane given the significant
change in the amount of anhydride and HBTM present. With
15 equiv of propionic anhydride and 0.20 equiv of HBTM
(entry 5), a change in reaction conversion is apparent, as the

spot density of (R)-6 in the R-HBTM lane has decreased and
there is now (R)-5 present in the S-HBTM lane. As the
equivalents of HBTM drop to 0.10 equiv (entry 6), the
difference in spot density becomes less apparent in the S-
HBTM lane. With 5 equiv of propionic anhydride, there was
minimal product in the lane with R-HBTM with both 0.20
equiv of HBTM (entry 7) and 0.10 equiv of HBTM (entry 8).
The eight entries offer a spectrum of reaction conversions of
(R)-5 to (R)-6 for both HBTM reactions for the same time
period. Of these options, entry 5 was selected as the ideal
conditions because of the greatest contrast in spot density
between the two reaction lanes.
After optimization of reaction conditions for substrates at

145 nmol and an additive concentration of 0.0048 M, a series of
related structures were analyzed with the new microscale
protocol after a reaction time of 1 h (Table 3).
Enantiomeric pairs in entries 1−2 and 3−4 showed opposite

selectivity for the HBTM catalysts. In all four cases, there was a
clear difference in reaction rate resulting in effective qualitative
assessment of reaction conversion and identification of the fast
reaction to assign configuration in accordance with the
previously established mnemonic. The addition of a methoxy
substituent also resulted in a clear difference in reaction
conversion with the S-HBTM reaction, allowing for the
assignment of the alcohol as back in the plane of the page (R).
The most unusual of the aryl compounds considered was an

intermediate in the synthesis of the anticancer drug Xalcori
(crizotinib) by Pfizer. Crizotinib has been shown to be effective
in the inhibition of mesenchymal-epithelial transition factor
kinase. However, an 80-fold difference in potency was observed
between each enantiomer (Figure 5).22 Crizotinib gained FDA
approval for treatment of non-small-cell lung cancers that
express the anaplastic lymphoma kinase (ALK) after also
showing effective inhibition of ALK. The intermediate in the
synthesis of the enantiomer of crizotinib was analyzed with the
microscale protocol (entry 6) and showed a clear preference in
qualitative assessment of spot density for the R-HBTM
reaction, which according the mnemonic indeed assigns the
configuration as forward (S).
A new class of compounds was analyzed in entry 7, as α-

(trimethylsilyl)benzyl alcohol also reacted in accordance with
the mnemonic and the absolute configuration assignment
correlated with the reported stereochemistry. Finally, entry 8
displayed the success of propargyl alcohols in the microscale
system as well.
In an effort to continue to expand the substrate scope, a

series of β-aryl secondary alcohols were also examined with the
new microscale conditions (Table 4).23 An initial screen
revealed that the same reaction conditions could be utilized, but
the reactions required 2 h before quenching and analysis. Of
the five β-aryl alcohols containing only a phenyl ring (entries
1−3, 5, 8), four cases (entries 2, 3, 5, 8) revealed a positive
assessment of the fast reaction via qualitative analysis. In all four
cases, the fast reaction with R-HBTM matched the predictive
mnemonic when π is considered the β-aryl system. Selectivity
was not an issue even in diastereomeric entries 2 and 3,
providing supporting evidence that the β-aryl system is indeed
involved in recognition with the HBTM catalyst during acyl-
transfer. The aromatic system in entry 5 was effectively
recognized despite a bulky silyl protecting group on the primary
alcohol adjacent to the secondary alcohol. Entry 8, the opposite
stereochemistry from entries 1−7 for the alcohol being studied,
revealed the fast reaction with S-HBTM in accordance with the

Table 2. Screen of Equivalents of HBTM and Propionic
Anhydride for Substrate (R)-5 at a Substrate Loading of 145
nmol per Reactiona

entry
(EtCO)2O
(equiv)

HBTM*
(equiv) entry

(EtCO)2O
(equiv)

HBTM*
(equiv)

1 30 1.0 5 15 0.20
2 30 0.50 6 15 0.10
3 15 1.0 7 5.0 0.20
4 15 0.50 8 5.0 0.10

aLeft TLC lane, R-HBTM; right TLC lane, S-HBTM. Plates were
eluted in 30% ethyl acetate in hexanes. Visualization was achieved by
staining with PMA stain. Optimal conditions are highlighted in bold.
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predictive mnemonic for assignment of absolute configuration.
Additionally, entry 8 contained a nonheteroatomic stereogenic
center and a long alkyl chain.

As previously seen in benzylic systems, electron-deficient
(entry 6) and electron-rich (entry 7) β-aryl aromatic systems
worked effectively with the HBTM CEC protocol, with the R-
HBTM reaction qualitatively assigned as the fast reaction.
Finally, a β-aryl system with pyridine was tested (entry 4). The
assigned fast reaction behaved in the same fashion as the
aforementioned systems, with R-HBTM as the fast reaction. All
entries where a qualitative analysis of a fast reaction was made
aligned with the previously established mnemonic for assign-
ment of absolute configuration.
The developed microscale protocol represents a 50-fold

reduction in substrate required for analysis of the CEC method
via TLC. For a compound with a molecular mass between 100
and 500, this protocol uses between 29 and 145 μg accordingly

Table 3. Microsyringe CEC Method with Benzylic and
Propargyl Secondary Alcohols

aReactions were conducted with 145 nmol of substrate at an additive
volume of 30 μL (0.0048 M) and halted with 10 μL of methanol. The
fast reaction was determined by qualitative assessment of reaction
conversion via TLC. Left TLC lane, R-HBTM; right TLC lane, S-
HBTM. TLC solvent systems and stains for each entry are described
in the Supporting Information.

Figure 5. Crizotinib and the enantiomer of crizotinib with Ki values for
c-MET kinase.

