]O C The Journal of Organic Chemistry

Heo

pubs.acs.org/joc

Mechanism and Origins of Stereoselectivity of the Aldol-Tishchenko

Reaction of Sulfinimines

Aneta Turlik, Kaori Ando, Pamela Mackey, Emma Alcock, Mark Light, Gerard P. McGlacken,*

and K. N. Houk*

Cite This: J. Org. Chem. 2021, 86, 4296-4303

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Density functional theory computations have
elucidated the mechanism and origins of stereoselectivity in
McGlacken’s aldol-Tishchenko reaction for the diastereoselective
synthesis of 1,3-amino alcohols using Ellman’s t-butylsulfinimines

as chiral auxiliaries. Variations of stereochemical outcome

are

dependent on the nature of the ketone starting materials used, and
the aspects leading to these differences have been rationalized. The
intramolecular hydride transfer step is the rate- and stereo-

chemistry-determining step, and all prior steps are reversible.

he aldol-Tishchenko reaction is a powerful means for
construction of 1,3-diols through the stereoselective
reaction of an enolate with 2 equiv of aldehyde. While this
type of reaction has been known for over 100 years,' it was
only in the 1990s that a mechanistic understanding of the
transformation was developed.” In subsequent years, the use of
chiral ligands, such as BINOLs and cinchona alkaloids, made
asymmetric variants possible.’
In 2015, McGlacken and co-workers reported the stereo-
selective synthesis of 1,3-amino alcohols through an aldol-
Tishchenko process (Scheme 1).* Diastereoselectivity was

Scheme 1. Synthesis of 1,3-Diols via the Aldol-Tishchenko
Reaction
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e Hydride transfer is the rate- and stereochemistry-determining step

imparted through the use of t-butylsulfinimines, the Ellman
auxiliaries.” After an initial aldol reaction (1 to 2), the resulting
alkoxide reacts with another equivalent of the aldehyde (2 to
3), followed by an intramolecular hydride transfer, to produce
the sulfinamide (4). The ester and the chiral auxiliary can then
be cleaved to produce a 1,3-amino alcohol.

A variety of substrate classes could be used to form the
aldol-Tishchenko product in high yield and diastereoselectiv-
ity, including sulfinimines derived from propiophenone,
acetophenone, and dimethylcyclopentanone (Scheme 2).
Surprisingly, the diastereochemical outcome of the reactions
was different depending on the starting material: whereas all
substrates produced the 1,3-anti product, the relative stereo-
chemistry of the sulfinimine ¢-Bu group and the amine was anti
in the case of the propiophenone-derived substrates, and syn in
the case of the acetophenone- and dimethylcyclopentanone-
derived sulfinimines.

These substrates differ both by the identity of the aldehyde
that reacts with the sulfinimine, as well as by the substitution of
the starting material. Experimentally, the use of pivaldehyde
was not successful with the propiophenone-derived starting
materials, and benzaldehyde was not successful with
acetophenone-derived substrates, and thus these factors
could not be easily disentangled through experimental studies.

We now report computational studies of the mechanism to
determine what factors control the stereoselectivity of the

Received: December 2, 2020
Published: February 15, 2021

https://dx.doi.org/10.1021/acs.joc.0c02862
J. Org. Chem. 2021, 86, 4296—4303


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aneta+Turlik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaori+Ando"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pamela+Mackey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emma+Alcock"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Light"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+P.+McGlacken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+N.+Houk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+N.+Houk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.joc.0c02862&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02862?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02862?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02862?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02862?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02862?fig=agr1&ref=pdf
https://pubs.acs.org/toc/joceah/86/5?ref=pdf
https://pubs.acs.org/toc/joceah/86/5?ref=pdf
https://pubs.acs.org/toc/joceah/86/5?ref=pdf
https://pubs.acs.org/toc/joceah/86/5?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02862?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02862?fig=sch1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c02862?ref=pdf
https://pubs.acs.org/joc?ref=pdf
https://pubs.acs.org/joc?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

The Journal of Organic Chemistry

pubs.acs.org/joc

Scheme 2. Divergent Stereochemical Results with Different
Substrate Classes
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- What is the source of divergent stereoselectivity for different
substrate classes?
- What factors control selectivity?

reaction. In particular, we sought to determine why (1) the
1,3-anti product is favored in all cases and (2) the
stereochemistry is different for different types of substrates.
Furthermore, the stereochemical orientation of products from
dimethylcyclopentanone-derived substrates has been unequiv-
ocally identified using crystallography. Despite the fact that
deprotonation occurs at a methylene rather than a methyl
group, the stereochemistry matches that of the acetophenone-
derived substrates, not the propiophenone-derived ones. Again,
this has been rationalized using extensive calculation.

DFT calculations were performed with Gaussian 16°
analyze what factors control the stereoselectivity for dlfferent
substrates. For each structure, an extensive conformer search
was performed with CREST’ to locate the lowest-energy
conformer of reactants and transition states. Geometry
optimizations were performed with the B3LYP functional,®
augmented with Grimme’s D3 empirical dispersion term,” and
the 6-31G(d) basis set. Frequency calculations confirmed the
optimized structures as minima (zero imaginary frequencies)
or transition state structures (one imaginary frequency) on the
potential energy surface. Intrinsic reaction coordinate (IRC)
calculations were performed in order to connect the transition
states to the reactants and the products. Single pomt energles
were calculated using M06-2X-D3/6-311+G(d,p),"’ and a
quasi-harmonic correction was applied using the GoodVibes
program."!

Experimental studies of the aldol-Tishchenko reaction by
McGlacken and co-workers have shown that the steps leading
to the final intramolecular reduction step are reversible, and
that the reduction step determines the stereochemical outcome
of the reaction. Thus, our calculations were focused on the
reduction step in order to determine why a change in
stereochemistry was observed between the propiophenone
substrates compared to the acetophenone and dimethylcyclo-
pentanone substrates, as well as what factors control selectivity.
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We first examined the propiophenone-derived sulfinimine,
which formed product 6 in 87% yield and 84:16 dr (Figure
1).* In this case, one major diastereomer was observed out of a

a) Propiophenone derivative leads to anti-1,3-amino alcohol product
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b) Starting materials pre-intramolecular hydride transfer
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c) Transition state structures for intramolecular hydride transfer
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Figure 1. (a) Aldol-Tishchenko reaction of propiophenone-derived
sulfinimine. (b) Free energies of starting material structures with
various explicit solvation models. (c) Transition states for intra-
molecular hydride transfer reactions with various explicit solvation
models.

possible eight. The absolute stereochemistry of the major
diastereomer was confirmed by X-ray crystallographic analysis
as the (S,R,R,R)-diastereomer. The absolute configuration of
the minor diastereomer has not been determined.

