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ABSTRACT: We describe a new synthetic reaction that generates all-carbon bis-
quaternary centers at the opposing side of a-carbons in cyclohexanone with four
different substituents in a controlled manner. Catalyzed by Cu(MeCN),BF, salt,
this chemistry is proposed to proceed via an intermediacy of unsymmetrical O-
allyl oxyallyl cations, which undergo a sequence of regioselective nucleophilic
addition with substituted indoles and diastereoselective Claisen rearrangement in
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a single synthetic operation. The stereochemical outcome of the products features
the cis diastereorelationship between the two aryl groups at the a,a’-positions.

A trend in drug discovery has progressively shifted toward
the exploration of chemical structures with stereocenters."
As opposed to flat aromatic compounds that tend to exhibit low
solubility and bioavailability as a result of z-stacking
interactions,” molecules with increasing fractions of sp°-
hybridized carbon atoms have been shown to offer more
advantageous biophysical properties.” Moreover, drug candi-
dates that contain high counts of sp>-hybridized carbons are
more likely to exhibit effective and selective binding to
therapeutic proteins, including those that are difficult to target.”
A vparticular type of stereochemical systems that have gained
attentions is the quaternary centers. Quaternary centers are
carbon atoms that are covalently bound to four other carbon
atoms at their sp® tetrahedral vertices. Prominently featured in
natural products, quaternary centers have become attractive
structural motifs for drug discovery.’

One limitation that has prevented broader applications of
quaternary centers in drug discovery can be attributed to the
challenges associated with the synthesis of these sterically
congested systems.” Nonetheless, there have been efforts to
develop synthetic reactions that produce quaternary centers,
particularly at the @-carbon of carbonyl compounds.” A carbonyl
system that has been scrutinized is unsymmetrical ketones that
possess two similarly acidic a-hydrogens, viz. 1. The a-
quaternarization of this motif could be challenging, as such a
successful transformation to substituted ketones 2 would rely on
judiciously designed elements to control regioselectivity. Recent
methodologies that address this synthetic undertaking can be
found, for instance, in the elegant work of Stoltz, who developed
an extensive repertoire of transition-metal-catalyzed decarbox-
ylative allylic alkylation reactions.”

Despite these profound advancements, examples of the
functionalization of simple cyclic ketones at the opposing side
of a-carbons with four different substituents to produce
unsymmetrical bis-quaternary centers are scarce. Conceptually,

© 2022 The Authors. Published by
American Chemical Society

WACS Publications

4810

this synthetic endeavor is challenging as barriers toward
regioselectivity and diastereoselectivity must be regulated to
produce a single isomeric product. Without these controls, bis-
quaternarization of monosubstituted cyclohexanone 1 to a,a’-
bis-quaternary ketones 3 would result in multiple regioisomers
along with their respective diastereomers. The difficulty and
complexity to create these bis-quaternary centers are eviden-
ced.*” For instance, Yamaguchi demonstrated bis-quaterniza-
tion of diphenyl ketone 4 with a mixture of GaMe;, n-BuLi, and
(chloroethynyl)triethylsilane. This reaction produced meso
ketone § with modest diastereoselection.”” Another precedent
was conveyed by Stoltz, who applied a tandem enantioselective
decarboxylative allylic alkylation that transformed substrate 6 to
bis-quaternary ketone 7. This product was isolated in 72% yield
with 4:1 dr, favoring the C,-symmetric diastereomer.*

In this paper, we convey a new synthetic method to install bis-
quaternary centers at the a,a’-carbons of cyclic ketones with
four different substituents while managing both regioselectivity
and diastereoselectivity elements, mediated by our oxyallyl
cation technologies (Scheme 1).'% Schematically, our proposed
reaction began with a-hydroxy enol ether 8 that were decorated
with three different groups from simple 1,2-diketone. Ionization
of this substrate would generate protected oxyallyl cation 9a."”*
The ensuing capture of this electrophilic species by nucleophiles
could be performed in a regioselective manner, thus installing
the first a-quaternary center.'” To construct the second a-
quaternary center, reaction intermediate 9b underwent in situ
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Scheme 1. Synthesis of Bis-Quaternary Centers at the a-
Positions of Ketones
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diastereoselective migration of the protecting group from the
oxygen atom to the opposing a-carbon.