Table 4. Microsyringe CEC Method with β-Aryl Secondary
Alcohols

aReactions were conducted with 145 nmol of substrate at an additive
volume of 30 μL (0.0048 M) and halted with 10 μL of methanol. The
fast reaction was determined by qualitative assessment of reaction
conversion via TLC. Left TLC lane, R-HBTM; right TLC lane, S-
HBTM. TLC solvent systems and stains for each entry are described
in the Supporting Information.
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for the complete analysis. The microscale technique is
appropriate for isolated natural products or other situations
where the unknown alcohol is very precious.
Development of a One-Use CEC Kit. The previous

section described a refined microscale protocol and an
expanded substrate scope. This success led to a new goal:
development of a commercially viable CEC kit. Initially, a set of
three solutions (R-HBTM, S-HBTM, and a mixture of
propionic anhydride and N-N-diisopropylethylamine) in
toluene was proposed. The proposed target market was
industrial research and development programs and academic
research groups. A series of discussions and testing was initiated
with Dr. Ryan Patman of Pfizer in an effort to better
understand the potential of the CEC kit from chemists with
industrial experience.
One of the first concerns about the kit was the solvent

choice. While toluene was ideal for small volume measurements
without significant volume loss due to evaporation, its dielectric
constant and resultant poor compatibility with polar organic
compounds greatly limited its utility in a medicinal chemistry
setting. Another issue raised was the desirability of collecting
both qualitative and quantitative data for the analysis. When
industrial chemists were asked, the requirement for micromoles
of material was not considered a problem. More important was
the desire to record quantitative data for reaction conversion. A
one-use kit was particularly convenient for the user and was
preferred by the medicinal chemists polled.
The proposal for a commercially viable CEC kit was revised

based on this feedback. The substrate loading in each reaction
was adjusted to 8 μmol to accommodate 1H NMR
spectroscopic analysis. The total volume of the system was
established at 550 μL with a 50 μL methanol quench, providing
a slight excess of the volume required for standard NMR
spectroscopy tubes. The solvent was switched from toluene to
CDCl3 to accommodate direct NMR analysis and solubility for
a broader spectrum of organic compounds.
For convenience, the substrate would be added in a 100 μL

portion. The protocol was optimized to use 20 μmol of
substrate (5.0 mg for a substrate with a molecular mass of 250,
for example) and 250 μL of CDCl3 to ensure that two equal
100 μL portions could be withdrawn and added to each CEC
kit vial.
The second problem to be resolved was the equivalents and

concentration of CEC kit reagents. The optimized microscale
protocol for secondary alcohols (0.2 equiv of HBTM, 15 equiv
of propionic anhydride, 5 equiv of N,N-diisopropylethylamine)
were applied to the new CEC kit parameters (8 μmol substrate
and total additive volume of 550 μL) and the reaction
conversion of alcohol (R)-5 to propionate ester (R)-6 via the
CEC method was studied. The CEC kit represented a 3-fold
increase in substrate concentration relative to the microscale
protocol, so reactions were halted after 30 min instead of 1 h.
Quantitative analysis by 1H NMR spectroscopy revealed
conversions for R-HBTM and S-HBTM of 15% and 98%, in
alignment with the predictive mnemonic for assignment of
absolute configuration. Quantitative analysis by GC-MS lead to
nearly identical reaction conversions compared with the 1H
NMR spectroscopic data.24 These concentrations were
considered appropriate for the desired substrate loading of 8
μmol at an initial substrate concentration of 14 mM in the CEC
kit.
Based on prior kinetic analysis,20 the reaction system was

expected to be pseudo-first-order in substrate. This expectation

was tested by varying the substrate loading to give initial
concentrations between 1.4 and 29 mM while maintaining the
same CEC kit concentrations of HBTM, propionic anhydride,
and N,N-diisopropylethylamine (Figure 6). If the hypothesis

were correct, similar reaction conversions would be observed
for both HBTM reactions over the span of the substrate
concentrations. If incorrect, a change in the substrate
concentration would result in a change in reaction conversion.
After quantitative analysis of reaction conversion for the R-
HBTM and S-HBTM reactions by both 1H NMR spectroscopy
and GC-MS, a plot of reaction conversion compared with initial
substrate concentration over this 20-fold range revealed no
significant change in reaction conversion for both the R-HBTM
and S-HBTM reactions.25 Thus, the reaction was confirmed to
be pseudo-first-order in the secondary alcohol. These reaction
conditions offer a significant advantage to the user compared
with previous CEC protocols. The CEC kit will theoretically
work with any quantity of substrate less than the recommended
20 μmol as long as the analytical method is capable of
measuring the substrate conversion. The microscale protocol is
more convenient for most situations with limited sample
quantities, but the sensitivity of either procedure is limited only
by the analytical method.
During testing, another issue raised was the possibility of

developing CEC kits in solvents with higher dielectric constants
in order to solvate increasingly polar pharmaceutical
intermediates that displayed limited or no solubility in
CDCl3. CEC kits in THF-d8, acetone-d6, MeCN-d3, DMF-d7,
and DMSO-d6 were considered. THF-d8, MeCN-d3, and DMF-
d7 were ruled out because of the substantial cost associated with
large volumes of these deuterated solvents. Acetone-d6 and
DMSO-d6 were also ruled out because of the potential for water
adsorption and possible side reactions occurring with the
solvents in the CEC kit solutions when stored over long
periods of time. In recognition of these issues, solvation of polar
substrates in one of the aforementioned solvents followed by
injection to a one-use CEC kit in CDCl3 was considered (Table
5).
A general trend was observed using solvent mixtures created