Various solvation models were evaluated for computational
modeling of the intramolecular hydride step of the reaction
sequence. Inclusion of explicit solvents has been shown to be
important for calculations of other Li complexes."” The
starting material for hydride transfer wherein Li is coordinated
to two THF molecules was lowest in energy, compared to the
mono-solvated (AAG = 3.7 kcal/mol) and unsolvated (AAG
10.9 kcal/mol) systems. However, the activation barriers
(AGrg) for the reduction step using the unsolvated, mono-
solvated, and di-solvated complexes were similar: 14.6, 14.0,
and 14.5 kcal/mol, respectively. In the mono-solvated complex,
the lithium cation is tetra-coordinated and bound to one THF

molecule, two O-atoms, and the N-atom. In the di-solvated

https://dx.doi.org/10.1021/acs.joc.0c02862
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case, the lithium cation loses N-coordination but remains tetra-
coordinated, which lowers the energy of the complex. The di-
solvated lithium complex was found to be the lowest in energy
and was thus used for comparison of the factors affecting the
hydride transition states for various substrates.

The formation of eight different diastereomers is possible in
the aldol-Tishchenko reaction of propiophenone-derived
starting material S. The transition state barriers for all eight
diastereomers were calculated, and the three lowest-energy
transition states are shown in Figure 2. Consistent with
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Figure 2. Transition state structures leading to the formation of three
stereoisomers in the propiophenone series with the lowest-energy
transition state barriers.

experimental results, formation of product (S,R,R,R)-6
proceeds with the lowest-energy transition state barrier (14.5
kcal/mol). The difference between the two lowest transition
state barriers (0.6 kcal/mol) is consistent with the
experimental dr of 86:14 and would correspond to a dr of
84:16 at —78 °C and 78:22 at —20 °C.

The reaction leading to major product (S,R,R,R)-6 proceeds
via a six-membered chair transition state (TS-2a) in which
each of the substituents is placed in an equatorial orientation
around the six-membered ring (Figure 2). In the lowest-energy
transition state, the t-Bu group is optimally orientated away
from the ring in order to avoid unfavorable steric interactions.
This dictates the relationship between the S and C-N
stereocenters. The relative relationship between the stereo-
centers at Cl and C3 is trans in the transition state for
formation of the major product because this allows for the Ph
group to be equatorial in the chairlike transition state. The
transition states toward hydride transfer were also calculated
for the second and third major contributors to the
diastereomeric distribution. The second-lowest-energy tran-
sition state (TS-2b, AAGF = 0.6 kcal/mol) leads to the
stereochemistry analogous to that observed in the acetophe-
none-derived substrates. In this transition state structure, an
unfavorable steric interaction exists between the equatorial
methyl group and the t-Bu group of the sulfinimine, with a
distance of 2.34 A between these two groups. The penalty for
placing the methyl substituent in an axial orientation is 0.9
kcal/mol, leading to TS-2c.
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In the cases of the propiophenone substrate, the transition
states containing the Z-isomer of the imine led to the major
diastereomers of product. Computational results revealed that
transition states containing the E-isomer were significantly
higher in energy. For example, the transition state leading to
the experimentally confirmed major diastereomer (S,R,R,R)-6
using the E-isomer was found to be higher in energy by 6.4
kcal/mol in comparison to the Z-isomer (Figure 3). This may
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Figure 3. Comparison between E- and Z-isomers for the
propiophenone series.

be due to the steric interactions between the sulfinimine ¢t-Bu
group and the C2 methyl group, which are only 2.28 A apart.
In addition, calculations predict that hydride transfer reactions
in which only the E-isomer of the sulfinimine is accessible
would lead predominantly to formation of a different
diastereomer (S,S,S,S), which is inconsistent with experimental
results. We thus conclude that the transition state for
intramolecular hydride transfer in the propiophenone-derived
series proceeds with the Z-isomer of the sulfinimine.

Experimentally, acetophenone substrate 7 formed product 8
in 70% vyield and 91:9 dr (Figure 4).° The absolute
stereochemistry of the major diastereomer was assigned as
(5,5,S) using X-ray crystallographic data.® A reversal of
absolute stereochemistry was observed for the acetophenone
series (at C1 and C3) in comparison to the propiophenone
series. In this system, there is a potential for the formation of
four diastereomers, but only two diastereomers were observed
under the reaction conditions. The absolute stereochemistry of
the minor diastereomer was tentatively assigned (S,R,R) by
comparison of all four diastereomerically pure samples, using
'H NMR and “C NMR data.

A similar DFT analysis was performed for the acetophenone
derived reaction (Figure 4). In this case, transition state TS-3b
leading to formation of minor product (S,R,R)-8 is higher in
energy than transition state TS-3a-E, which leads to formation
of the major product, by 2.4 kcal/mol. This calculated
difference overestimates the diastereoselectivity of the reaction
(91:9 dr), as it would correspond to a selectivity of over 99%,

https://dx.doi.org/10.1021/acs.joc.0c02862
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a) Acetophenone derivative leads to anti-1,3-amino alcohol product
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b) Transition states for intramolecular hydride transfer leading to the
formation of two isomers of product
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Figure 4. DFT calculations of transition states for hydride transfer in
the acetophenone series.

but is consistent with the correct stereochemical outcome. As
depicted in Figure 4, unfavorable steric interactions between
the large t-Bu groups appended to the six-membered ring and
the THF molecules on Li in the minor transition state (TS-3b)
lead to preference for formation of the major diastereomer
through TS-3a-E, where these interactions are not present. In
TS-3b, the distance between the ¢t-Bu group at C3 and the
THF molecule is 2.27 A. The t-Bu group of the sulfinimine is
also positioned closer to the Ph group attached to the imine. In
the case of the acetophenone-derived substrates, the E-isomer
is strongly preferred to the Z-isomer (by 12.6 kcal/mol) in
order to avoid unfavorable steric interactions between the ¢t-Bu
group of the sulfinimine and the #-Bu group of the ester.

