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The stereospecific reagent-controlled homologation (StReCH) of boronic esters
with enantioenriched carbenoid species generated in situ by the addition of
organolithium initiators to stereodefined α-chloroalkyl aryl sulfoxides was
previously reported. The reaction of an organolithium with an α-chloroalkyl aryl
sulfoxide ostensibly generates an α-chloroalkyllithium via sulfoxide-lithium
exchange; however, the true nature of the chain-extending carbenoid intermediate
in chlorosulfoxide-based StReCH is not certain. It may be: an αchloroalkyllithium, a sulfurane intermediate en route to the α-chloroalkyllithium,
or a complex of closely-associated α-choroalkyllithium and the sulfoxide by-

product of sulfoxide-lithium exchange. To elucidate which of these scenarios is
most relevant under the reaction conditions of StReCH, the homologation of
variously B-substituted racemic (±)-(4R*,5R*)-4,5-diphenyl-1,3,2-dioxaborolanes
[RB[O(CHPh)2O], R = CH2CH2Bn, c-C6H11, and Ph) with enantioenriched (SS)chloromethyl phenyl sulfoxide was investigated in THF solvent (at –78 °C) using
three different organolithium initiators (n-BuLi, t-BuLi, and PhLi). Observation of
kinetic resolution in such an experiment would indicate that the active carbenoid
is not simply chloromethyllithium (an achiral species) but instead a chiral entity
such as a sulfurane or a complex of chloromethyllithium and a chiral ligand (e.g.,
a chiral sulfoxide). In the event, only one of the reaction variants investigated
proved wholly amenable to the type of analysis required. Thus, addition of n-BuLi
to a mixture of racemic B-cyclohexyl (4R*,5R*)-4,5-diphenyl-1,3,2dioxaborolane and (SS)-chloromethyl phenyl sulfoxide (%ee > 95%) in THF at –
78 °C, followed by warming to rt, resulted in 5-10% conversion to the
corresponding B-cyclohexylmethylboronate. The unreacted boronate starting
material and its homologated congener were separated by chromatography (using
an achiral stationary phase) and 1,2-diphenylethan-1,2-diol liberated from each by
hydrolysis was separately analyzed by HPLC on a chiral stationary phase. Both
samples of diol were found to be effectively racemic (%ee < 2%). This finding
supports the hypothesis that the active carbenoid reagents in chlorosulfoxidebased StReCH are truly α-chloroalkyllithiums; however, the possibility that the

experiment described involved a chiral carbenoid species incapable of efficient
kinetic resolution of the racemic boronate starting material cannot be discounted.
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Analysis of the Mechanism of Sulfoxide-Lithium
Exchange and the Reactive Intermediate in Stereospecific
Reagent Controlled Homologation (StReCH)

Chapter 1: Introduction
1.1 Stereospecific Reagent-Controlled Homologation (StReCH)

Stereospecific Reagent-Controlled Homologation (StReCH) is a unified concept
for programmable carbon-carbon bond formation via iterative insertion of
stereodefined enantioenriched carbenoid reagents (Scheme 1), of which 2 is an
example, into boronic esters 1, as first described by Blakemore and others.1, 2 This
process typically involves putative α-chloroalkyllithium carbenoid reagents,
generated in situ from α-chlorosulfoxides (e.g. 5 in Scheme 2) via sulfoxidelithium exchange. While an α-chloroalkyllithium carbenoid 2 is shown in Scheme
1 for demonstration purposes, the actual nature of the reactive carbenoid has not
been previously studied, and determining the nature of the reactive carbenoid is
the focus of this study. The nucleophilic character of the carbon-lithium bond in
the carbenoid 2 allows for addition to the boronic ester 1 to form an ate complex
3. The nucleofugal character of the chloride allows the ate complex to rearrange,
and the stereochemistry of the carbenoid directly controls the stereochemistry of
the product. The enantioenriched product 4, with the boronic ester still attached,
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may be further reacted with other carbenoids if desired – allowing for a fullyprogrammable synthesis of a polysubstituted enantioenriched carbon chain.3,4

While Scheme 1 shows an example of StReCH that is more relevant to the project
in this thesis, the components are variable. Boronic esters other than 1 have been
used,1,2 and electrophiles other than boronic esters have been used in
homologation.5 Grignard reagents have also been used to generate carbenoids,
effectively replacing Li with MgCl in the carbenoid 2,1,6 and nucleofuges other
than chloride have been used.7

Stereoinduction accounts for the majority of asymmetric synthesis methods
currently in use,1 and one of the limitations of stereoinduction is that
diastereoisomers cannot easily be targeted with the same efficiency due to the
match/mismatch problem. One of the advantages of the StReCH reaction is that in
further StReCH iterations, the stereochemistry of the carbon α to the boron does
not affect the stereochemistry of the carbon α to the boron in the product. StReCH
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allows for the creation of adjacent chiral centers without the complications of
match/mismatch.4

To demonstrate the utility of iterative StReCH, Blakemore et al. used two
iterations of StReCH in a formal synthesis of the potential analgesic (-)epibatidine (Scheme 2).4 Once again, the α-chloroalkyllithium intermediate 7 is
shown as an example, although a sulfurane intermediate may perform the same
function. The synthesis used sulfoxide carbenoid precursors to add functional
groups to the Ar group with a very high level of stereocontrol. Six more steps led
to the formation of cyclohexene 10. The protio isotopomer of 10 had been
previously converted to (-)-epibatidine by Corey et al, in 66% yield.9

4

More recently, Sun and Blakemore demonstrated the stereocontrolled elaboration
of a contiguous stereotriad motif in a similar fashion (Scheme 3). During this onepot triple StReCH reaction, a carbon chain was homologated with opposing
stereocenters successfully added during each homologation, and an average yield
of 66% per homologation.3

1.2 Sulfoxide-Lithium Exchange

Sulfoxide-lithium exchange (SLE) has been demonstrated to take place between
aryl sulfoxides and organolithium reagents (Scheme 4).10 While other
organometallic reagents may be used, organolithium reagents are preferred in
StReCH chemistry due to their higher reactivity.7a The aryl group (typically paratolyl) remains attached to the sulfoxide, while the R2 group from the
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organolithium reagent replaces the non-para-tolyl group on the sulfoxide, R1. The
organolithium reagents are typically tBuLi, n-BuLi, or PhLi.