from injection of the substrate in different solvents to the CEC

Figure 6. Alcohol (R)-5 was solvated in CDCl3 and then 100 μL was
dispensed into each CDCl3 CEC kit vial containing 450 μL of a
solution of propionic anhydride, N,N-diisopropylethylamine, and
HBTM. Conversion was determined via 1H NMR spectroscopy and
GC-MS analysis.
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kit in CDCl3. When loading substrates in toluene-d8 (entry 1),
CDCl3 (entry 2), THF-d8 (entry 3), and acetone-d6 (entry 4), a
range of conversion with R-HBTM was observed in 11−18%
and a range of conversion with S-HBTM was observed in 93−
99%. With DMF-d7 (entry 6) as the loading solvent, a
noticeable decrease in conversion with R-HBTM and S-HBTM
of 8% and 83% was observed. For the highest dielectric
constant tested, DMSO-d6 (entry 7), the reduced conversion
was more pronounced. Overall, with an increase in the
dielectric constant of the substrate solvent, there was a general
decrease in reaction conversion over the same 30 min time
period.26 However, a clear difference in reaction conversion was
observed both qualitatively and quantitatively with the S-
HBTM reaction proceeding as the fast reaction.27 Therefore,
for most substrates, the use of a standard CEC kit with CDCl3,
combined with an appropriate substrate solvent, should be
satisfactory.
To confirm the validity of the kit with additional substrates, a

series of benzyl and α-aryl secondary alcohols were examined
with both a qualitative analysis of the fast reaction by TLC and
a quantitative analysis of reaction conversion by 1H NMR
spectroscopy (Table 6).28 Entries 1−7, previously tested in the
microscale protocol, all proceeded effectively with the new
CEC kit system. Qualitative and quantitative determinations of
the fast reaction as R-HBTM (entries 2, 5, 6) and S-HBTM
(entries 1, 3, 4, 7) to give configuration assignments in
alignment with the predictive mnemonic were made. With the
capability to assess reaction conversion quantitatively, entries
1−4 and 7 all progress with comparable reaction conversion
(slow HBTM reaction, 10−26%; fast HBTM reaction, 92−
98%) and therefore selectivity in the protocol. Entry 5 achieves
a slightly lower reaction conversion for the fast reaction (76%)
and for the slow reaction (7%). The fast reaction in sterically
hindered entry 6, the intermediate for the enantiomer of
crizotinib, proceeds with the lowest conversion of this group of
compounds (48%), but is still operating at high selectivity, with
the slow reaction proceeding to only 8% conversion.
α-Arylpyridines (entries 8−9) and benzimidizoles (entries

10−11) also proved amenable to quantitative determination of
the fast reaction and subsequent alignment with the predictive

mnemonic. Entries 8 and 9 were also capable of qualitative
assessment of the fast reaction by TLC. The difference in
reaction conversion determined quantitatively by 1H NMR for
entries 10 and 11 was unable to be qualitatively visualized by
TLC despite applying several different staining procedures.
Lastly, entry 12 was considered with the CEC kit. Entry 12 is a
key intermediate in the synthesis of batefenterol (TD-5959,
GSK961081; Figure 7): a multivalent muscarinic antagonist and
β2-agonist (MABA) bronchodilator for treatment of moderate
to severe chronic obstructive pulmonary disease (COPD).29

Entry 12 presented an interesting challenge because of the
secondary amine also present in the molecule. We envisioned
rapid acylation of the secondary amine, followed by the key
esterification of the chiral secondary alcohol (Figure 8). After
treatment in the CEC kit, loss of starting material was indicated
by 1H NMR spectroscopic analysis and TLC. Independent
preparation of the amide through amidation of entry 12
confirmed the formation of the amide first.30 Then, conversion
of the newly formed amide to the propionate ester was
measured to assess quantitative reaction conversion. Both
qualitative and quantitative methods confirmed a faster reaction

Table 5. Testing Substrate-Loading Solvent Compatibility
with CDCl3 CEC Kit and Alcohol (R)-5

entrya
substrate

loading solvent
conversion R-
HBTMb (%)

conversion S-
HBTMb (%)

fast reaction
by TLC

1 toluene-d8 18 99 S
2 CDCl3 14 98 S
3 THF-d8 11 93 S
4 acetone-d6 14 94 S
5 MeCN-d3 15 89 S
6 DMF-d7 8 83 S
7 DMSO-d6 8 67 S

aAlcohol (R)-5 (20 μmol) was solvated in 250 μL of the loading
solvent and then 100 μL was dispensed into each CDCl3 CEC kit vial
containing 450 μL of a solution of propionic anhydride, N,N-
diisopropylethylamine, and HBTM. bConversion was determined via
1H NMR spectroscopy.

Table 6. CEC Kit Tested with Benzyl and α-Aryl Secondary
Alcohols

aTLC images, solvent systems, and stains for each entry are included
in the Supporting Information. The TLC fast reaction was determined
by qualitative assessment of reaction conversion. bConversion was
determined via 1H NMR spectroscopy. Bolded reaction conversions
represent entries where qualitative assessments of the fast reaction by
TLC were successful. cThe substrate was loaded in DMSO-d6, and the
kit ran for 1 h. dThe kit ran for 1 h. eThe substrate was loaded in
DMSO-d6, and the kit ran for 10 min.
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with R-HBTM, indicating the stereocenter as forward (R) in
accordance with the mnemonic and in alignment with the
reported stereochemistry of the compound.
After testing a series of interesting benzyl and α-aryl

secondary alcohols, we sought to analyze the utility of the
CEC kit with additional substrate classes (Table 7).28 The
propargylic alcohol in entry 1 displayed the fastest reactivity
observed for the CEC kit of this series, with the fast reaction
reaching 99% conversion and the slow reaction at 63% after 30
min. To verify that the rate of reaction was the cause for the
unusually high mismatched reaction conversion, the same
compound was exposed to CEC kit conditions again (entry 2).
In this second attempt, reaction progress was halted at 10 min.
The fast reaction conversion was 93% and the slow reaction
dropped to 39%. Next, an allylic alcohol was tested (entry 3).
The reaction progress over 30 min proceeded to a lower
reaction conversion compared with previous substrates and
therefore was run for 1 h. A noticeable difference in reaction
conversion was observed qualitatively and quantitatively, in
alignment with the mnemonic for assignment of reaction
conversion if the alkene is the π-group. Previously tested β-
hydroxyesters proceed without selectivity between the HBTM
reactions.11a Therefore, the inclusion of the allylic system
appears to be the primary contributor to the observed reaction
conversion difference. After discovering a substrate displaying
selectivity with a simple π system directly connected to the
stereocenter of study, α-hydroxyester substrates were consid-
ered. Methyl- and ethyl-lactate (entries 4 and 5) displayed a
significant difference in reaction rate between the HBTM
reactions culminating in a difference in reaction conversion
after 10 min in alignment with the mnemonic for assignment of
reaction conversion if the carbonyl group is applied in the
mnemonic as π. Appending a benzyl group to the ester (entry
6) resulted in a similar outcome but with a decrease in reaction