In order to test our hypothesis that the additional methyl
substituent on the propiophenone substrate plays the main role
in reversing the selectivity, and not the t-Bu vs Ph substituents
on the aldehyde that participates in the aldol-Tishchenko
reaction, we performed calculations using substrates lacking
this methyl group (Figure 5). Indeed, when the methyl group
was removed, the lowest-energy product was the one in which
the relative stereochemistry of the sulfinimine t-Bu group and
the amine was syn, as in the acetophenone-derived substrates,
thus leading to a reversal of selectivity. The transition state
barrier toward formation of the syn product was 2.1 kcal/mol
lower than that toward formation of the anti product, which is
close to the difference in transition state barriers for the two
products formed from the acetophenone-derived substrates
(TS-3a-E vs TS-3b, AAG* = 2.4 kcal/mol). Here, similar
factors influence selectivity as in the acetophenone case
(Figure 4). This suggests that substitution at C2 leads to the
reversal of selectivity.

Analysis of these substrates computationally also allows for a
direct comparison of the effects of the substituents derived
from the aldehyde component (Ph in the reaction of S to 6 and

TS-4a TS-4b

AAGT = 0 kcal/mol AAGH = 2.1 kcal/mol

THF ¥ JHF ¥
i—Q QrLi—THF
Li i\
THEV Yy S\
0. /°~tBu Ba® No
LN -
ph7 |0 Ph Ph =7 pn
e H-7 0
Ph

Figure 5. Comparison of des-methyl propiophenone series, and
effects of t-Bu vs Ph substituents.

t-Bu in the reaction of 7 to 8). These model substrates in effect
replace the Ph substituents in TS-3 with ¢-Bu substituents. The
stereochemical outcome is the same in the case of both t-Bu
and Ph, with similar AAG¥ for both (2.1 vs 2.4 kcal/mol).
These results suggest that the steric and electronic differences
between the ¢t-Bu and Ph groups do not have a significant effect
on stereoselectivity.

A similar analysis was performed with dimethylcyclopentyl
substrate 9 (Figure 6). For this substrate, very good yields and
excellent stereoselectivities were observed experimentally using

a) Model reaction for dimethylcyclopentane substrate 10

i)LDA,0°C, 1h

R » Me. 2
Ph
ii) PhCHO Me ¢

-78 °C to -20 °C
9 10
>98:2 dr, 82% yield

b) Transition states leading towards the formation of three isomers of
product of the dimethylcyclopentyl series
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Figure 6. DFT studies of the transition states for hydride transfer in
the dimethylcyclopentyl series.
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pivaldehyde and benzaldehyde as aldol acceptors. The reaction
of dimethylcyclopentyl sulfinimine 9 and benzaldehyde was
chosen as our model. To investigate the origin of stereo-
selectivity for this reaction, eight transition states were located,
three of which are shown in Figure 6. McGlacken and co-
workers had tentatively assigned the stereochemistry by
analogy to the propiophenone substrate, the (S,R,.RR)-6’,
because a crystal structure could initially not be obtained.®
This stereochemistry would be obtained from a fully equatorial
arrangement of the substituents during the six-membered ring
transition state.

A high-energy transition state barrier was obtained for the
product with stereochemistry analogous to that of the
propiophenone-derived product (TS-5c). This transition
state was 20.3 kcal/mol higher in energy than the lowest-
energy transition state TS-Sa and led to product (S,R,R,R)-10.
One of the lowest energy transition states, TS-Sb is 2.7 kcal/
mol higher in energy than the lowest-energy transition state,
TS-5a. This energy difference corresponds to a dr of 99.9:0.1
at =78 °C and 99.5:0.5 at —20 °C and is thus consistent with
the experimental dr of >98:2. Structure TS-5b differs from TS-
Sc by the stereochemistry of C2, which shows that the
equatorial orientation of the cyclopentyl ring is highly
disfavored.

The stereoselectivity of this reaction is in line with that of
the acetophenone substrate, and similar steric interactions
disfavor the minor diastereomer. Although an extra substituent
is present at the C2 position, as in the propiophenone-derived
substates, this substituent causes lesser steric strain when it is
in the axial position. Conversely, the equatorial configuration
of the cyclopentyl ring in TS-Sc leads to highly unfavorable
steric interactions between the t-Bu group of the sulfinimine
and the t-Bu group on the cyclopentyl ring.

Further analysis of the NMR spectra suggests that the
stereochemistry between positions C2 and C3 is syn, as
evidenced by the low coupling constant between the protons at
these positions. The high coupling constant between the
protons at C1 and C2 suggests an anti relationship. Compound
(S,S,R,S)-10, which is formed through TS-Sa, satisfies both of
these criteria.

The computationally predicted orientation of the dimethyl-
cyclopentanone-derived products matched that of acetophe-
none rather than propiophenone-derived compounds, despite
the fact that the nature of the deprotonation site is methylene
rather than methyl. This somewhat surprising result merited a
renewed attempt to crystallize some of the aldol-Tishchenko
products from this series. Indeed, we obtained crystal
structures of the products of the reactions of dimethylcyclo-
pentyl imine 9 with 4-fluorobenzaldehyde and 4-methylben-
zaldehyde. These crystal structures matched the computation-
ally predicted stereochemistry, as in compound (S,S,R,S)-10.
Similarly, the use of other benzaldehyde derivatives led to
products with high diastereoselectivity (Table 1).