Our initial studies are depicted in Scheme 2. To facilitate the
intended O — C migration, we envisioned the utility of the
Claisen rearrangement,' " which would require the protection of
oxyallyl cation as an O-allyl ether. A suitable model substrate was
realized in a-hydroxy O-allylenol ether 10, which contained
three out of the four intended substituents, i.e., methyl, phenyl,
and allyl groups. This compound was easily prepared in just two
simple steps from 3-phenylcyclohexane-1,2-dione upon treat-
ment with allyl bromide and K,COj;, followed by addition of
methylmagnesium bromide. The fourth substituent was
incorporated by exposing substrate 10 to indole and catalytic
Py-TfOH in toluene at room temperature to introduce a-
quaternary center 12 in 93% yield. This reaction was assumed to
occur via unsymmetrical O-allyl oxyallyl cation intermediate 11
that was captured by indole regioselectively at the a-methyl
position.mb To generate the second a-quaternary center,
compound 12 was heated in toluene at reflux to promote the
Claisen rearrangement, which produced a,a’-bis-quaternary
ketone cis-13 and trans-13 as a 4.1:1 mixture of diastereomers
with a combined yield of 96%. The relative stereochemistry of
the ma]or diastereomer cis-13 was confirmed by the X-ray
structure,'” in which the phenyl and indole groups were both
positioned in the axial direction.

Attempts to improve diastereoselectivity in the Claisen
rearrangement was then carried out by screening various
Lewis acid catalysts that could hypothetically serve either as
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Scheme 2. Proof-of-Concept and Reaction Optimization
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reaction mixture.

an oxyphilic activator'® or as a m-complex activator'* to
compound 12. As shown in entries 1—3, BF;-OEt,, AgOTf,
and Cu(OTf), caused decomposition. The effects of counter-
anion were evaluated through the use of copper salts, such as
CuCl,, CuSO,, Cu(acac),, and Cu(NO;),-6H,0 (entries 4—7).
Only a marginal improvement was noted. Nonetheless, we
observed a remarkable enhancement in diastereoselectivity with
either Cu(BF,),"6H,0 or Cu(MeCN),BF, catalysts. In fact,
these reactions produced a,a’-bis-quaternary ketone cis-13 as a
single diastereomer. To affirm that copper(I) and (II) species
were responsible to drive the diastereocontrol, we evaluated
NaBF,, AgBF,, and Ni(BF,),-6H,0. Such catalysts did not yield
consequential induction (entries 10—12). From the fundamen-
tal viewpoint, these screening results showcased a new mode of
reactivity to dictate diastereoselectivity in the Claisen rearrange-
ment involving simple cyclohexanone systems, in which the
stereocontrol elements were provided by a catalyst and an a-
quaternary center.

We envisioned that the Lewis acidity of copper(I) and -(II)
tetrafluoroborate could be also exploited to ionize a-hydroxy O-
allylenol ether 10 to unsymmetrical O-allyl oxyallyl cation 11.
Upon regioselective nucleophilic capture by indole, the Claisen
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Scheme 3. Scope of Reactions

conditions: Cu(MeCN)4BF4 (0.2 equiv), indole (1.5 equiv), DCE (0.2 M), rt, t1; then 83°C, t,

— substituted indole —
\L f
o) \k o o
Ph PH N R p H
Me Ph Ar’
10

— aromatic substituent —

— O-allyl substituent —

OMe

14a
88% (11 + 12 h)

oo

14b
75% (41 + 16 h)

OH |
oo

Ph

14c
73% (13 + 25 h)

o

Ph

Ph

14d
42% (48 + 17 h)

o

Ph

14f
48% (23 + 11 h)

o

Ph

14e
57% (18 + 22 h)

CO,Me
o

Ph

Cl

14g
63% (23 + 57 h)

14h
58% (22 + 46 h)

14i
73% (16 + 48 h)

n-Hex

Ph=T

8c
51% (23 + 63 h)
Ph F3C

Ph=]

18d
47% (15 + 264 h)

18e
complex mixture

18f
complex mixture

89% (5 + 18 h)
72% (5 + 14 h) P!