rate. Additionally, enantiomeric α-hydroxyamides were studied
(entries 7 and 8). These compounds reacted significantly
slower, achieving a reaction conversion of 35% for the fast
reaction over 1 h. However, the slow reaction in both cases
proceeded to far lower conversion, with reaction conversions of
7% and 3%. Again, if the carbonyl is assigned as π, the observed
fast reaction aligns with the previously established mnemonic.
Finally, four β-aryl secondary alcohols from the microscale
studies were also tested (entries 9−12) with the CEC kit over 1
h and concluded with the R-HBTM reaction as the fast reaction
according to both qualitative and quantitative analysis. This
data also aligns with the conclusions drawn from the microscale
studies for all four compounds. The conversion difference
between fast and slow reactions was smallest in entry 9, with a
β-pyridine group, but still produced a difference of 17%
conversion. The studied substrates expand the secondary
alcohols applicable to the CEC method with HBTM and the
established mnemonic for assignment of absolute configuration.
One of the final questions about the CEC kit was the stability

of the ingredients in CDCl3 over time. In order to test this
stability, a batch of kits was freshly prepared. The CEC kit was
tested with (R)-5 the same day. The kits were then stored in a
−20 °C freezer. After six months, a kit from the same batch was
removed, warmed to room temperature, and tested with (R)-5

Figure 7. Batefenterol MABA bronchodilator containing structure of
entry 12 (Table 6).

Figure 8. Proposed reactivity of entry 12 under CEC kit conditions.

Table 7. CEC Kit Tested with Propargylic, Allylic, α-
Hydroxyester, α-Hydroxyamide, and β-Aryl Secondary
Alcohols

aThe TLC fast reaction was determined by qualitative assessment of
reaction conversion. TLC images, solvent systems, and stains for each
entry are described in the Supporting Information. bConversion was
determined via 1H NMR spectroscopy. Bolded reaction conversions
represent entries where qualitative assessments of the fast reaction by
TLC were successful. cThe kit ran for 30 min. dThe kit ran for 10 min.
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(Figure 9). Comparison of the TLC plates qualitatively showed
identical performance in each reaction lane and the assignment

of the fast reaction was clearly made as the S-HBTM reaction.
1H NMR spectroscopic data also confirmed this conclusion,
with nearly identical reaction conversions between the R-
HBTM and S-HBTM reactions for plate 1 and plate 2.
Therefore, the CEC kit solutions appear stable when stored in a
freezer over a six month period and display no noticeable
degradation in performance.
After vetting the CEC kit system, we were still intrigued by

the conclusions of Figure 6 and chose to investigate the
influence of substrate alcohol concentration in the microscale
procedure. Between the two processes, there was a 3-fold
reduction in the concentration of HBTM, anhydride, and base
in the microscale protocol. If the reaction shows saturation
kinetics with respect to the anhydride, then the pseudo-first-
order rate constant would be proportional to the HBTM
concentration, and thus the observed rate constant would be
about a factor of 3 smaller for the microscale procedure. A serial
dilution of alcohol (R)-5 was conducted to produce stock
solutions varying between 7.26 and 0.907 mM, which resulted
in a range of 72 to 9 nmol of substrate per reaction (Figure 10).
Because of the scale and the poor detection of (R)-5 at these
concentrations via GC-MS, only qualitative data was accessed
by TLC. However, the images of plates corresponding to
entries 1−4 display comparable reaction conversion for all
reaction lanes. This analysis supports the expectation that the
microscale protocol displays pseudo-first-order kinetic behavior
with the alcohol substrate. The limit of detection for effective
recognition of the fast reaction of HBTM was 9 nmol per
reaction for entry (R)-5 in the PMA stain. However, the
theoretical limit for the use of this protocol is based only on the
ability to detect the reaction progress. An example of reduced-
scale detection was recently illustrated by Poulter and co-
workers using the microscale protocol with autoradiography on
silica-TLC plates to determine the absolute configuration of
hydroxysqualene synthesized in bacterial biosynthesis.31

■ CONCLUSION
A method for determining the absolute configuration of
enantioenriched secondary alcohols with the competing
enantioselective conversion (CEC) method on nanomole
scale was described. Reactions were run with 145 nmol of
material and an additive volume of 30 μL in a microsyringe.
The absolute configuration was determined via qualitative
analysis of the relatively fast reaction by thin-layer chromatog-
raphy. This method represents over a 50-fold reduction in
material required from previous CEC studies.
A one-use CEC kit was developed that would be appropriate

for commercialization. The kit was designed for 1H NMR
spectroscopy and thin-layer chromatography assays. The CEC
kit was shown to be stable over a period of six months and was
effective when the substrate of interest was loaded in a variety
of solvents with varying dielectric constants. The new CEC
reaction conditions under both microscale and kit protocols are
first order with respect to the alcohol. The substrate scope was
extended to many new classes of secondary alcohols. Alcohol
(R)-5 was thoroughly investigated at varied substrate
concentrations and produced effective data for recognition of
the fast reaction with HBTM over a 889-fold difference in
substrate loading per reaction (9−8000 nmol) between the two
protocols. The limit of detection of the CEC method with both
developed protocols is theoretically limited only by the ability
to effectively analytically detect the alcohol substrate and the
ester product.