The factors governing the selectivities of the aldol-
Tishchenko reactions were determined by DFT calculations.
Experimental investigations revealed an initial nonselective
aldol step, and our computational studies focused on the
irreversible and selectivity-determining intramolecular hydride
transfer. These studies showed that the relationship between
the C1 and C3 stereocenters is preferentially anti because this
allows for the Ph or t-Bu group on C3 to be equatorial in the
chairlike transition state. The cis/trans relationship between
the S—t-Bu of the sulfinimine and C1-N is correlated to
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Table 1. Products of Aldol-Tishchenko Reactions of
Dimethylcyclopentyl Sulfinimine 9 with Aldehydes

F -Pr
o vé 't-Bu
;}( e s ZS<
o NG 0

t-Bu

\
o“>w o 0“0 o
Me, 2 Me, 2
Me H Me $

F i-Pr
12 12 13
91:9 dr, 60% yield (X-ray) 91:9 dr, 61% yield

Me F3
't-Bu ‘-Bu
S S
0“"“NH 0" Yo 0" >NH 0" Yo
Me, A Me. ~
Me’ 3 Me’ 3

Me

14
(X-ray)

14 5
88:12 dr, 52% yield >99:1 dr, 43% yield

whether the transition state proceeds via the Z- or E-isomer of
the sulfinimine: the anti product is formed through the Z-
isomer, and the syn product is formed through the E-isomer. In
the propiophenone-derived series, unfavorable steric inter-
actions between the equatorial methyl group at C2 with the ¢-
Bu group of the sulfinimine prevent the stereochemical
outcome analogous to that observed with the acetophenone-
derived substrates, and thus lead to a reversal of stereo-
selectivity.

Our study explains the origin of stereoselectivity for the
aldol-Tishchenko reaction of sulfinylimines and provides a
guide to the selectivities expected for related reactions. In
addition, we demonstrate the power of the interplay between
computational and synthetic chemistry for predictions of
stereochemical outcome and structure determination.

B EXPERIMENTAL SECTION

General Information. Solvents were dried and stored over flame-
dried 4 A molecular sieves (10—15% w/v) in a Young’s flask. The
concentration of n-BuLi in hexanes was determined by titration with
diphenylacetic acid. All aldehydes were freshly distilled prior to use
and stored under an inert atmosphere. All other reagents were
purchased from Sigma-Aldrich, Fluorochem, Alfa Aesar, and Acros
unless otherwise noted. All nonaqueous reactions were carried out
under an oxygen-free nitrogen atmosphere using oven-dried glassware.

Wet flash column chromatography was carried out using Kieselgel
silica gel 60, 0.040—0.063 mm (Merck). Thin layer chromatography
(TLC) was carried out on precoated silica gel plates (Merck 60
PF254). Visualization was achieved by UV and potassium
permanganate staining. Melting points were measured on a Thomas
Hoover Capillary Melting Point apparatus. Infrared (IR) spectra were
recorded on a PerkinElmer FT-IR Paragon 1000 spectrophotometer.

NMR spectra were run in CDCI; using TMS as the internal
standard at 25 °C. 'H NMR (600 MHz) spectra, '"H NMR (400
MHz) spectra, and '"H NMR (300 MHz) spectra were recorded on
Bruker Avance 600, Bruker Avance 400, and Bruker Avance 300 NMR
spectrometers, respectively. *C (150.9 MHz) spectra, *C (100.6
MHz) spectra, and 3C (75.5 MHz) spectra were recorded on Bruker
Avance 600, Bruker Avance 400, and Bruker Avance 300 NMR
spectrometers, respectively, in proton decoupled mode. All spectra
were recorded at University College Cork. Chemical shifts dy; and d¢
are expressed as parts per million (ppm), positive shift being
downfield from TMS; coupling constants (J) are expressed in hertz
(Hz). Splitting patterns in 'H NMR spectra are designated as s
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(singlet), br s (broad singlet), d (doublet), dd (doublet of doublets),
dt (doublet of triplets), t (triplet), q (quartet), quin (quintet), sext
(sextet), sept (septet), and m (multiplet). For *C NMR spectra, the
number of attached protons for each signal was determined using the
DEPT pulse sequence run in the DEPT-90 and DEPT-135 modes.
COSY, HSQC, and HMBC experiments were performed to aid the
NMR assignment of novel chemical structures.

Low-resolution mass spectra were recorded on a Waters Quattro
Micro triple quadrupole instrument in electrospray ionization (ESI)
mode using 50% acetonitrile-water, containing 0.1% formic acid as the
mobile phase. Samples were made up in acetonitrile at a
concentration of ca. 1 mg/mL. High-resolution mass spectra were
recorded on a Waters LCT Premier TOF LC-MS instrument in
electrospray ionization (ESI) mode using 50% acetonitrile-water,
containing 0.1% formic acid as the mobile phase. Samples were made
up in acetonitrile at a concentration of ca. 1 mg/mL.

Optical rotations were recorded on a DigiPol 781 TDV Polarimeter
at 589 nm or on an Autopol V Plus Automatic Polarimeter at 589 nm
in a 10 cm cell. Concentrations (c) are expressed in g/100 mL; [a] is
the specific rotation of a compound and is expressed in units of 107"
deg cm® g™'. The specific rotations were recorded to indicate the
direction of enantioselection, and optically active samples are
numbered with either (+)- or (—)- as prefix.

Single crystal X-ray data were collected at the University of
Southampton using a Rigaku AFC12 FRE-HF diffractometer
equipped with an Oxford Cryosystems low-temperature device,
operating at T = 100 K. The structure was solved with the ShelXT
(Sheldrick, 2015) structure solution program using the Intrinsic
Phasing solution method and by using Olex2 as the graphical
interface. The model was refined with version 2016/6 of ShelXL
(Sheldrick, 2015) using Least Squares minimization. Most hydrogen
atom positions were calculated geometrically and refined using the
riding model, but some hydrogen atoms were refined freely.

"H NMR spectra, *C NMR spectra, and LRMS and IR analyses
were recorded for all previously prepared compounds. For novel
compounds, in addition to the previously mentioned analysis, HRMS
was also obtained.

In most cases, it was possible to separate the diastereomers;
however, the yield reflects the mixture of diastereomers. The major
diastereomer was fully characterized in all cases. Diastereoselectivity
was determined by analysis of the '"H NMR spectrum of the crude
reaction mixture.