6j
69% (15 + 24 h)

16a

169 16i

Me 461
95% (9 + 15 h)

71% (15 + 24 h)

” b‘ g 18a f

141 2. 16a V It b& j
Lot sl

¥ b4 ¢ L Ayt

“Isolated yield after column chromatography. 'H NMR analyses of the crude mixture indicated >20:1 dr. “The reaction was performed on a 1 g
scale. “Crude dr of compound 16c¢ could not be determined due to the complex mixture.

rearrangement of the emerging a-quaternary center 12 could be
induced in situ by the same catalyst at an elevated reaction
temperature to produce a,a’-bis-quaternary ketone cis-13 in a
single synthetic protocol. Indeed, we were able to achieve this
cascade transformation using catalytic Cu(MeCN),BF, salt in
dichloroethane, from which product cis-13 was isolated in 94%
yield as a single diastereomer.'* Detailed reaction optimization
is discussed in the Supporting Information.

With the optimized conditions in hand, we evaluated the
scope of reactions, starting with substituted indoles (Scheme
3)."*® In these examples, our reactions produced the
corresponding a,a’-bis-quaternary ketone products with >20:1
dr. Commencing with electron-rich 5-methoxy-, 6-benzyloxy-,
S-p-methoxyphenyl (PMP)-, and S-hydroxy-substituted indoles,
ketones 14a—14d were generated in 42—88% yields. Halogen-
containing indoles were found to be compatible. For example,
the use of S-iodo-, 7-bromo-, and $,6-dichloro-substituted
indoles produced the respective ketones 14e—14g in good
yields. Electron-deficient methyl-5-carboxylate indole and
protected N-methylindole could be also employed to furnish
ketones 14h and 14i in 58% and 73% yields, respectively.
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The nature of the aromatic substituent at the a-carbon was
then examined using a series of a-hydroxy O-allylenol ether
substrates 15. While methoxyphenyl at the para- and meta-
positions produced ketones 16a and 16b in 89% and 88% yields,
respectively, a substantial erosion in yield of product 16¢ was
noted with the ortho-counterpart. Other electron-donating
substituents, such as benzodioxane and thiophenolate ether,
produced the respective ketones 16d and 16e in excellent yields.
Interestingly, substrate bearing a dimethylaminophenyl group
failed to react, leading only to a recovery of the starting material.
In this case, the amino group might have sequestered the copper
catalyst. We surveyed halogen and electron-withdrawing groups,
such as p-chlorophenyl, m-fluoro-p-methoxyphenyl, and p-
trifluoromethylphenyl. These afforded products 16g—16i in
good yields. Heteroaromatic substituents, such as N-methyl
carbazole, benzothiophene, and 3-methylthiophene, were well
tolerated to provide ketones 16j—161 in 69—95% yields.

The substituent effects in the O-allyl moiety were also
examined using substrates 17. In this study, methyl, n-hexyl, and
benzyl groups were introduced at the internal C2 position,
which furnished a,a’-bis-quaternary ketones 18a to 18c¢ in

https://doi.org/10.1021/acs.orglett.2c01890
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satisfactory yields as a single diastereomer. The bromo variant
was also tolerated by the reaction conditions to generate product
18d in 47% yield, but the Claisen rearrangement required a
prolonged reaction time. We then proceeded to the phenyl
group. While the creation of the a-indolyl bearing quaternary
center proceeded in this case, the Claisen rearrangement to
install the second a-quaternary center in product 18e
unexpectedly produced complex mixtures upon heating. A
similar phenomenon was also observed with an electron-
withdrawing trifluoromethyl group in which the Claisen
rearrangement led to decomposition instead of yielding ketone
18f.