■ EXPERIMENTAL SECTION
General Methods. All reactions were carried out under an

atmosphere of air with anhydrous solvents unless otherwise noted. All
glassware was oven-dried prior to use. 1H and 13C NMR spectra were
recorded at 298.0 K at 500 MHz. CDCl3 was used as an internal
reference for 1H NMR (δ = 7.27) and 13C NMR (δ = 77.16) spectra.
Thin-layer chromatography (TLC) was performed on silica gel plates
and visualized using various stains that are detailed for specific
compounds. Stains were prepared according to literature procedure.32

Chemicals. All commercially available reagents and solvents were
used without further purification unless otherwise noted. Hexanes,

Figure 9. TLC plate images of CEC kits with (R)-5 (1) the same day
of CEC kit preparation and (2) after six months of storage in a freezer.
Left TLC lane, R-HBTM; right TLC lane, S-HBTM. Plates were
eluted in 30% ethyl acetate in hexanes. Visualization was achieved by
staining with PMA stain. Reaction conversion via 1H NMR
spectroscopic analysis (%): (1) R-HBTM = 15, S-HBTM = 98; (2)
R-HBTM = 16, S-HBTM = 96.

Figure 10. Variation in substrate loading of (R)-5 between (1) 72, (2)
36, (3) 18, and (4) 9 nmol per reaction with microscale protocol
concentrations of HBTM and anhydride at an additive reaction
volume of 30 μL. Left TLC lane, R-HBTM; right TLC lane, S-HBTM.
Plates were eluted in 30% ethyl acetate in hexanes. Visualization was
achieved by staining with PMA stain.
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ethyl acetate, toluene, methanol, propionic anhydride, N,N-diisopro-
pylethylamine, toluene-d8, CDCl3, THF-d8, acetone-d6, MeCN-d3,
DMF-d7, and DMSO-d6, and 3 were purchased from various chemical
suppliers. (R)-5 was prepared according to literature procedure.11c In
Table 3, entries 1−5 were synthesized according to literature
procedures.11c Entry 6 was generously supplied by Pfizer, Inc., through
Dr. Ryan Patman of Pfizer La Jolla.22 Entry 7 was synthesized by Dr.
Jennifer Cossrow in the Rychnovsky group.33 Entry 8 was synthesized
by Dr. Matthew Perry in the Rychnovsky group.34 In Table 4, entries
1−8 were generously supplied by the Morken group.23 In Table 6,
entries 1−4, 6, and 7 were the same as those previously used in Table
3. Entry 5 was prepared by Dr. Angie Kim in the Rychnovsky group.35

Entries 10 and 11 were prepared by Dr. Shawn Miller.36 Entry 12 was
generously supplied by Dr. Adam Hughes of Theravance Biopharma,
Inc.29 In Table 7, entries 1, 2, and 9−12 were the same as those
previously used in Tables 3 and 4. Entry 3 was prepared by Dr.
Michael Gesinski in the Rychnovsky group in accordance with
literature precedent.37 Entries 4 and 5 were purchased from Sigma-
Aldrich. Entries 7 and 8 were prepared in accordance with literature
procedure.38

General Preparation for Salts 2a and 2b. To a 25 mL oven-
dried round-bottom flask with a magnetic stirbar was added S-HBTM
(1 equiv). Methylene chloride was added (0.2 M). The reaction
solution was cooled to 0 °C (ice bath), and propionyl chloride (1.10
equiv) was added dropwise. The bath was removed, and the reaction
solution was allowed to warm to room temperature while stirring over
1 h. Acetonitrile (equal volume to methylene chloride) was added,
followed by the sodium salt (1.05 equiv). The reaction mixture was
refluxed for 3 h. The solution was filtered and concentrated under
reduced pressure to give a solid. The crude salt was used without
further purification.
(S)-2-Phenyl-1-propionyl-1,2,3,4-tetrahydrobenzo[4,5]thiazolo-

[3,2-a]pyrimidin-5-ium Nitrate (2a). 1H NMR (500 MHz, CDCl3) δ
8.00 (d, J = 8.0 Hz, 1H), 7.96 (d, J = 8.0 Hz, 1H), 7.72 (t, J = 8.0 Hz,
1H), 7.61 (t, J = 8.0 Hz, 1H), 7.40−7.31 (m, 3H), 7.07 (d, J = 7.5 Hz,
2H), 6.64 (s, 1H), 5.11 (dd, J = 13.0, 4.0 Hz, 1H), 3.77 (td, J = 13.0,
4.0 Hz, 1H), 3.53 (ddd, J = 18.5, 14.0, 7.0 Hz, 1H), 3.27−3.17 (m,
1H), 2.75 (d, J = 14.5 Hz, 1H), 2.39 (ddd, J = 18.5, 14.0, 7.0 Hz, 1H),
1.12 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 175.9, 160.2,
137.3, 136.4, 129.9, 129.7, 129.1, 127.9, 125.9, 125.2, 123.1, 115.1,
58.0, 42.2, 28.4, 27.2, 8.2.
(S)-2-Phenyl-1-propionyl-1,2,3,4-tetrahydrobenzo[4,5]thiazolo-