Synthesis of Starting Materials. General Procedure for the
Synthesis of (S)-tert-Butyl Sulfinimine. To a solution of titanium
ethoxide (2.0 equiv) in THF (4 mL per mmol of ketone) were added
ketone (1.0 equiv) and (S)-tert-butanesulfinamide (1.0 equiv). The
resulting mixture was heated at reflux using an oil bath. The reaction
progress was monitored by TLC analysis. Once the reaction had gone
to completion, brine (4 mL per mmol of ketone) was added and
allowed to stir vigorously for 30 min. The slurry was then filtered
through a pad of Celite and thoroughly washed with Et,O. The
organic layer was dried over anhydrous MgSO,, filtered, and
concentrated under reduced pressure to afford the crude (S)-tert-
butyl sulfinimine which was purified using column chromatography
on silica gel.

(S,E)-2-Methyl-N-(2,2-dimethylcyclopentylidene)propane-2-sulfi-
namide, 9. Compound 9 was prepared using 2,2-dimethylcyclopen-
tanone (1.12 mL, 8.9 mmol) and (S)-tert-butanesulfinamide (1.08 g,
8.9 mmol) according to the previously reported procedure.” The
crude compound was purified using column chromatography on silica
gel (3:1, hexane:EtOAc) to give the title compound 9 as a pale yellow
oil (1.19 g, 62%). Spectroscopic characteristics were consistent with
previously reported data.* [a]3’ +217.20 (¢ 0.5, CHCL,) (lit.* [a]}
+239.0 (¢ 1.0, CHCly)). IR v,,,. (NaCl): 1636 (C=N stretch), 1089
(S=O stretch) cm™". "H NMR (300 MHz, CDCL,) & 3.07-2.95 (1H,
ddd, J = 19.3, 8.4, 1.1 Hz), 2.69—2.57 (1H, ddd, ] = 19.4, 8.0, 1.6 Hz),
1.69-1.60 (2H, m), 1.91-1.76 (2H, m), 1.24 (9H, s), 1.12, 1.11 (2 X
3H, s) ppm. °C NMR{'H} (75.5 MHz, CDCl;) & 198.2, 56.7, 46.8,
38.7, 329, 26.3, 26.0, 22.3, 21.4 ppm. MS (ESI) m/z: 216 (M + H)".
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Synthesis of Products. To a Schlenk tube under a N, atmosphere,
containing diisopropylamine (1.2 equiv) in anhydrous THF (S mL),
was added n-BuLi (1.1 equiv) at 0 °C. The mixture was allowed to stir
at 0 °C for 20 min to generate a solution of LDA. tert-
Butanesulfinimine 9 (1.0 equiv) was then added slowly (neat),
dropwise at 0 °C. After the reaction mixture was allowed to stir for 1 h
at 0 °C, the solution was cooled to —78 °C and freshly distilled
aldehyde (3.0 equiv) was added slowly (neat), dropwise. The reaction
mixture was kept at =78 °C for 3 h and was allowed warm to —20 °C
over 16 h.

Work-Up Conditions as per 1 mmol of Sulfinimine. The reaction
was quenched with sat. ag. NH,Cl solution (1.5 mL). Sat. aq. NH,Cl
(10 mL) was added and the mixture was extracted with EtOAc (3 X
20 mL). The organic layers were combined, dried over anhydrous
MgSO,, filtered, and concentrated under reduced pressure to afford
the crude product which was purified using column chromatography
on silica gel.

(S)-((1R,2S)-2-(((S)-tert-Butylsulfinyl)amino)-3,3-dimethylcyclo-
pentyl)(4-fluorophenyl)methyl 4-Fluorobenzoate, 12. Compound
12 was prepared using sulfinimine 9 (0.215 g 1 mmol) and 4-
fluorobenzaldehyde (0.32 mL, 3 mmol). The crude compound (91:9
dr) was purified using column chromatography on silica gel (1:1,
hexane:EtOAc) to give the title compound 12 as a white solid (0.278
g, 60% (mixture of diastereomers)). Major diastereomer: Mp 157—
159 °C. [a]p +25.6 (¢ 0.5, CHCL). IR v, (NaCl): 3433 (N-H
stretch), 1638 (C==0 stretch), 1110 (C-N stretch) cm™’. 'H NMR
(300 MHz, CDCl,) 6 8.12—8.07 (2H, m), 7.30—7.26 (2H, m), 7.19—
7.13 (2H, m),7.03—6.98 (2H, m), 6.18 (1H, d, ] = 2.4 Hz), 3.34 (1H,
d, J =98 Hz), 3.12 (1H, t, ] = 9.8 Hz), 2.33—2.19 (1H, m), 1.97—
1.87 (1H, m), 1.67—1.52 (3H, m), 1.27 (9H, s), 1.17, 0.92 (2 X 3H,
s) ppm. *C NMR{'H} (75.5 MHz, CDCl,) 6 166.5 (d, ‘Jc.r = 254.8
Hz), 164.5, 162.5 (d, YJcr = 246.5 Hz), 1362 (d, “Jcr = 3.3 Hz),
132.1 (d, ¥Jcr = 9.3 Hz), 127.3 (d, ¥cr = 82 Hz), 126.3 (d, ¥Jcr =
32 Hz), 1158 (d, Jep = 22.0 Hz), 115.4 (d, o = 21.4 Hz), 74.2,
69.0, 56.3, 51.7, 40.6, 38.6, 27.3, 22.9, 22.0, 20.2 ppm. HRMS (ESI)
m/z caled for C,sH3,F,NO,S [M + H]*: 464.2065, found 464.2065.