Scheme 4 depicts a series of reactions to gather some
mechanistic insights of this reaction. The copper(I) species was
the active oxidation state of the catalyst. While our reactions
were performed in typical benchtop settings, treatment of either
substrates 10 and 12 with Cu(MeCN),BF, in an oxygen-free
glovebox also furnished the corresponding product cis-13 in
excellent yields as a single diastereomer. The intermolecular
interaction between the copper catalyst and the Claisen
rearrangement substrate appeared to be rather labile as it was
affected by simple steric changes in the a-aliphatic region. When
effectively bound to a-methyl substrate 10, the catalyst would
provide a strong governance toward the cis stereoselectivity.
Nonetheless, replacement of the a-methyl group with ethyl in a-
hydroxy O-allylenol ether 19 rendered the copper-catalyzed
Claisen rearrangement nondiastereoselective. The O — C allyl
migration appeared to have proceeded via an intramolecular
Claisen rearrangement, as opposed to the alternative transition-
metal-catalyzed dissociative mechanism,'® based on the
following key experiments. A reaction involving an equivalent
amount of a-indolyl quaternary centers 21 and 22a produced a
mixture of a,a’-bis-quaternary ketones 16a and 22b. None of
the crossover products were detected in the crude reaction
mixture by 'H NMR analyses. The allyl migration itself was
found to be stereospecific, as (Z)-deuterated substrate 23a
generated the corresponding ketone 23b as a single diaster-
eomer with the allyl group transpositioned at the y-carbon."”

The relative stereochemistry of the a,a’-bis-quaternary
centers in many of our products were confirmed using X-ray
crystallography.'> This analysis also revealed a peculiar
conformation in which the cis aromatic groups were both placed
in the axial position, thus allowing orientation of these rings
within a reasonable distance for possible z-stacking inter-
actions.'® While the origin of this diastereochemical outcome
remained unclear, we deduced that the presence of both aryl
groups was not essential for the noted stereoselectivity. As
corroborated in a-indolyl substrate 24a, replacement of the
phenyl substituent at the opposing side of the a-carbon with a
methyl group led to the Claisen rearrangement under the
catalytic conditions to produce monoaryl-substituted @,a’-bis-
quaternary ketone 24b with a cis stereochemical outcome as
confirmed by X-ray structure analyses. In contrast, the
background thermal rearrangement furnished the product with
an innate 3.7:1 diastereomeric ratio.

In conclusion, we have showcased a new method to synthesize
unsymmetrical ketones bearing all-carbon bis-quaternary stereo-
centers at the a,a’-positions. Our chemistry converted a simple
and readily accessible substrate in @-hydroxy O-allylenol ethers
to highly complex, stereochemically elaborate a,a’-bis-quater-
nary ketones in a single synthetic reaction. Cu(MeCN),BF,
catalyst was found to be uniquely effective for this trans-
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Scheme 4. Experiments to Gather Mechanistic Insights
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formation. Further studies are ongoing in our laboratory. The
results will be reported in due course.

Bl ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.2c01890.

Experimental procedure and characterization data (PDF)
FAIR data, including the primary NMR FID files, for
compounds cis-13, trans-13, 14a—14i, 16a—16e, 16g—
161, 18a—18d, cis-20, trans-20, 22b, 23b, and 24b (ZIP)

https://doi.org/10.1021/acs.orglett.2c01890
Org. Lett. 2022, 24, 4810—-4815


https://pubs.acs.org/doi/10.1021/acs.orglett.2c01890?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.2c01890/suppl_file/ol2c01890_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.2c01890/suppl_file/ol2c01890_si_001.zip
https://pubs.acs.org/doi/10.1021/acs.orglett.2c01890?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.2c01890?fig=sch4&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.2c01890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters

pubs.acs.org/OrgLett

Accession Codes

CCDC 2072233-2072242 and 2072247-2072248 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 Author