[3,2-a]pyrimidin-5-ium Hexafluoroantimonate (2b). 1H NMR (500
MHz, CDCl3) δ 8.00 (d, J = 7.5 Hz, 1H), 7.80−7.76 (m, 2H), 7.71−
7.66 (m, 1H), 7.46−7.38 (m, 3H), 7.05 (d, J = 7.0 Hz, 2H), 6.11 (s,
1H), 4.75 (dd, J = 13.5, 3.0 Hz, 1H), 3.81 (td, J = 14.0, 3.5 Hz, 1H),
3.14 (m, 1H), 3.01 (m, 1H), 2.81 (d, J = 15.0 Hz, 1H), 2.48−2.37 (m,
1H), 1.20 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 175.2,
160.1, 136.4, 136.3, 130.2, 129.8, 129.5, 128.2, 125.9, 125.0, 123.1,
114.5, 57.9, 41.5, 27.6, 26.0, 8.2.
Acylation with Salt 2a (Eq 1). 1-Phenylethanol (25.6 mg, 0.210

mmol) was added to a 20 mL scintillation vial with a stirbar. CDCl3
(600 μL) and N,N-diisopropylethylamine (36.5 μL, 0.210 mmol) were
added, and the reaction mixture was stirred at 0 °C (ice bath). Salt 2a
(48.6 mg, 0.126 mmol) was added, and the reaction was stirred for 1 h
at 0 °C. The reaction was halted with the addition of methanol (85.0
μL). 1H NMR spectral data of the crude reaction mixture revealed a
reaction conversion to ester of 42.9%. The unreacted alcohol was
recovered by column chromatography (9:1 hexanes/ethyl acetate) and
analyzed by chiral HPLC (Chiralcel OD with OD guard, 5% i-PrOH in
n-hexane, 23 bar, 1.0 mL/min, UV detection at 254 nm, tR = 11.47
min, tS = 14.06 min) 63.4% ee.
Acylation with Salt 2a and Added S-HBTM (Table 1, Entry 1).

1-Phenylethanol (24.9 mg, 0.204 mmol) was added to a 20 mL
scintillation vial with a stirbar. CDCl3 (600 μL), N,N-diisopropylethyl-
amine (35.5 μL, 0.204 mmol), and S-HBTM (27.2 mg, 0.102 mmol)
were added, and the reaction mixture was stirred at 0 °C (ice bath).
Salt 2a (39.3 mg, 0.102 mmol) was added, and the reaction was stirred
for 1 h at 0 °C. The reaction was halted with the addition of methanol
(82.6 μL). 1H NMR spectral data of the crude reaction mixture

revealed a reaction conversion to ester of 33.8%. The unreacted
alcohol was recovered by column chromatography (9:1 hexanes/
diethyl ether) and analyzed by chiral HPLC (Chiralcel OD with OD
guard, 5% i-PrOH in n-hexane, 23 bar, 1.0 mL/min, UV detection at
254 nm, tR = 10.42 min, tS = 12.54 min) 42.4% ee.

Acylation with Salt 2a and Added R-HBTM (Table 1, Entry 2).
1-Phenylethanol (25.1 mg, 0.205 mmol) was added to a 20 mL
scintillation vial with a stirbar. CDCl3 (600 μL), N,N-diisopropylethyl-
amine (35.8 μL, 0.206 mmol), and R-HBTM (27.4 mg, 0.103 mmol)
were added, and the reaction mixture was stirred at 0 °C (ice bath).
Salt 2a (39.7 mg, 0.103 mmol) was added, and the reaction was stirred
for 1 h at 0 °C. The reaction was halted with the addition of methanol
(83.3 μL). 1H NMR spectral data of the crude reaction mixture
revealed a reaction conversion to ester of 33.7%. The unreacted
alcohol was recovered by column chromatography (9:1 hexanes/
diethyl ether) and analyzed by chiral HPLC (Chiralcel OD with OD
guard, 5% i-PrOH in n-hexane, 23 bar, 1.0 mL/min, UV detection at
254 nm, tR = 10.32 min, tS = 12.46 min) 6.2% ee.

Preferred CEC Microscale Procedure (Tables 3 and 4).
Preparation of Solutions. Substrate. To a 1 mL volumetric flask
was added substrate (0.0145 mmol). The flask was filled with toluene
to the line and mixed, generating a solution of the alcohol substrate
(0.0145 M).

R-HBTM. To a 10 mL volumetric flask was added R-HBTM (7.7 mg,
0.029 mmol). The flask was filled with toluene to the line and mixed,
generating the solution of R-HBTM (0.0029 M).

S-HBTM. To a 10 mL volumetric flask was added S-HBTM (7.7 mg,
0.029 mmol). The flask was filled with toluene to the line and mixed,
generating the solution of S-HBTM (0.0029 M).

Propionic Anhydride/N,N-Diisopropylethylamine. To a 10 mL
volumetric flask was added propionic anhydride (279 μL, 2.18 mmol)
and N,N-diisopropylethylamine (126 μL, 0.723 mmol) via micro-
pipette. The flask was filled with toluene to the line and mixed,
generating a solution of propionic anhydride (0.218 M) and N,N-
diisopropylethylamine (0.0723 M).

Preferred Microscale CEC Method. A 50 μL syringe was used to
draw up, in sequence, air (5 μL), alcohol stock solution (10 μL), air (5
μL), HBTM stock solution (10 μL), air (5 μL), propionic anhydride/
N,N-diisopropylethylamine stock solution (10 μL), and air (5 μL).
The contents of the syringe were then mixed in a 600 μL amber glass
vial placed inside a 1-dram vial, initiating the reaction. The mixed
reaction solution was drawn back into the microsyringe and allowed to
sit for 1 h (Table 3, entries 1−8) or 2 h (Table 4, entries 1−8). Then,
the reaction solution in the microsyringe was ejected into methanol
(10 μL) and analyzed by TLC as follows: To a TLC plate with two
lanes was spotted the R-HBTM reaction (4.0 μL) and the S-HBTM
reaction (4.0 μL) via micropipette. The plate was run, dried, stained,
heated in an oven (160 °C and ∼1 min unless otherwise noted), and
photographed. Solvent systems and TLC stains used for each entry are
listed in the Supporting Information.

Preferred CEC One-Use Kit Preparation. R-HBTM Vials. To a 10
mL volumetric flask was added R-HBTM (9.5 mg, 0.036 mmol)
followed by CDCl3 (2.0 mL). To the solvated R-HBTM solution was
added propionic anhydride (342 μL, 2.67 mmol) and N,N-
diisopropylethylamine (155 μL, 0.890 mmol) via micropipette. The
flask was filled to the line with CDCl3, generating a solution of R-
HBTM (0.0036 M), propionic anhydride (0.267 M), and N,N-
diisopropylethylamine (0.0890 M). To oven-dried 1 mL amber vials
was added R-HBTM stock solution (450 μL) via syringe. The vials
were sealed under argon. A 10 mL volumetric batch was used to
prepare 21 R-HBTM vials.