While the exact structure of the carbenoid reactive intermediate in SLE-based
StReCH (formally attributed to be the α-chloroalkyllithium 2) has not previously
been studied to any significant degree, it is known that the sulfoxide byproduct 14
is found among the products of these exchange reactions. SLE takes place with
inversion of stereochemistry at sulfur11; however, there are several cases where
the enantiomeric purity of the sulfoxide byproduct 14 was significantly reduced.12
It is suspected that the R2-Li undergoes SLE with the sulfoxide by-product 14,
thereby racemizing it.13

1.3 Possible Reactive Carbenoid Forms in the Context of This Project
and Experimental Design

The aim of this project was to elucidate the nature of the active carbenoid in SLEbased StReCH. The mechanism of sulfoxide-lithium exchange has not yet been
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previously studied in the context of StReCH, and the nature of the reactive
intermediate is not yet known. In order to learn more about which carbenoid may
be the reactive intermediate, an α-chlorosulfoxide with a non-stereogenic αcarbon atom was envisioned (Scheme 5). The aryl group on the sulfoxide 13,
which would normally be a para-tolyl group, was replaced with a phenyl group
(compound 15) in order to allow for a control experiment.

In this context, there are three possible candidates for the reactive carbenoid in
SLE-based StReCH: sulfuranes 17 and 18 or chloromethyllithium 20.
Chloromethyllithium carbenoid 20 could result from passing through either of the
two displayed pathways. It may be generated in an SN2 fashion via transition state
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16ǂ, or it may be generated via sulfurane intermediates 17 and 18 which
pseudorotate before releasing the chloromethyllithium 20.

Both the chloromethyllithium 20 and the sulfurane intermediates 17 and 18 are
capable of inserting into the boronate during the StReCH reaction. If the alkyl
group (R2) transferred from the organolithium reagent is tBu or n-Bu, then the
sulfurane intermediates 17 and 18 are chiral, and may be capable of reacting
asymmetrically with the boronic ester in StReCH. However, the
chloromethyllithium 20 is achiral, and cannot react asymmetrically with a boronic
ester.

The process of pseudorotation is exemplified in Scheme 6, and is envisioned to
involve four of the bonds around the pentacoordinate center compressing and then
rotating. Pseudorotation around a pentacoordinate center – including cases where
one of the ligands is a non-bonding electron pair – has already been examined in
cases where phosphorus is the central atom.15 Cases of pentacoordinate
pseudorotation with sulfur at the center have been studied to a lesser degree, but
computational studies suggest that the reaction energy barrier to pseudorotation
around sulfur is relatively low, comparable to the barrier to pseudorotation in
phosphorus.16 In instances where one of the ligands is a non-bonding lone pair,
evidence suggests instead an SN2 pathway (like the upper pathway with transition
state 16ǂ, displayed in Scheme 5), most likely due to the additional electron pair
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repulsion that results from the non-bonding electron pair being in the apical
position, as seen in 22 in Scheme 6.15, 16, 17

In order to learn more about which intermediate may be the reactive one in
StReCH, an experiment with chiral, racemic boronic esters was devised (Scheme
7). If the reactive intermediate is chloromethyllithium 20, it would be incapable of
performing a kinetic resolution on the boronic ester (±)-24. However, if the
reactive intermediate is one of the sulfuranes such as 17 or 18, it may react
preferentially with one of the enantiomers of 24, or react faster with one of the
enantiomers. After the StReCH reaction, the homologated product 25 and leftover
starting material 24 must be separated. Once separated, the product and leftover
starting material would be hydrolyzed separately, and the resultant diols 26
separately analyzed for enantiomeric excess. If the yield of the StReCH reaction
is high, two equivalents of the boronic ester (±)-24 would be needed, and the %ee
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would be most easily seen in either the leftover starting material or homologated
product – so long as there is a %ee to measure. If the StReCH yield is low, then
the product will show more signs of kinetic resolution, and the leftover starting
material would most likely have a %ee below the measurable threshold.

The experiment would begin by using the optimized conditions (solvent,
temperature, and time) previously determined for the highest-yielding StReCH
reactions. A stable, unreactive R3 group must be used, and different R0 groups
must be tested and the conditions varied, until the conditions and R0/R3 groups are
found for which (±)-24 is successfully homologated, and 24 and 25 are separable
from each other.

If it is found that there is no kinetic resolution whatsoever of the boronic ester (as
revealed by no enantiomeric excess of the diol 26) from this first experiment, the
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conclusion would be weaker. While the lack of kinetic resolution would suggest
the achiral chloromethyllithium carbenoid 20 (Scheme 5), it is also possible that
the chosen R3 groups on the boronic ester do not interact with the carbenoid in a
fashion that would allow for kinetic resolution. With no measured %ee in the diol
26, more experiments with different R3 groups would be necessary to lead to a
more solid conclusion.

In the event that a non-zero enantiomeric excess is observed in the diol 26, then a
sulfurane carbenoid intermediate, or a complex of the sulfoxide by-product 19
with one of the intermediates, must be the species that reacts with the boronic
ester. Such a result would rule out chloromethyllithium 20 acting alone as the
reactive intermediate. Following such a result, there are two control experiments
which could provide more information about the identity of the reactive carbenoid
intermediate.

Following a non-zero %ee result, the first control experiment would use
phenyllithium as the organometallic reagent (R2 = Ph, Scheme 5). This would
result in the proposed sulfurane carbenoid intermediate 18 being achiral. The
sulfoxide by-product 19 would also be achiral, and therefore no longer be capable
of inducing achiral activity by forming a complex with any of the intermediates.
However, sulfurane intermediate 17 would still be chiral, and may cause some
%ee to be seen in the diol 26. If 26 had no measurable %ee, the result would point
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to either sulfurane 18 or a complex with the sulfoxide by-product 19 as the
reactive intermediate.

Following a zero %ee result from the first control experiment, StReCH could be
repeated with racemic α-chlorosulfoxide (±)-15, tBuLi or n-BuLi as the
organolithium reagent, and enantioenriched sulfoxide by-product 19 (where the
R2 group of the sulfoxide by-product matches the R2 group of the organolithium
reagent used). If the %ee in the resultant diol 26 is non-zero, it would point to a
sulfoxide by-product / carbenoid complex as the reactive intermediate. If the %ee
is not measurable, then the sulfurane carbenoid 18 is most likely the reactive
intermediate that adds to the boronic ester in StReCH. With a non-measurable
%ee, there is also the possibility that the enantioenriched sulfoxide by-product 19
added to the reaction did not form a complex with the reactive carbenoid at a
faster rate than the racemic sulfoxide by-product formed during the reaction, due
to the suspected short-lived nature of the carbenoid intermediate.7a
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Chapter 2: Results and Discussion
2.1 Synthesis of Racemic and Scalemic α-chlorosulfoxides and
Racemic Boronic Esters