Rendy Kartika — Department of Chemistry, Louisiana State
University, Baton Rouge, Louisiana 70803, United States;
orcid.org/0000-0002-2042-2812; Email: rkartika@

Isu.edu

Authors

Joshua A. Malone — Department of Chemistry, Louisiana State
University, Baton Rouge, Louisiana 70803, United States

Satish Chandra Philkhana — Department of Chemistry,
Louisiana State University, Baton Rouge, Louisiana 70803,
United States

Jacob R. Stepherson — Department of Chemistry, Louisiana
State University, Baton Rouge, Louisiana 70803, United
States

Fatimat O. Badmus — Department of Chemistry, Louisiana
State University, Baton Rouge, Louisiana 70803, United
States

Frank R. Fronczek — Department of Chemistry, Louisiana State
University, Baton Rouge, Louisiana 70803, United States;

orcid.org/0000-0001-5544-2779

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.2c01890

Author Contributions

*J.AM. and S.C.P. contributed equally.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Research reported in this publication was supported by the
National Institute of General Medical Sciences of the National
Institutes of Health under Award No. RO1GM127649.
Generous financial support from Louisiana State University is

gratefully acknowledged.

B DEDICATION

This work is dedicated to Prof. Emerita Carol M. Taylor for her
mentorship and friendship.

B REFERENCES

(1) Talele, T. T. Opportunities for Tapping into Three-Dimensional
Chemical Space through a Quaternary Carbon. J. Med. Chem. 2020, 63,
13291-13315.

(2) (a) Hill, A. P.; Young, R. J. Getting Physical in Drug Discovery: A
Contemporary Perspective on Solubility and Hydrophobicity. Drug
Discovery Today 2010, 15, 648—655. (b) Lamanna, C.; Bellini, M,;
Padova, A.; Westerberg, G.; Maccari, L. Straightforward Recursive
Partitioning Model for Discarding Insoluble Compounds in the Drug
Discovery Process. J. Med. Chem. 2008, 51,2891—2897. (c) Wassvik, C.
M.,; Holmen, A. G.; Draheim, R.; Artursson, P.; Bergstrom, C. A. S.

4814

Molecular Characteristics for Solid-State Limited Solubility. J. Med.
Chem. 2008, 51, 3035—3039.

(3) (a) Ritchie, T.J.; Macdonald, S. J. F.; Young, R. J.; Pickett, S. D.
The Impact of Aromatic Ring Count on Compound Developability:
Further Insights by Examining Carbo- and Hetero-Aromatic and
-Aliphatic Ring Types. Drug Discovery Today 2011, 16, 164—171.
(b) Ishikawa, M.; Hashimoto, Y. Improvement in Aqueous Solubility in
Small Molecule Drug Discovery Programs by Disruption of Molecular
Planarity and Symmetry. J. Med. Chem. 2011, 54, 1539—1554.

(4) (a) Lovering, F.; Bikker, J.; Humblet, C. Escape from Flatland:
Increasing Saturation as an Approach to Improving Clinical Success. J.
Med. Chem. 2009, S2, 6752—6756. (b) Lovering, F. Escape from
Flatland 2: Complexity and Promiscuity. MedChemComm 2013, 4,
515—-519. (c) Schreiber, S. L. Molecular Diversity by Design. Nature
2009, 457, 153—154.

(5) () Ling, T.; Rivas, F. All-Carbon Quaternary Centers in Natural
Products and Medicinal Chemistry: Recent Advances. Tetrahedron
2016, 72, 6729—6777. (b) Kim, J.; Kim, H.; Park, S. B. Privileged
Structures: Efficient Chemical "Navigators” toward Unexplored
Biologically Relevant Chemical Spaces. J. Am. Chem. Soc. 2014, 136,
14629—14638.