(S)-((1R,25)-2-(((S)-tert-Butylsulfinyl)amino)-3,3-dimethylcyclo-
pentyl)(p-tolyl)methyl 4-Methylbenzoate, 13. Compound 13 was
prepared using sulfinimine 9 (0.215 g 1 mmol) and 4-
methylbenzaldehyde (0.35 mL, 3 mmol). The crude compound
(88:12 dr) was purified using column chromatography on silica gel
(3:1, hexane:EtOAc) to give the title compound 13 as a white solid
(0.236 g, 52% (mixture of diastereomers)). Major diastereomer: Mp
140—142 °C. [a]¥ +17.8 (¢ 0.5, CHCL,). IR v,,,, (NaCl): 3425 (N-H
stretch), 1641 (C=O0 stretch), 1104 (C-N stretch) cm™'. 'H NMR
(300 MHz, CDCl;) § 7.99-7.96 (2H, m), 7.29—7.26 (2H, m), 7.20—
7.18 (2H, m), 7.12—7.09 (2H, m), 6.15 (1H, d, J = 2.2 Hz), 3.28 (1H,
d,J=9.8 Hz), 3.15 (1H, t, ] = 9.8 Hz), 2.30, 2.43 (2 X 3H, s), 2.30—
2.19 (1H, m), 2.04—1.94 (1H, m), 1.73—1.53 (3H, m), 1.27 (9H, s),
1.17, 091 (2 X 3H, s) ppm. *C NMR{'H} (75.5 MHz, CDCl;) §
165.6, 143.8, 137.8, 137.1, 129.6, 129.2, 129.1, 127.6, 125.5, 74.3,
692, 56.3, S1.9, 40.6, 38.7, 27.2, 22.9, 21.9, 21.1, 21.7, 20.2 ppm.
HRMS (ESI) m/z calcd for C,,;H;gNO,S [M + H]*: 456.2567, found
456.25685.

(S)-((1R,25)-2-(((S)-tert-Butylsulfinyl)amino)-3,3-dimethylcyclo-
pentyl)(4-isopropylphenyl)methyl 4-Isopropylbenzoate, 14. Com-
pound 14 was prepared using sulfinimine 9 (0.215 g, 1 mmol) and 4-
isopropylbenzaldehyde (0.45 mL, 3 mmol). The crude compound
(91:9 dr) was purified using column chromatography on silica gel
(3:1, hexane:EtOAc) to give the title compound 14 as a white solid
(0.312 g, 61% (mixture of diastereomers)). Major diastereomer: Mp
105—107 °C. [a]¥ +14.25 (¢ 0.5, CHCL,). IR v,,,, (NaCl): 3426 (N-
H stretch), 1640 (C=0 stretch), 1107 (C-N stretch), 1054 (S=O
stretch) cm™'. '"H NMR (300 MHz, CDCl;) § 8.04—8.00 (2H, m),
7.35—7.32 (2H, m), 7.26—7.14 (4H, m), 6.17 (1H, d, ] = 2.4 Hz),
3.36 (1H, d, ] = 10.1 Hz), 3.15 (1H, t, ] = 10.1 Hz), 2.98, 2.86 (2 X
1H, sept, J = 7.0 Hz), 2.30—2.19 (1H, m), 2.04—1.89 (1H, m), 1.73—
1.52 (3H, m), 1.30—1.27 (9H, s, H-10 and 2 X 3H, d, ] = 6.9 Hz),
1.18, 0.91 (2 X 3H, s) ppm. *C NMR{'H} (75.5 MHz, CDCl;) &
165.6, 154.6, 148.0, 138.0, 129.8, 128.0, 126.7, 126.5, 125.6, 74.3,
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69.4, 56.4, 51.8, 40.6, 38.7, 33.7, 34.3, 27.2, 23.7, 23.9, 22.9, 21.8, 20.3
ppm. HRMS (ESI) m/z caled for C3;H,sNO;S [M + H]*: 512.3193,
found 512.3196.

(S)-((1R,25)-2-(((S)-tert-Butylsulfinyl)amino)-3,3-dimethylcyclo-
pentyl)(4-(trifluoromethyl)phenyl)methyl 4-(Trifluoromethyl)-
benzoate, 15. Compound 1S5 was prepared using sulfinimine 9
(0.215 g, 1 mmol) and 4-isopropylbenzaldehyde (0.45 mL, 3 mmol).
The crude compound (>99:1 dr) was purified using column
chromatography on silica gel (4:1, hexane:EtOAc) to give the title
compound 18§ as a sticky colorless oil (0.242 g, 43% (mixture of
diastereomers)). Major diastereomer: [a]f +26.4 (¢ 0.5, CHCL;). IR
Vimax (NaCl): 3292 (N-H stretch), 1730 (C=0 stretch), 1128 (C-N
stretch), 1067 (S=O stretch) cm™". 'H NMR (600 MHz, CDCl,) §
820 (2H, d, ] = 8.1 Hz), 7.78 (2H, d, J = 8.1 Hz), 7.58 (2H, d, ] = 8.1
Hz), 742 (2H, d, ] = 8.1 Hz), 6.27 (1H, d, ] = 2.1 Hz), 3.42 (1H, d, ]
= 9.5 Hz), 3.15 (1H, t, ] = 9.9 Hz), 2.36—2.28 (1H, m), 1.99—1.83
(1H, m), 1.66—1.53 (3H, m), 1.28 (9H, s), 1.18, 0.93 (2 X 3H, s)
ppm. 3C NMR{'H} (150.9 MHz, CDCl,) & 164.3, 144.1, 135.0 (q,
2op = 324 Hz), 133.0, 130.0, 130.0 (q, JJo.p = 324 Hz), 125.9, 125.8
(9 ¥Jcr = 3.3 Hz), 125.6 (q, *Jor = 3.3 Hz), 123.5,123.9 (2 X q, Jcp
= 272.4 Hz), 74.7, 68.9, 56.4, 51.5, 40.6, 38.4, 27.3, 22.9, 22.0, 20.1
ppm. HRMS (ESI) m/z caled for Cp,Hj, FNO,S [M + H]*:
564.2002, found 564.1997.

B ASSOCIATED CONTENT

® Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.0c02862.