The α-chlorosulfoxides used in this project were synthesized using commerciallyavailable starting material thioanisole 27, as seen in Scheme 8. The racemic
synthesis was carried out via a simple oxidation with hydrogen peroxide, followed
by chlorination with N-chlorosuccinimide (NCS).18 The enantioenriched αchlorosulfoxide was synthesized by enantioselective oxidation with Jackson’s
ligand 28 and a vanadium catalyst, with no measurable trace of the undesired
enantiomer.19 The enantioenriched product was chlorinated with Satoh and
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Yamakawa’s method to minimize unwanted racemization at sulfur during
chlorination.20

Phenyl was expected to be a stable, unreactive R3 group (Scheme 7) for use in the
boronic esters. Thus, the diol (±)-31 (Scheme 9) was synthesized racemically in
good yield from commercially-available trans-stilbene 30 by dihydroxylation with
catalytic osmium tetroxide, according to the Upjohn protocol.21

The diol (±)-31 was then used in synthesis of racemic boronic esters (Table 1).
Grignard reagents were formed from the appropriate alkyl halides 32 in order to
make a boronic esters 34. Addition of the diol (±)-31 formed the final C2symmetric racemic boronic ester (±)-35.1 Synthesis of the boronic esters in entries
2 and 3 proceeded to give products 37 and 38 that were reasonably stable.
However, the benzyl boronic ester 36 produced in entry 1 was not isolated in a
pure form, and decomposed in less than 10 days, thereby making it unsuitable for
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use as a starting material in our studies. The other benzylic compound 39 (entry 4)
was not generated in any measurable quantity by this method.

Some boronic esters could be synthesized via commercially-available boronic
acids 40, as seen in Table 2.22 The reactions proceeded in good yield to produce
relatively stable products 41 and 42 (entries 1 and 2).

15

2.2 Evaluation of StReCH Efficacy Using Chloromethyl Sulfoxide 15
and Ease of Separating Homologated from Non-Homologated
Boronates

Phenylethyl substituted boronic esters have enjoyed widespread use in StReCH
chemistry,1,2,3 so the boronic ester (±)-37 was selected first to explore
homologation with chloromethyl sulfoxide 15 (Table 3). Initial tests were
performed with the racemic α-chlorosulfoxide (±)-15 to test the conditions. The
efficacy of sulfoxide-lithium exchange (SLE) was quantified by determining the
isolated yield of the sulfoxide by-product (±)-19. The homologation was indeed
successful; the homologated product (±)-38 was isolated along with leftover
starting material (±)-37,and yields for homologation (StReCH yields) were based
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on the mass and NMR of the isolated mixture of (±)-37/(±)-38 sample from each
reaction.

The phenpropyl boronic ester (±)-38 was synthesized independently (Table 1,
entry 3) and intentionally mixed with phenethyl boronate (±)-37 in order to
facilitate the testing of separation methods. (±)-38 and (±)-37 proved to be
inseparable from each other by regular column chromatography. They were
inseparable by HPLC as well, with both normal phase (silica gel) achiral columns
and reverse-phase (C18) achiral columns. A variety of solvent mixtures and flow
rates had no effect. Also attempted was an HPLC separation on a column with a
chiral stationary phase – in the hopes that even though (±)-37 and (±)-38 were
inseparable, the enantiomers could be separated, and the ratio of (±)-37:(±)-38
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could be measured by NMR of the separated enantiomers. However, separation of
enantiomers proved to be as fruitless as separation of the compounds.

It was expected that the difficulty was due to the alkyl chain already being too
long for additional hydrocarbons to significantly change its column affinity. Thus,
a homologation of the phenpropyl boronic ester (±)-38 was never attempted, due
to the expectation that the product would be inseparable from the starting material
in that case as well. This failure to separate the homologated product is what
prompted the syntheses of the benzyl boronic ester 36 (entry 1,Table 1) and the
attempted synthesis of the parafluorobenzyl boronic ester 39 (entry 4, Table 1),
although one could not be synthesized and the other decomposed too quickly to
be used.

Given the lack of success separating 37 and 38, homologation tests with the
phenyl boronic ester (±)-41 (Table 4) were next attempted. It was expected that
any problems with separation could be easily solved by simply allowing the
homologated product 36 to decompose and testing the leftover starting material
41 for kinetic resolution. This was not necessary, since the leftover starting
material 41 was found to be somewhat separable from the product 36 by simple
column chromatography. However, the conditions initially tested provided less
than 3% yield; there is the possibility that some small portion of the product 36
was generated and simply decomposed before it could be measured in the yield.

18

Due to the miniscule yield, it was expected that any kinetic resolution in the
leftover starting material 41 would be below the limit of detection by HPLC. In
spite of increasing the α-chlorosulfoxide (±)-15 equivalents and increasing the
concentration of reactants, no yield of the homologated product 36 was seen by
NMR prior to column chromatography.

It should be noted that the phenyl boronic ester (±)-41 was a solid and had a
tendency to precipitate when the reaction temperature was dropped to -78 °C or
during the addition of R2-Li, particularly as more equivalents of α-chlorosulfoxide
(±)-15 were added. Solubility was also lower in PhMe than in THF.
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Finally, homologation of cyclohexyl boronic ester (±)-42 (Table 5) was examined.
Successful homologation was achieved. When an attempt was made to increase
the yield by increasing the equivalents of α-chlorosulfoxide (±)-15, the
homologation yield dropped to zero (see entries 1-3). As with the phenyl boronic
ester (±)-41, solubility problems were noted with more equivalents of αchlorosulfoxide (±)-15 in PhMe. While none of the starting materials were solid at
room temperature, a solid precipitated when the temperature was dropped to -78
°C.

The leftover starting material (±)-42 and homologated product (±)-43 were
successfully separated via semi-preparative HPLC using an achiral stationary
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phase. After testing separation conditions with both normal and reverse-phase
columns and various solvent mixtures, it was found that reverse-phase column
(C18) with 100% acetonitrile solvent, with enough iterations, allowed for
complete separation of (±)-42 and (±)-43.

With successful conditions for homologation and isolation in hand, the
homologation was carried out with the enantioenriched α-chlorosulfoxide starting
material 15 (Table 6). Both the leftover starting material 42 and homologated
product 43 were isolated in sufficient quantities to allow for testing of kinetic
resolution. Entries 1 and 2 were duplicate homologations.
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It is suspected that the reason the % yield of (-)-44 was lower than the yield of the
homologated product 43 in entry 2 is due to a loss of (-)-44 during purification,
since the yield of the sulfoxide by-product 44 was otherwise consistently greater
than or equal to the yield of the homologated product 43 in all other entries. It
should also be noted that the sulfoxide by-product 44 was typically difficult to
fully isolate from leftover α-chlorosulfoxide starting material 15.