(6) (a) Li, C; Ragab, S. S; Liu, G.; Tang, W. Enantioselective
Formation of Quaternary Carbon Stereocenters in Natural Product
Synthesis: A Recent Update. Nat. Prod. Rep. 2020, 37, 276—292.
(b) Zeng, X.-P.; Cao, Z.-Y.; Wang, Y.-H.; Zhou, F.; Zhou, J. Catalytic
Enantioselective Desymmetrization Reactions to All-Carbon Quater-
nary Stereocenters. Chem. Rev. 2016, 116,7330—7396. (c) Liu, Y.; Han,
S.-J.; Liu, W.-B,; Stoltz, B. M. Catalytic Enantioselective Construction
of Quaternary Stereocenters: Assembly of Key Building Blocks for the
Synthesis of Biologically Active Molecules. Acc. Chem. Res. 20185, 48,
740—751. (d) Quasdorf, K. W.; Overman, L. E. Catalytic
Enantioselective Synthesis of Quaternary Carbon Stereocentres. Nature
2014, 516, 181—191.

(7) (a) Kummer, D. A,; Chain, W. J.; Morales, M. R;; Quiroga, O.;
Myers, A. G. Stereocontrolled Alkylative Construction of Quaternary
Carbon Centers. J. Am. Chem. Soc. 2008, 130, 13231—13233. (b) Alexy,
E. J.; Zhang, H,; Stoltz, B. M. Catalytic Enantioselective Synthesis of
Acyclic Quaternary Centers: Palladium-Catalyzed Decarboxylative
Allylic Alkylation of Fully Substituted Acyclic Enol Carbonates. J.
Am. Chem. Soc. 2018, 140, 10109—10112. (c) Ma, S.; Han, X;
Krishnan, S.; Virgil, S. C.; Stoltz, B. M. Catalytic Enantioselective
Stereoablative Alkylation of 3-Halooxindoles: Facile Access to
Oxindoles with C3 All-Carbon Quaternary Stereocenters. Angew.
Chem., Int. Ed. 2009, 48, 8037—8041. (d) Krautwald, S.; Sarlah, D,;
Schafroth, M. A,; Carreira, E. M. Enantio- and Diastereodivergent Dual
Catalysis: a-Allylation of Branched Aldehydes. Science 2013, 340,
1065—1068. (e) Pierrot, D.; Marek, 1. Synthesis of Enantioenriched
Vicinal Tertiary and Quaternary Carbon Stereogenic Centers within an
Acyclic Chain. Angew. Chem., Int. Ed. 2020, 59, 36—49.

(8) (a) Behenna, D. C,; Stoltz, B. M. The Enantioselective Tsuji
Allylation. J. Am. Chem. Soc. 2004, 126, 15044—1504S. (b) Streuff, J;
White, D. E.; Virgil, S. C.; Stoltz, B. M. A Palladium-Catalysed Enolate
Alkylation Cascade for the Formation of Adjacent Quaternary and
Tertiary Stereocentres. Nat. Chem. 2010, 2, 192—196. (c) Mohr, J. T,;
Behenna, D. C.; Harned, A. M.; Stoltz, B. M. Deracemization of
Quaternary Stereocenters by Pd-Catalyzed Enantioconvergent De-
carboxylative Allylation of Racemic f-Ketoesters. Angew. Chem., Int. Ed.
2005, 44, 6924—6927.

(9) () Peyman, A.; Beckhaus, H.-D.; Riichardt, C. Intramolecular
Reactions of 1,5-Diaryl-1,5-Pentadiyl Radicals. Chem. Ber. 1988, 121,
1027-1031. (b) Nishimura, Y.; Amemiya, R; Yamaguchi, M. a-
Ethynylation Reaction of Ketones Using Catalytic Amounts of
Trialkylgallium Base. Tetrahedron Lett. 2006, 47, 1839—1843. (c) Yu,
X.; Hu, J; Shen, Z.; Zhang, H,; Gao, J.-M.,; Xie, W. Stereospecific
Construction of Contiguous Quaternary All-Carbon Centers by
Oxidative Ring Contraction. Angew. Chem., Int. Ed. 2017, 56, 350—353.