NMR and X-ray data for dimethylcyclopentanone
reactions; energies and geometries of computed
structures (PDF)

Accession Codes

CCDC 2044260 and 2044371 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Authors

Gerard P. McGlacken — School of Chemistry and Analytical
and Biological Chemistry Research Facility, University
College Cork, Cork, Ireland; © orcid.org/0000-0002-7821-
0804; Email: g.mcglacken@ucc.ie

K. N. Houk — Department of Chemistry and Biochemistry,
University of California, Los Angeles, California 90095-1569,
United States; ® orcid.org/0000-0002-8387-5261;
Email: houk@chem.ucla.edu

Authors

Aneta Turlik — Department of Chemistry and Biochemistry,
University of California, Los Angeles, California 90095-1569,
United States

Kaori Ando — Department of Chemistry and Biomolecular
Science, Faculty of Engineering, Gifu University, Gifu 501-
1193, Japan; © orcid.org/0000-0001-5345-2754

Pamela Mackey — School of Chemistry and Analytical and
Biological Chemistry Research Facility, University College
Cork, Cork, Ireland

Emma Alcock — School of Chemistry and Analytical and
Biological Chemistry Research Facility, University College
Cork, Cork, Ireland

Mark Light — School of Chemistry, University of Southampton,
Southampton SO17 1B], United Kingdom

4302

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.0c02862

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are grateful to the National Science Foundation
(grant CHE-1764328), the Irish Research Council (IRC
GOIPG/2014/343 and GOIPG/2017/7), and the Science
Foundation Ireland (09/RFP/CHS2353, SFI/12/1P/1315 and
SFI/12/RC/2275). Calculations were performed on the
Hoffman?2 cluster at the University of California, Los Angeles,
and the Extreme Science and Engineering Discovery Environ-
ment (XSEDE), which is supported by the National Science
Foundation (grant OCI-1053575).

B REFERENCES

(1) Brauchbar, M,; Kohn, L. Uber Condensationsproducte der
Aldehyde. Monatsh. Chem. 1898, 19, 16.

(2) (a) Burkhardt, E. R; Bergman, R. G; Heathcock, C. H.
Synthesis and reactions of nickel and palladium carbon-bound enolate
complexes. Organometallics 1990, 9, 30. (b) Evans, D. A.; Hoveyda, A.
H. Samarium-catalyzed intramolecular Tishchenko reduction of j-
hydroxy ketones. A stereoselective approach to the synthesis of
differentiated anti 1,3-diol monoesters. J. Am. Chem. Soc. 1990, 112,
6447.

(3) (a) Asano, T.; Kotani, S.; Nakajima, M. Stereoselective Synthesis
of 2-Fluoro-1,3-Diols via Lithium Binaphtholate-Catalyzed Aldol—
Tishchenko Reaction. Org. Lett. 2019, 21, 4192. (b) Gnanadesikan,
V.; Horiuchi, Y.; Ohshima, T.; Shibasaki, M. Direct Catalytic
Asymmetric Aldol-Tishchenko Reaction. J. Am. Chem. Soc. 2004,
126, 7782. (c) Ichibakase, T.; Nakajima, M. Direct Enantioselective
Aldol—Tishchenko Reaction Catalyzed by Chiral Lithium Diphenyl-
binaphtholate. Org. Lett. 2011, 13, 1579. (d) Mlynarski, J. Direct
Asymmetric Aldol-Tishchenko Reaction. Eur. J. Org. Chem. 2006,
2006, 4779. (e) Mlynarski, J.; Jankowska, J; Rakiel, B. Direct
asymmetric aldol-Tishchenko reaction of aliphatic ketones catalyzed
by syn-aminoalcohol—Yb(iii) complexes. Chem. Commun. 20085, 4854.
(f) Mlynarski, J.; Mitura, M. The first example of a catalytic
asymmetric aldol-Tishchenko reaction of aldehydes and aliphatic
ketones. Tetrahedron Lett. 2004, 45, 7549. (g) Rohr, K; Herre, R;
Mahrwald, R. Enantioselective Direct Aldol-Tishchenko Reaction:
Access to Chiral Stereopentads. Org. Lett. 2005, 7, 4499. (h) Shimoda,
Y.; Kubo, T.; Sugiura, M.; Kotani, S.; Nakajima, M. Stereoselective
Synthesis of Multiple Stereocenters by Using a Double Aldol
Reaction. Angew. Chem., Int. Ed. 2013, 52, 3461.

(4) (a) Foley, V. M.; McSweeney, C. M.; Eccles, K. S.; Lawrence, S.
E.; McGlacken, G. P. Asymmetric Aldol—Tishchenko Reaction of
Sulfinimines. Org. Lett. 2015, 17, 5642. (b) Mackey, P,; Cano, R;
Foley, V. M.; McGlacken, G. P. Preparation of anti-1,3-Amino
Alcohol Derivatives Through an Asymmetric Aldol-Tishchenko
Reaction of Sulfinimines. Org. Synth. 2017, 94, 259.

(5) (a) Robak, M. T.; Herbage, M. A; Ellman, J. A. Synthesis and
Applications of tert-Butanesulfinamide. Chem. Rev. 2010, 110, 3600.
(b) Liu, G;; Cogan, D. A; Owens, T. D; Tang, T. P.; Ellman, J. A.
Synthesis of Enantiomerically Pure N-tert-Butanesulfinyl Imines (tert-
Butanesulfinimines) by the Direct Condensation of tert-Butanesulfi-
namide with Aldehydes and Ketones. J. Org. Chem. 1999, 64, 1278.

(6) Frisch, M. J; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E,;
Robb, M. A,; Cheeseman, J. R; et al. Gaussian 16; Gaussian, Inc.:
Wallingford, CT, 2016.

(7) Pracht, P.; Bohle, F.; Grimme, S. Automated exploration of the
low-energy chemical space with fast quantum chemical methods. Phys.
Chem. Chem. Phys. 2020, 22, 7169.