2.3 Testing for Kinetic Resolution of the Boronic Esters

Both the leftover starting material 42 (Table 6) and homologated product 43
(Table 6) were examined for signs of kinetic resolution. Due to the
aforementioned difficulty in separating boronic ester enantiomers by chiral-phase
HPLC (pg. 17), it was expected that the more polar diol hydrolysis products 31
(Table 7) would be much easier to separate via chiral-phase HPLC. Thus, 42 and
43 were separately oxidized.1 The liberated diol 31 in each entry was obtained
from each boronic ester in quantitative yield.

The enantiomeric excess (%ee) of the diol 31 was measured by HPLC analysis
using a chiral stationary phase. Conditions were varied and different columns
tested; the optimal column was a chiral-phase OJ column and the best conditions
were 4 % isopropanol / 96 % hexanes. The best wavelength to observe the peaks
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was 220 nm. No fractions were collected and injections were done on the
analytical scale. The results are displayed in Table 8. All average %ee were below
2%.
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For the leftover starting material from both StReCH reactions (Table 7, Entries 1
& 2), no significant %ee was observed. After peak integration, the area of the
second peak was repeatedly slightly larger than the area of the first peak, due to
the slight overlap of peaks: the first peak tailed slightly into the second (Figure 1).
The lack of detectable kinetic resolution in diol 31 obtained from the leftover
starting material 42 was expected, since the StReCH yield (yield 43) was very
low.

For one of the diols 31 from the homologated product 43 of the StReCH reaction
(Table 7, entry 4), no significant %ee was observed. As with the chromatograms
of the diol 31 obtained from the leftover starting material 42, the first peak tailed
slightly into the second, resulting in a slightly higher peak area for the second
peak (Figure 2).
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However, the diol obtained from the StReCH reaction in Table 7, entry 3 gave
chromatograms with smaller peaks and no tailing of the first peak into the second,
possibly due to an extraordinarily low sample concentration in the injection vial
(Figure 3). With no overlap, there was no measurable difference in peak area.
Moreover, the two HPLC runs alternated in which peak had the larger area (peak
2 was larger in the first run, and peak 1 was larger in the second; see Table 8).
Therefore, no significant %ee was measured.

25
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Chapter 3: Conclusion

Based on the result at hand – no significant resolution of the boronic ester – it can
be tentatively concluded that the carbenoid intermediate which inserts into the
boronic ester in StReCH is α-chloroalkyllithium 20 (Scheme 5). Sulfurane
intermediates 17 and 18 may very well be present in the preferred mechanism, but
based on the present results, the intermediate which is captured by the boronic
ester is the α-chloroalkyllithium 20.

The reason this conclusion is tentative is due to the possibility that the lack of a
significant level of kinetic resolution could simply be caused by inefficient
stereoinduction as a (potentially) chiral sulfurane interacts with the racemic
boronic ester. The R3 groups (Scheme 7) chosen for the boronic ester may not
interact significantly with the sulfurane during insertion into the boronate. Thus,
in order to solidify the conclusion, more examples are required. Additional
boronic esters – with varying R3 groups – should be tested in order to strengthen
the conclusion.

It is also important to note that this result does not necessarily apply to all
reactions with StReCH that involve α-chlorosulfoxides, alkyllithiums, and
boronic esters. The various R1 groups (Scheme 1) attached α to the sulfur atom
may affect the stability of the reactive intermediate(s) enough to change which
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one inserts into the boronic ester. However, there is no foreseeable way to test
how different R1 groups affect kinetic resolution (or lack thereof) of boronic
esters.
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Chapter 4: Experimental

4.1 General Experimental and Analytical Techniques
All reactions requiring anhydrous conditions were conducted in flame-dried glass
apparatus under an atmosphere of Ar. Anhydrous THF and PhMe were taken
from a commercially available solvent purification system (SPS) employing
activated Al2O3 drying columns.23 Preparative chromatographic separations were
performed on silica gel 60 (35-75 μm) and reactions followed by TLC analysis
using silica gel 60 plates (2-25 μm) with fluorescent indicator (254 nm) and
visualized with UV or phosphomolybdic acid. All commercially available
reagents were used as received unless otherwise noted. Melting points were
determined from open capillary tubes on a melting point apparatus and are
uncorrected. Infra-red (IR) spectra were recorded in Fourier transform mode using
KBr disks for solids, while oils were supported between NaCl plates ("neat"). 1H
and 13C NMR spectra were recorded in Fourier transform mode at the field
strength specified and from the indicated deuterated solvents in standard 5 mm
diameter tubes. Chemical shift in ppm is quoted relative to residual solvent
signals calibrated as follows: CDCl3 δH (CHCl3) = 7.26 ppm, δC = 77.2 ppm;
(CD3)2SO δH (CD3SOCHD2) = 2.50 ppm, δC = 39.5 ppm. Multiplicities in the 1H
NMR spectra are described as: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br = broad. Numbers in parentheses following carbon atom chemical
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shifts refer to the number of attached hydrogen atoms as revealed by the DEPT
spectral editing technique. Low (MS) and high resolution (HRMS) mass spectra
were obtained using either electron impact (EI) or electrospray (ES) ionization
techniques. Ion mass/charge (m/z) ratios are reported as values in atomic mass
units.

4.2 HPLC Conditions

All HPLC samples were dissolved in HLPC-grade solvents and passed through a
syringe filter prior to injection onto the column. An Agilent 1100-series HPLC
equipped with an automatic injector and fraction collector was used.

Cyclohexyl boronic esters 42 and 43 were separated on a Sunfire Preparative (10
× 150 mm) C18 column with 5μm particles, using 100 % HPLC-grade acetonitrile
solvent at a flow rate of 1 mL/min.