S-HBTM Vials. To a 10 mL volumetric flask was added S-HBTM
(9.5 mg, 0.036 mmol) followed by CDCl3 (2.0 mL). To the solvated S-
HBTM solution was added propionic anhydride (342 μL, 2.67 mmol)
and N,N-diisopropylethylamine (155 μL, 0.890 mmol) via micro-
pipette. The flask was filled to the line with CDCl3, generating a
solution of S-HBTM (0.0036 M), propionic anhydride (0.267 M), and
N,N-diisopropylethylamine (0.0890 M). To oven-dried 1 mL amber
vials was added S-HBTM stock solution (450 μL) via syringe. The
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vials were sealed under argon. A 10 mL volumetric batch was used to
prepare 21 S-HBTM vials.
Kit Assembly. One sealed R-HBTM vial and one sealed S-HBTM

vial, each containing 450 μL of their respective stock solutions, were
placed in a 20 mL scintillation vial and capped under argon. The vial
was then sealed with electric tape and stored in a freezer.
CEC One-Use Kit Procedure (Tables 6 and 7). Preparation of

Substrate Solution. Substrate (0.020 mmol) was solvated in a
deuterated solvent (250 μL) in a 1 dram vial. Masses used for each
entry are included in the Supporting Information. The deuterated
solvent was CDCl3 unless otherwise noted.
Preferred One-Use Kit CEC Method. The resulting alcohol solution

(100. μL) was dispensed to both the R-HBTM and S-HBTM CEC kit
vials via microsyringe with a 1 min gap between additions. A needle
was inserted to the CEC kit vial to equalize the pressure before
addition of the alcohol solution. The solutions were agitated to ensure
homogeneity and allowed to sit for 30 min (Table 6, entries 1−12) or
1 h (Table 7, entries 1−12). Methanol-d4 (50. μL) was added via
microsyringe, and the solution was again agitated to ensure
homogeneity, halting the reaction progress. For TLC analysis, to a
TLC plate with two lanes were spotted the R-HBTM reaction (4.0 μL)
and the S-HBTM reaction (4.0 μL) via micropipette. The plate was
run, dried, stained, heated in an oven (160 °C and ∼1 min unless
otherwise noted), and photographed. Solvent systems and TLC stains
used for each entry are listed in the Supporting Information. The
quenched solution was then analyzed by 1H NMR spectroscopy to
assess reaction conversion via measurement of peak integration,
traditionally of the proton geminal to the alcohol and ester functional
groups on the substrate and product, respectively.
Optimization of Procedures: Initial Investigations of

Reduced Substrate Loading of Sample Alcohol (R)-5 with
the CEC Method and TLC from Figure 4. Preparation of
Solutions for Entry 1. (R)-1-(Naphthalen-2-yl)ethanol ((R)-5). To a 5
mL volumetric flask was added (R)-1-(naphthalen-2-yl)ethanol (258.3
mg, 1.500 mmol). The flask was filled with toluene to the line and
mixed, generating a solution of (R)-1-(naphthalen-2-yl)ethanol
(0.3000 M).
R-HBTM. To a 2 mL volumetric flask was added R-HBTM (4.0 mg,

0.015 mmol). The flask was filled with toluene to the line and mixed,
generating a solution of R-HBTM (0.0075 M).
S-HBTM. To a 2 mL volumetric flask was added S-HBTM (4.0 mg,

0.015 mmol). The flask was filled with toluene to the line and mixed,
generating a solution of S-HBTM (0.0075 M).
Propionic Anhydride/N,N-Diisopropylethylamine. To a 10 mL

volumetric flask was added propionic anhydride (769 μL, 6.00 mmol)
and N,N-diisopropylethylamine (1045 μL, 6.000 mmol) via micro-
pipette. The flask was filled with toluene to the line and mixed,
generating a solution of propionic anhydride (0.600 M) and N,N-
diisopropylethylamine (0.600 M).
Preparation of Solutions for Entries 2−4. (R)-1-(Naphthalen-2-

yl)ethanol ((R)-5). To a 1 mL volumetric flask was added (R)-1-
(naphthalen-2-yl)ethanol (5.0 mg, 0.029 mmol). The flask was filled
with toluene to the line and mixed, generating a solution of (R)-1-
(naphthalen-2-yl)ethanol (0.029 M).
R-HBTM. To a 2 mL volumetric flask was added R-HBTM (32.0 mg,

0.120 mmol). The flask was filled with toluene to the line and mixed,
generating a solution of R-HBTM (0.060 M).
S-HBTM. To a 2 mL volumetric flask was added S-HBTM (32.0 mg,

0.120 mmol). The flask was filled with toluene to the line and mixed,
generating a solution of S-HBTM (0.060 M).
Propionic Anhydride/N,N-Diisopropylethylamine. To a 10 mL

volumetric flask was added propionic anhydride (1154 μL, 9.000
mmol) and N,N-diisopropylethylamine (1568 μL, 9.002 mmol) via
micropipette. The flask was filled with toluene to the line and mixed,
generating a solution of propionic anhydride (0.900 M) and N,N-
diisopropylethylamine (0.900 M).
Optimization of the Microscale CEC Method. A 50 μL syringe

was used to draw up, in sequence, air (5 μL), (R)-5 stock solution
(between 1 and 10 μL), air (5 μL), HBTM stock solution (10 μL), air
(5 μL), propionic anhydride/N,N-diisopropylethylamine stock sol-

ution (10. μL), and air (5 μL). The volume of stock solution of (R)-5
used was as follows: entry 1 (10 μL), entry 2 (10 μL), entry 3 (5 μL),
entry 4 (1 μL). The contents of the syringe were then mixed in a 600
μL amber glass vial placed inside a 1 dram vial, initiating the reaction.
The mixed reaction solution was drawn back into the microsyringe and
allowed to sit for the remainder of a given time period: entry 1 (1 h),
entry 2 (15 min), entry 3 (10 min), entry 4 (10 min). After the given
time period, the reaction solution in the microsyringe was directly
evaluated in the TLC analysis as follows: To a TLC plate with two
lanes was spotted the R-HBTM reaction (3.0 μL) and the S-HBTM
reaction (3.0 μL) via micropipette. The plate was run (30% ethyl
acetate in hexanes), dried, stained (PMA), heated in an oven (160 °C,
∼ 1 min), and photographed.