(8) (a) Head-Gordon, M.; Pople, J. A.; Frisch, M. J. MP2 energy
evaluation by direct methods. Chem. Phys. Lett. 1988, 153, S03.

https://dx.doi.org/10.1021/acs.joc.0c02862
J. Org. Chem. 2021, 86, 4296—4303


https://pubs.acs.org/doi/10.1021/acs.joc.0c02862?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.0c02862/suppl_file/jo0c02862_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2044260&id=doi:10.1021/acs.joc.0c02862
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2044371&id=doi:10.1021/acs.joc.0c02862
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+P.+McGlacken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7821-0804
http://orcid.org/0000-0002-7821-0804
mailto:g.mcglacken@ucc.ie
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+N.+Houk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8387-5261
mailto:houk@chem.ucla.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aneta+Turlik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaori+Ando"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5345-2754
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pamela+Mackey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emma+Alcock"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Light"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02862?ref=pdf
https://dx.doi.org/10.1007/BF01517394
https://dx.doi.org/10.1007/BF01517394
https://dx.doi.org/10.1021/om00115a007
https://dx.doi.org/10.1021/om00115a007
https://dx.doi.org/10.1021/ja00173a071
https://dx.doi.org/10.1021/ja00173a071
https://dx.doi.org/10.1021/ja00173a071
https://dx.doi.org/10.1021/acs.orglett.9b01371
https://dx.doi.org/10.1021/acs.orglett.9b01371
https://dx.doi.org/10.1021/acs.orglett.9b01371
https://dx.doi.org/10.1021/ja047906f
https://dx.doi.org/10.1021/ja047906f
https://dx.doi.org/10.1021/ol103156h
https://dx.doi.org/10.1021/ol103156h
https://dx.doi.org/10.1021/ol103156h
https://dx.doi.org/10.1002/ejoc.200600258
https://dx.doi.org/10.1002/ejoc.200600258
https://dx.doi.org/10.1039/b509505k
https://dx.doi.org/10.1039/b509505k
https://dx.doi.org/10.1039/b509505k
https://dx.doi.org/10.1016/j.tetlet.2004.08.134
https://dx.doi.org/10.1016/j.tetlet.2004.08.134
https://dx.doi.org/10.1016/j.tetlet.2004.08.134
https://dx.doi.org/10.1021/ol0517675
https://dx.doi.org/10.1021/ol0517675
https://dx.doi.org/10.1002/anie.201209848
https://dx.doi.org/10.1002/anie.201209848
https://dx.doi.org/10.1002/anie.201209848
https://dx.doi.org/10.1021/acs.orglett.5b02919
https://dx.doi.org/10.1021/acs.orglett.5b02919
https://dx.doi.org/10.15227/orgsyn.094.0259
https://dx.doi.org/10.15227/orgsyn.094.0259
https://dx.doi.org/10.15227/orgsyn.094.0259
https://dx.doi.org/10.1021/cr900382t
https://dx.doi.org/10.1021/cr900382t
https://dx.doi.org/10.1021/jo982059i
https://dx.doi.org/10.1021/jo982059i
https://dx.doi.org/10.1021/jo982059i
https://dx.doi.org/10.1039/C9CP06869D
https://dx.doi.org/10.1039/C9CP06869D
https://dx.doi.org/10.1016/0009-2614(88)85250-3
https://dx.doi.org/10.1016/0009-2614(88)85250-3
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c02862?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

(b) Becke, A. D. Density-functional thermochemistry. IIL. The role of
exact exchange. J. Chem. Phys. 1993, 98, 5648. (c) Lee, C.; Yang, W.;
Parr, R. G. Development of the Colle-Salvetti correlation-energy
formula into a functional of the electron density. Phys. Rev. B:
Condens. Matter Mater. Phys. 1988, 37, 78S. (d) Vosko, S. H.; Wilk, L.;
Nusair, M. Accurate spin-dependent electron liquid correlation
energies for local spin density calculations: a critical analysis. Can. J.
Phys. 1980, S8, 1200. (e) Stephens, P. J.; Devlin, F. J.; Chabalowski,
C. F.; Frisch, M. J. Ab Initio Calculation of Vibrational Absorption
and Circular Dichroism Spectra Using Density Functional Force
Fields. J. Phys. Chem. 1994, 98, 11623.

(9) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(10) Zhao, Y.; Truhlar, D. G. The MO06 suite of density functionals
for main group thermochemistry, thermochemical kinetics, non-
covalent interactions, excited states, and transition elements: two new
functionals and systematic testing of four M06-class functionals and
12 other functionals. Theor. Chem. Acc. 2008, 120, 218.

(11) Paton, R. S.; Rodriguez-Guerra, J.; Funes, J. I. GoodVibes, ver.
3.0.0; Zenodo: Geneva, Switzerland, 2019. DOI: 10.5281/zeno-
do.3346166.

(12) (a) Tallmadge, E. H.; Jermaks, J.; Collum, D. B. Structure—
Reactivity Relationships in Lithiated Evans Enolates: Influence of
Aggregation and Solvation on the Stereochemistry and Mechanism of
Aldol Additions. J. Am. Chem. Soc. 2016, 138, 34S. (b) Houghton, M.
J; Collum, D. B. Lithium Enolates Derived from Weinreb Amides:
Insights into Five-Membered Chelate Rings. J. Org. Chem. 2016, 81,
11057. (c) Yu, K; Lu, P; Jackson, J. J.; Nguyen, T.-A. D.; Alvarado, J.;
Stivala, C. E.; et al. Lithium Enolates in the Enantioselective
Construction of Tetrasubstituted Carbon Centers with Chiral Lithium
Amides as Noncovalent Stereodirecting Auxiliaries. J. Am. Chem. Soc.
2017, 139, 527.

4303

https://dx.doi.org/10.1021/acs.joc.0c02862
J. Org. Chem. 2021, 86, 4296—4303


https://dx.doi.org/10.1063/1.464913
https://dx.doi.org/10.1063/1.464913
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1103/PhysRevB.37.785
https://dx.doi.org/10.1139/p80-159
https://dx.doi.org/10.1139/p80-159
https://dx.doi.org/10.1021/j100096a001
https://dx.doi.org/10.1021/j100096a001
https://dx.doi.org/10.1021/j100096a001
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1063/1.3382344
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.1007/s00214-007-0310-x
https://dx.doi.org/10.5281/zenodo.3346166?ref=pdf
https://dx.doi.org/10.5281/zenodo.3346166?ref=pdf
https://dx.doi.org/10.1021/jacs.5b10980
https://dx.doi.org/10.1021/jacs.5b10980
https://dx.doi.org/10.1021/jacs.5b10980
https://dx.doi.org/10.1021/jacs.5b10980
https://dx.doi.org/10.1021/acs.joc.6b02067
https://dx.doi.org/10.1021/acs.joc.6b02067
https://dx.doi.org/10.1021/jacs.6b11673
https://dx.doi.org/10.1021/jacs.6b11673
https://dx.doi.org/10.1021/jacs.6b11673
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c02862?ref=pdf