The %ee of diol 31 was measured by HPLC with a Diacel Chiralcel OJ Analytical
(0.46 × 25 cm) column, with a solvent mixture of 4 % isopropanol and 96 %
hexanes (both HPLC-grade) at a flow rate of 1 mL/min. The UV detector was set
to observe at 220 nm.
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4.3 Experimental Procedures

Laboratory notebook reference: ALH-50

[(±)-methylsulfinyl]-benzene: Thioanisole 27 (4.00 mL, d = 1.057 g/mL, 4.23 g,
34.0 mmol) was stirred in MeOH (100 mL) at 0˚C before adding hydrogen
peroxide (15.0 mL, d = 1.11 g/mL, 30% w/w in H2O, MW = 34.01 g/mol, 147
mmol). The resulting mixture was allowed to warm to rt over 1 d. The reaction
was quenched with sat. aq. Na2SO3 (50 mL). EtOAc (30 mL) was added and the
layers shaken and separated. The aqueous phase extracted with EtOAc (25 mL x
3). The combined organic extracts were washed with H2O (20 mL), brine (20
mL), dried (Na2SO4), and concentrated in vacuo to yield the desired sulfoxide (±)29 (3.512 g) in good purity, isolated in 73.7% faint-yellow oil which later became
an off-white solid: mp 24.8-27.8 ˚C (from conc. oil); IR (neat) 2919, 1477, 1444,
1416, 1090, 1040, 957, 748, 691 cm-1; 1H NMR (400 MHz, CDCl3)  7.68-7.63
(2H, m), 7.57-7.47 (3H, m), 2.73 (3H, s) ppm; 13C NMR (700 MHz, CDCl3) 

31

145.9 (0), 131.2 (1), 129.6 (2C, 1), 123.8 (2C, 1), 44.2 (3) ppm. 1H and 13C
spectra are in agreement with those previously reported by Li et al.24

Laboratory notebook reference: ALH-41

[(S)-methylsulfinyl]-benzene: Jackson’s Ligand S-28 (0.284 g, MW = 473.092,
0.600 mmol) and VO(acac)2 (0.106 g, MW = 265.16, 0.400 mmol) were stirred in
chloroform (55 mL) at rt for 2 h. Thioanisole 27 (2.64 mL, d = 1.057 g/mL, 2.79
g, 22.5 mmol) was added and stirred for 40 m before cooling to 0˚C and adding
hydrogen peroxide (8.00 mL, d = 1.11 g/mL, 30% w/w in H2O, 63.6 mmol). The
resulting mixture was allowed to warm to rt over 2 d. The reaction was quenched
with 4% aq. NaI (8 mL) and sat. aq. Na2SO3 (30 mL) and the layers shaken and
separated. The aqueous phase extracted with CHCl3 (15 mL x 3). The combined
organic extracts were washed with H2O (20 mL), brine (20 mL), dried (Na2SO4),
and concentrated in vacuo. The crude residue (6.213 g) was further purified by
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column chromatography (eluting with 50% EtOAc in hexanes) to yield the
desired sulfoxide (-)-29 (1.875 g, 13.37 mmol) isolated in 33.4% yield as a
yellow-brown oil: [α]D20 = -161 (c = 0.800, CDCl3); IR (neat) 2919, 1477, 1444,
1416, 1090, 1040, 957, 748, 691 cm-1; 1H NMR (400 MHz, CDCl3)  7.68-7.63
(2H, m), 7.57-7.47 (3H, m), 2.73 (3H, s) ppm; 13C NMR (700 MHz, CDCl3) 
145.9 (0), 131.2 (1), 129.6 (2C, 1), 123.8 (2C, 1), 44.2 (3) ppm. 1H and 13C
spectra are in agreement with those previously reported by Li et al.24

HPLC analysis of [(±)-methylsulfinyl]-benzene was performed with a Daicel
Chiralcel® OD column (0.46 cm I.D. x 25 cm), eluting with 5% i-PrOH in
hexanes at 0.5 mL min–1 and monitored by UV at 254 nm, showed resolved
peaks: tret. (R) = 46.1 min, tret. (S) = 53.5 min. Analysis of the enantioenriched
material prepared as described above resulted in detection of only a single
enantiomer (≥99% ee).

Laboratory notebook reference: ALH-53
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[(±)-(chloromethyl)sulfinyl]-benzene: A solution of [(S)-methylsulfinyl]benzene (±)-29 (3.442 g, 24.55 mmol) and n-chlorosuccinimide (3.278 g, MW =
133.53 g/mol, 24.55 mmol) in dichloromethane (100 mL) were stirred at rt for 2
d. The reaction mixture was then partitioned between H2O (20 mL) and CH2Cl2
(10 mL). The aqueous phase was extracted with CH2Cl2 (15 mL x 3). The
combined organic extracts were washed with H2O (15 mL), brine (15 mL), dried
(Na2SO4), and concentrated in vacuo. The crude residue (4.949 g) was further
purified by column chromatography (eluting with 50% EtOAc in hexanes) to
yield the desired α-chlorosulfoxide (±)-15 (3.568 g, 20.43 mmol, 83.1%) as a
colorless oil: IR (neat) 3058, 3022, 2940, 1642, 1443, 1371, 1085, 1049, 739, 695
cm-1; 1H NMR (400 MHz, CDCl3)  7.74-7.68 (2H, m), 7.61-7.53 (3H, m), 4.41
(1H, d, J = 10.6 Hz), 3.98 (1H, d, J = 10.6 Hz) ppm; 13C NMR (700 MHz, CDCl3)
 141.2 (0), 132.4 (1), 129.6 (2C, 1), 125.0 (2C, 1), 61.5 (2) ppm; MS (CI) m/z
173.99017 (calcd. For C7H8ClOS: 173.99062). 1H spectra are in agreement with
those previously reported by Cadman et al.25

Laboratory notebook reference: ALH-43
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[(S)-(chloromethyl)sulfinyl]-benzene: To a stirring mixture of [(S)methylsulfinyl]-benzene (-)-29 (498 mg, 3.55 mmol) and K2CO3 (295 mg, MW =
138.205 g/mol, 2.13 mmol, 0.6 eq) in dichloromethane (10 mL) at rt was added
N-chlorosuccinimide (2.373 g, MW = 133.53 g/mol, 17.77 mmol, 5 eq.) in one
portion, and the reaction mixture stirred for 5 d. The reaction was quenched with
4% aq. NaI (10 mL) and sat. aq. Na2SO3 (10 mL) and the layers shaken and
separated. The aqueous phase was extracted with CH2Cl2 (10 mL x 3). The
combined organic extracts were washed with H2O (10 mL) and brine (10 mL),
dried (Na2SO4), and concentrated in vacuo. The crude residue (717 mg) was
further purified by column chromatography (eluting with 50% EtOAc in hexanes)
to yield the desired α-chlorosulfoxide (+)-15 (422 mg, 2.42 mmol, 68.1%) as a
colorless oil which later became a yellow solid: mp 43.0-45.0 ˚C (from conc. oil);
[α]D20 = +36 (c = 13.3, CDCl3); IR (neat) 3058, 3022, 2940, 1642, 1443, 1371,
1085, 1049, 739, 695 cm-1; 1H NMR (400 MHz, CDCl3)  7.74-7.68 (2H, m),
7.61-7.53 (3H, m), 4.41 (1H, d, J = 10.6 Hz), 3.98 (1H, d, J = 10.6 Hz) ppm; 13C
NMR (700 MHz, CDCl3)  141.2 (0), 132.4 (1), 129.6 (2C, 1), 125.0 (2C, 1), 61.5
(2) ppm; MS (CI) m/z 173.99017 (calcd. For C7H8ClOS: 173.99062).