Table 2 Experimental Information (Optimization of CEC
Microscale Method). Screening of Equivalents of HBTM and
Propionic Anhydride for Substrate (R)-5 at a Substrate Loading of
145 nmol per Reaction from Table 2. Preparation of Solutions for
Entries 1−4. (R)-1-(naphthalen-2-yl)ethanol ((R)-5). To a 2 mL
volumetric flask was added (R)-1-(naphthalen-2-yl)ethanol (10.0 mg,
0.0581 mmol). The flask was filled with toluene to the line and mixed,
generating a solution of (R)-1-(naphthalen-2-yl)ethanol (0.0290 M).
To a 1 mL volumetric flask was added the solution of (R)-5 (500 μL).
The flask was filled with toluene to the line and mixed, generating the
desired solution of (R)-5 (0.0145 M).

R-HBTM. To a 2 mL volumetric flask was added R-HBTM (7.7 mg,
0.029 mmol). The flask was filled with toluene to the line and mixed,
generating solution 1 of R-HBTM (0.014 M). To a new 2 mL
volumetric flask was added solution 1 of R-HBTM (1.00 mL). The
flask was filled with toluene to the line and mixed, generating solution
2 of R-HBTM (0.0072 M).

S-HBTM. To a 2 mL volumetric flask was added S-HBTM (7.7 mg,
0.029 mmol). The flask was filled with toluene to the line and mixed,
generating solution 1 of S-HBTM (0.014 M). To a new 2 mL
volumetric flask was added solution 1 of S-HBTM (1.00 mL). The
flask was filled with toluene to the line and mixed, generating solution
2 of S-HBTM (0.0072 M).

Propionic Anhydride/N,N-Diisopropylethylamine. To a 10 mL
volumetric flask was added propionic anhydride (558 μL, 4.35 mmol)
and N,N-diisopropylethylamine (50.6 μL, 0.290 mmol) via micro-
pipette. The flask was filled with toluene to the line and mixed,
generating solution 1 of propionic anhydride (0.435 M) and N,N-
diisopropylethylamine (0.0290 M). To a new 10 mL volumetric flask
was added solution 1 of propionic anhydride and N,N-diisopropyle-
thylamine (5.00 mL). The flask was filled with toluene and mixed,
generating solution 2 of propionic anhydride (0.217 M) and N,N-
diisopropylethylamine (0.0145 M).

Preparation of Solutions for Entries 5−8. R-HBTM. To a 10 mL
volumetric flask was added R-HBTM (7.7 mg, 0.029 mmol). The flask
was filled with toluene to the line and mixed, generating solution 3 of
R-HBTM (0.0029 M). To a new 10 mL volumetric flask was added
solution 3 of R-HBTM (5.00 mL). The flask was filled with toluene to
the line and mixed, generating solution 4 of R-HBTM (0.0014 M).

S-HBTM. To a 10 mL volumetric flask was added S-HBTM (7.7 mg,
0.029 mmol). The flask was filled with toluene to the line and mixed,
generating solution 3 of S-HBTM (0.0029 M). To a new 10 mL
volumetric flask was added solution 3 of S-HBTM (5.00 mL). The
flask was filled with toluene to the line and mixed, generating solution
4 of S-HBTM (0.0014 M).

Propionic Anhydride/N,N-Diisopropylethylamine. To a 10 mL
volumetric flask was added propionic anhydride (279 μL, 2.18 mmol)
and N,N-diisopropylethylamine (75.9 μL, 0.436 mmol) via micro-
pipette. The flask was filled with toluene to the line and mixed,
generating solution 3 of propionic anhydride (0.218 M) and N,N-
diisopropylethylamine (0.0435 M). To a new 10 mL volumetric flask
was added solution 3 of propionic anhydride and N,N-diisopropyle-
thylamine (3.33 mL). The flask was filled with toluene to the line and
mixed, generating solution 4 of propionic anhydride (0.0727 M) and
N,N-diisopropylethylamine (0.0145 M).

CEC Method Combinations. The preferred microscale CEC
method and TLC analysis (described above) was followed for the
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entries in Table 2 with the following combinations: entry 1, (R)-5
stock solution, solution 1 of each enantiomer of HBTM, solution 1 of
propionic anhydride/N,N-diisopropylethylamine; entry 2, (R)-5 stock
solution, solution 2 of each enantiomer of HBTM, solution 1 of
propionic anhydride/N,N-diisopropylethylamine; entry 3, (R)-5 stock
solution, solution 1 of each enantiomer of HBTM, solution 2 of
propionic anhydride/N,N-diisopropylethylamine; entry 4, (R)-5 stock
solution, solution 2 of each enantiomer of HBTM, solution 2 of
propionic anhydride/N,N-diisopropylethylamine; entry 5, (R)-5 stock
solution, solution 3 of each enantiomer of HBTM, solution 3 of
propionic anhydride/N,N-diisopropylethylamine; entry 6, (R)-5 stock
solution, solution 4 of each enantiomer of HBTM, solution 3 of
propionic anhydride/N,N-diisopropylethylamine; entry 7, (R)-5 stock
solution, solution 3 of each enantiomer of HBTM, solution 4 of
propionic anhydride/N,N-diisopropylethylamine; entry 8, (R)-5 stock
solution, solution 4 of each enantiomer of HBTM, solution 4 of
propionic anhydride/N,N-diisopropylethylamine.
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