HPLC analysis of [(±)-(chloromethyl)sulfinyl]-benzene was performed with a
Daicel Chiralcel® OD column (0.46 cm I.D. x 25 cm), eluting with 15% i-PrOH
in hexanes at 0.5 mL min–1 and monitored by UV at 254 nm, showed resolved
peaks: tret. (R) = 24.4 min, tret. (S) = 28.5 min. Analysis of the enantioenriched
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material prepared as described above revealed 73.4% ee. 1H spectra are in
agreement with those previously reported by Cadman et al.25

Laboratory notebook reference: ALH-60

[(1,1-dimethylethyl)sulfinyl]-benzene: A solution of [(±)(chloromethyl)sulfinyl]-benzene (±)-15 (491 mg, 2.81 mmol) in anhydrous
toluene (10 mL) at -78˚C was treated dropwise over 5 min. with tBuLi (1.08 mL,
2.60 M in pentane, 2.81 mmol) and stirred for 10 min. H2O (1.5 mL) was added
and the mixture warmed to rt, then partitioned between sat. aq. NH4Cl (10 mL)
and H2O (10 mL), and EtOAc (10 mL). The layers were shaken and separated and
the aqueous phase was extracted with EtOAC (3 x 10 mL). The combined organic
extracts were washed with H2O (10 mL) and brine (10 mL), dried (Na2SO4), and
concentrated in vacuo. The crude residue (427 mg) was further purified by
column chromatography (eluting with 30-100% EtOAc in hexanes) to yield the
sulfoxide (±)-45 (86 mg, 0.47 mmol, 17%) as a clear colorless oil which later
became a yellow solid: mp 43.0-46.8 ˚C (from conc. oil); IR (neat) 2925, 1641,
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1443, 1040, 750, 700, 521 cm-1; 1H NMR (400 MHz, CDCl3)  7.61-7.54 (2H,
m), 7.51-7.46 (2H, m), 1.17 (9H, s) ppm; 13C NMR (700 MHz, CDCl3)  140.2
(0), 131.3 (1), 128.5 (2C, 1), 126.5 (2C, 1), 55.9 (0), 23.0 (3C, 3) ppm. 1H and 13C
spectra are in agreement with those previously reported by Chen et al.26

Laboratory notebook reference: ALH-59

(Butylsulfinyl)benzene: A solution of [(±)-(chloromethyl)sulfinyl]-benzene (±)15 (538 mg, 3.08 mmol) in anhydrous tetrahydrofuran (10 mL) at -78˚C was
treated dropwise over 5 min. with n-BuLi (2.08 mL, 1.48 M in hexanes, 3.08
mmol) and stirred for 20 min. H2O (1.5 mL) was added and the mixture warmed
to rt, then partitioned between sat. aq. NH4Cl (10 mL) and H2O (10 mL), and
EtOAc (10 mL). The layers were shaken and separated and the aqueous phase was
extracted with EtOAC (3 x 10 mL). The combined organic extracts were washed
with H2O (10 mL) and brine (10 mL), dried (Na2SO4), and concentrated in vacuo.
The crude residue (521 mg) was further purified by column chromatography
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(eluting with 50-100% EtOAc in hexanes) to yield the sulfoxide (±)-46 (32 mg,
0.18 mmol, 5.7%) along with the α-chlorosulfoxide starting material as a clear
colorless oil: IR (neat) 2960, 2932, 2873, 1444, 1088, 1037, 751, 692 cm-1; 1H
NMR (400 MHz, CDCl3)  7.65-7.46 (5H, m), 2.84-2.75 (2H, m), 1.80-1.67 (1H,
m), 1.66-1.53 (1H, m), 1.53-1.36 (2H, m), 0.92 (3H, t, J = 7.3 Hz) ppm; 13C NMR
(700 MHz, CDCl3)  141.1 (0), 131.1 (1), 129.3 (2C, 1), 124.2 (2C, 1), 57.2 (2),
24.3 (2), 22.1 (2), 13.8 (3) ppm. 1H spectra are in agreement with those previously
reported by Yuan et al.27

Laboratory notebook reference: ALH-58

Sulfinyl dibenzene: A solution of [(±)-(chloromethyl)sulfinyl]-benzene (±)-15
(398 mg, 2.28 mmol) in anhydrous tetrahydrofuran (10 mL) at -78˚C was treated
dropwise over 7 min. with PhLi (1.77 mL, 1.74 M in n-butyl ether, 3.08 mmol)
and stirred for 30 min. H2O (1.5 mL) was added and the mixture warmed to rt,
then partitioned between sat. aq. NH4Cl (10 mL) and H2O (10 mL), and EtOAc
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(10 mL). The layers were shaken and separated and the aqueous phase was
extracted with EtOAC (3 x 10 mL). The combined organic extracts were washed
with H2O (10 mL) and brine (10 mL), dried (Na2SO4), and concentrated in vacuo.
The crude residue (627 mg) was further purified by column chromatography
(eluting with 40% EtOAc in hexanes) to yield the sulfoxide 47 (227 mg, 1.12
mmol, 36.6%) as a cloudy yellow oil which later became a yellow solid: mp 52.856.0 ˚C (from conc. oil); IR (neat) 3056, 1476, 1444, 1090, 1046, 755, 694, 536
cm-1; 1H NMR (400 MHz, CDCl3)  7.68-7.55 (4H, m), 7.50-7.41 (6H, m); 13C
NMR (700 MHz, CDCl3)  145.8 (2C, 0), 131.3 (2C, 1), 129.5 (4C, 1), 125.0 (4C,
1) ppm; MS (EI+) m/z 202 (M+H)+. 13C spectra are in agreement with those
previously reported by Chen et al.26

Laboratory notebook reference: ALH-76

Trans-1,2-diphenyl-1,2-ethanediol: To a stirring mixture of trans-stilbene 30
(1.8349 g, 10.180 mmol), n-methylmorpholine n-oxide (3.5407 g, MW = 117.147
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g/mol, 30.224 mmol), and acetone/H2O (8:1 mixture, 144 mL) was added osmium
(VI) tetroxide, 2.5 mg/mL in tBuOH (10 mL, 0.025 g, MW = 332.40 g/mol, 98
μmol, 1 mol%) at room temperature. The mixture was stirred for 22h before the
addition of sat. aq. NH4Cl (30 mL) and partitioning between EtOAc (50 mL) and
H2O (50 mL). The aqueous phase was extracted with EtOAc (15 mL x 3). The
combined organic extracts were washed with H2O (20 mL), brine (20 mL), dried
(Na2SO4), and concentrated in vacuo. The crude residue (2.327 g) was further
purified by column chromatography (eluting with 20% EtOAc in hexanes) to
yield the desired diol (±)-31 (2.066 g, 9.642 mmol, 94.72%) as a fluffy white
solid: mp 112.0-113.2 ˚C (conc. from EtOAc); IR (neat) 3372, 2920, 1454, 1052,
1004, 764, 698 cm-1; 1H NMR (400 MHz, CDCl3)  7.27-7.21 (2H, m), 7.17-7.11
(3H, m), 4.73 (1H, s), 2.78 (1H, s) ppm; 13C NMR (700 MHz, CDCl3)  140.1
(2C, 0), 128.4 (4C, 1), 128.2 (2C, 1), 127.1 (4C, 1), 79.3 (2C, 1) ppm. 1H and 13C
spectra are in agreement with those previously reported by Griffith et al.28

Laboratory notebook reference: ALH-49 and ALH-51
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(±)-2-Phenethyl-4,5-trans-diphenyl-1,3,2-dioxaborolane: A stirring mixture of
mechanically-activated Mg (9.902 g, 97.76 mmol) and I2 (0.022 g, 0.17 mmol) in
anhydrous THF (100 mL) at rt under Ar was treated with (2-bromoethyl)benzene
at a rate such that exotherm was initated and sustained, and the reaction mixture
turned black. After the temperature returned to rt, portions of the reaction mixture
were removed and titrated with benzyl alcohol, with 1,10-phenanthroline as the
indicator, at 0 ˚C, to find the desired Grignard reagent present at 2.03 M with a
total of 89 mL recovered (1.8 x 102 mmol, 90%).
A stirring solution of (2-phenylethyl)magnesium bromide (4.00 mL, 2.03 M in
THF, 8.12 mmol) with Et2O (20 mL) at -78 ˚C under Ar was treated dropwise
with triisopropyl borate (1.87 mL, d = 0.818 g/mL, 1.53 g, MW = 188.08 g/mol,
8.12 mmol). The stirring solution was allowed to warm slowly over 4 h to -40 ˚C,
before the addition of trans-1,2-diphenyl-1,2-ethanediol (±)-31 (0.871 g, MW =
214.263 g/mol, 4.07 mmol) in one portion. The stirring mixture was then allowed
to warm slowly to rt over 20 h. The mixture was then partitioned between aq.
NH4Cl (20 mL) and EtOAc (20 mL) and the layers were shaken and separated.
The aqueous phase was extracted with EtOAc (3 x 15 mL) and the combined
organic extracts were washed with H2O (20 mL) and brine (20 mL), dried
(Na2SO4), and conc. in vacuo. The crude residue (1.407 g) was further purified by
column chromatography (eluting with 30% EtOAc in hexanes) to yield the
boronate (±)-37 (1.011 g, 3.080 mmol, 75.7%) as a faint-yellow oil: IR (neat)
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2095, 1638, 1384, 1020, 756, 697 cm-1; 1H NMR (400 MHz, CDCl3)  7.40-7.27
(15H, m), 5.12 (2H, s), 2.93 (2H, t, J = 8.0 Hz), 1.46 (2H, dd, J = 8.4, 7.3 Hz)
ppm; 13C NMR (700 MHz, CDCl3)  144.3 (0), 140.5 (2C, 0), 129.0 (4C, 1),
128.6 (2C, 1), 128.5 (2C, 1), 128.3 (2C, 1), 125.91 (4C, 1), 125.88 (1), 86.6 (2C,
1), 30.2 (2) ppm; MS (EI+) m/z 328; HRMS (EI+) m/z 328.16214 (calcd. for
C22H21O2B: 328.16347).

Laboratory notebook reference: ALH-61 and ALH-62

(±)-2-Phenethyl-4,5-trans-diphenyl-1,3,2-dioxaborolane: A stirring mixture of
mechanically-activated Mg (9.902 g, 97.76 mmol) and a few small I2 chips in
anhydrous THF (100 mL) at rt under Ar was treated with (3-iodopropyl)benzene
and heated to a gentle reflux at 55 ˚C for 30 min. After the temperature returned
to rt, portions of the reaction mixture were removed and titrated with benzyl
alcohol, with 1,10-phenanthroline as the indicator, at 0 ˚C, to find the desired
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Grignard reagent present at a concentration of 101 mM with a total of 33.2 mL of
reaction mixture (3.35 mmol, 72.4%).
A stirring solution of (3-pheynylpropyl)magnesium iodide (25.2 mL, 101 mM in
THF, 2.55 mmol) with Et2O (10 mL) at -78 ˚C under Ar was treated dropwise
over 5 min. with triisopropyl borate (586 μL, d = 0.818 g/mL, 479 mg, MW =
188.08 g/mol, 2.55 mmol). The stirring solution was allowed to warm slowly over
4 h to -40 ˚C, before the addition of trans-1,2-diphenyl-1,2-ethanediol (±)-31 (485
mg, MW = 214.263 g/mol, 2.26 mmol) in one portion. The stirring mixture was
then allowed to warm slowly to rt over 16 h. The mixture was then partitioned
between aq. NH4Cl (20 mL) and EtOAc (20 mL) and the layers were shaken and
separated. The aqueous phase was extracted with EtOAc (3 x 15 mL) and the
combined organic extracts were washed with H2O (20 mL) and brine (20 mL),
dried (Na2SO4), and conc. in vacuo. The crude residue (697 mg) was further
purified twice by column chromatography (eluting with 30-100% EtOAc in
hexanes, 0-100% EtOAc in hexanes) to yield a mixture with the boronate (±)-38
(16 mg, ˂47 μmol, 2.1%) as a yellow oil: IR (neat) 2924, 1642, 1384, 1210, 1009,
698 cm-1; 1H NMR (400 MHz, CDCl3)  7.41-7.12 (15H, m), 5.14 (2H, s), 2.73
(2H, td, J = 7.6, 3.6 Hz), 1.92 (2H, p, J = 7.8 Hz), 1.12 (2H, t, J = 7.9 Hz) ppm;
C NMR (700 MHz, CDCl3)  142.7 (0), 140.5 (2C, 0), 129.0 (4C, 1), 128.8 (2C,
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1), 128.5 (2C, 1), 128.4 (2C, 1), 125.92 (4C, 1), 125.87 (1), 86.5 (2C, 1), 38.7 (2),
26.1 (2) ppm, RCH2B not identified; 11B NMR (400 MHz, CDCl3)  36 ppm.
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Laboratory notebook reference: ALH-82

(±)-2-Phenyl-4,5-trans-diphenyl-1,3,2-dioxaborolane: To a mixture of trans1,2-diphenyl-1,2-ethanediol (±)-31 (1.0718 g, 5.0022 mmol), phenylboronic acid
(610.1 mg, 5.004 mmol), and anhydrous Na2SO4 (710.8 g, MW = 142.04, 5.004
mmol) at rt was added Et2O (5.0 mL) and stirring initiated. After stirring at rt for
25 h, the reaction mixture was filtered and the filtrate rinsed with Et2O. The
solution was then conc. in vacuo. The crude residue (1.525 g) was further purified
by column chromatography (eluting with 5-40% EtOAc in hexanes) to yield the
boronate (±)-41 (1.3203 g, 4.3986 mmol, 87.90%) as an off-white oil which
quickly became an off-white solid: mp 86.0-88.1 ˚C (from conc. oil); IR (neat)
3032, 2918, 1604, 1498, 1439, 1351, 1200, 1095, 1027, 698 cm-1; 1H NMR (400
MHz, CDCl3)  8.02-7.98 (2H, m), 7.58-7.52 (1H, m), 7.48-7.33 (12 H, m), 5.35
(2H, s) ppm; 13C NMR (700 MHz, CDCl3)  140.5 (2C, 0), 135.4 (2C, 1), 132.1
(2C, 1), 129.0 (2C, 1), 128.6 (1), 128.2 (1), 126.0 (2C, 1), 87.1 (2C, 1) ppm; 11B
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NMR (400 MHz, CDCl3)  32 ppm. 1H, 13C, and 11B spectra are in agreement
with those previously reported by Georgiou et al.29

Laboratory notebook reference: ALH-80

(±)-2-Cyclohexyl-4,5-trans-diphenyl-1,3,2-dioxaborolane: To a stirring mixture
of trans-1,2-diphenyl-1,2-ethanediol (±)-31 (2.1516 g, 9.5751 mmol) in Et2O at rt
was added anhydrous Na2SO4 (1.3600 g, MW = 142.04, 9.5747 mmol) and
cyclohexyl boronic acid (1.2254 g, 9.5749 mmol). After stirring at rt for 23 h, the
reaction mixture was filtered and the filtrate rinsed with Et2O. The solution was
then conc. in vacuo. The crude residue (2.821 g) was further purified by column
chromatography (eluting with 10% EtOAc in hexanes) to yield the boronate (±)42 (2.7909 g, 9.1143 mmol, 95.190%) as a colorless oil: IR (neat) 3063, 3031,
2925, 2848, 1496, 1388, 1016, 759, 697 cm-1; 1H NMR (400 MHz, CDCl3) 
7.42-7.26 (10H, m), 5.14 (2H, s), 1.91-1.83 (2H, m), 1.77-1.48 (5H, m), 1.46-1.25
(4H, m) ppm; 13C NMR (700 MHz, CDCl3)  141.0 (2C, 0), 129.0 (4C, 1), 128.4
(2C, 1), 125.8 (4C, 1), 86.5 (2C, 1), 28.3 (2C, 2), 27.4 (2C, 2), 27.0 (2) ppm,
R2CHB not identified; 11B NMR (400 MHz, CDCl3)  35 ppm; HRMS (EI+) m/z
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307.1869 (calcd. for C20H24O2B: 307.1869). 11B spectrum is in agreement with
that previously reported by Georgiou et al.29

Laboratory notebook reference: ALH-121 and ALH-122

(±)-2-Cyclohexylmethyl-4,5-trans-diphenyl-1,3,2-dioxaborolane: To a stirring
mixture of (±)-2-Cyclohexyl-4,5-trans-diphenyl-1,3,2-dioxaborolane (±)-42
(925.8 mg, 3.023 mmol) and [(S)-(chloromethyl)sulfinyl]-benzene (±)-15 (524.4
mg, 3.003 mmol) in anhydrous THF (3.00 mL) at -78 °C was added n-BuLi
(1.300 mL, 2.31 M in hexanes, 3.00 mmol) dropwise over ~5 min, causing the
clear solution to turn yellow and then orange. After stirring for 4 h and allowing
to warm slowly to -18 °C, room-temperature sat. aq. NH4Cl (6 mL) was added,
causing the solution to turn yellow and form a cloudy precipitate. The mixture
was stirred for 15 min. and partitioned between EtOAc (25 mL) and H2O (25 mL)
and the aqueous layer extracted with EtOAc (3 × 10 mL). The combined organic
extracts were washed with H2O (10 mL) and brine (10 mL), dried (Na2SO4), and
conc. in vacuo. The crude residue (1.481 g) was further purified by column
chromatography (eluting with 10% EtOAc in hexanes to 40% EtOAc in hexanes)
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to yield the cyclohexylmethyl boronate along with leftover cyclohexyl boronate
(0.786 g) as a faint-yellow oil. The mixture was further purified by HPLC, eluting
with 100% acetonitrile on a 10 × 150 mm C18 prep-scale column. Combining
fractions from multiple iterations yielded the desired product (±)-43 with some
traces of the cyclohexyl boronate (±)-42 (˂30.1 mg, ˂94.0 µmol, ˂3.13%) as a
colorless oil: IR (neat) 3066, 3033, 2919, 2852, 1385, 1015, 759, 697 cm-1; 1H
NMR (400 MHz, CDCl3)  7.45-7.28 (10H, m), 5.18 (2H, s), 1.94-1.83 (2H, m),
1.80-1.64 (4H, m), 1.40-1.27 (3H, m), 1.26-1.16 (1H, tt, J = 12.3, 3.2 Hz), 1.161.1.09 (1H, m), 1.06 (2H, d, J = 7.1 Hz) ppm; 13C NMR (700 MHz, CDCl3) 
140.7 (2C, 0), 129.0 (4C, 1), 128.4 (4C, 1), 125.9 (2C, 1), 86.5 (2C, 1), 36.22 (2),
36.20 (2C, 2), 34.4 (1), 26.8 (2C, 2), 26.5 (2) ppm; 11B NMR (400 MHz, CDCl3)
 35 ppm; HRMS (ES+) m/z 321.1962 (calcd. for C21H26O2B: 321.2026).
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