(10) (a) Ayala, C. E.; Dange, N. S.; Fronczek, F. R.; Kartika, R.
Bronsted Acid Catalyzed a’-Functionalization of Silylenol Ethers with
Indoles. Angew. Chem., Int. Ed. 2015, 54, 4641—464S. (b) Dange, N. S.;

https://doi.org/10.1021/acs.orglett.2c01890
Org. Lett. 2022, 24, 4810—-4815


https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2072233&id=doi:10.1021/acs.orglett.2c01890
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2072242&id=doi:10.1021/acs.orglett.2c01890
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2072247&id=doi:10.1021/acs.orglett.2c01890
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2072248&id=doi:10.1021/acs.orglett.2c01890
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rendy+Kartika"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2042-2812
https://orcid.org/0000-0002-2042-2812
mailto:rkartika@lsu.edu
mailto:rkartika@lsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+A.+Malone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satish+Chandra+Philkhana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacob+R.+Stepherson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fatimat+O.+Badmus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+R.+Fronczek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5544-2779
https://orcid.org/0000-0001-5544-2779
https://pubs.acs.org/doi/10.1021/acs.orglett.2c01890?ref=pdf
https://doi.org/10.1021/acs.jmedchem.0c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.drudis.2010.05.016
https://doi.org/10.1016/j.drudis.2010.05.016
https://doi.org/10.1021/jm701407x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm701407x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm701407x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm701587d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.drudis.2010.11.014
https://doi.org/10.1016/j.drudis.2010.11.014
https://doi.org/10.1016/j.drudis.2010.11.014
https://doi.org/10.1021/jm101356p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm101356p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm101356p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm901241e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm901241e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2md20347b
https://doi.org/10.1039/c2md20347b
https://doi.org/10.1038/457153a
https://doi.org/10.1016/j.tet.2016.09.002
https://doi.org/10.1016/j.tet.2016.09.002
https://doi.org/10.1021/ja508343a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja508343a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja508343a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9NP00039A
https://doi.org/10.1039/C9NP00039A
https://doi.org/10.1039/C9NP00039A
https://doi.org/10.1021/acs.chemrev.6b00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar5004658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar5004658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar5004658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature14007
https://doi.org/10.1038/nature14007
https://doi.org/10.1021/ja806021y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja806021y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200902943
https://doi.org/10.1002/anie.200902943
https://doi.org/10.1002/anie.200902943
https://doi.org/10.1126/science.1237068
https://doi.org/10.1126/science.1237068
https://doi.org/10.1002/anie.201903188
https://doi.org/10.1002/anie.201903188
https://doi.org/10.1002/anie.201903188
https://doi.org/10.1021/ja044812x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja044812x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.518
https://doi.org/10.1038/nchem.518
https://doi.org/10.1038/nchem.518
https://doi.org/10.1002/anie.200502018
https://doi.org/10.1002/anie.200502018
https://doi.org/10.1002/anie.200502018
https://doi.org/10.1002/cber.19881210603
https://doi.org/10.1002/cber.19881210603
https://doi.org/10.1016/j.tetlet.2005.12.133
https://doi.org/10.1016/j.tetlet.2005.12.133
https://doi.org/10.1016/j.tetlet.2005.12.133
https://doi.org/10.1002/anie.201609975
https://doi.org/10.1002/anie.201609975
https://doi.org/10.1002/anie.201609975
https://doi.org/10.1002/anie.201409758
https://doi.org/10.1002/anie.201409758
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.2c01890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters pubs.acs.org/OrglLett

Stepherson, J. R.; Ayala, C. E.; Fronczek, F. R.; Kartika, R. Cooperative
Benzylic-Oxyallylic Stabilized Cations: Regioselective Construction of
a-Quaternary Centers in Ketone-Derived Compounds. Chem. Sci.
2015, 6,6312—6319. (c) Malone, J. A.; Cleveland, A. H.; Fronczek, F.
R.; Kartika, R. Effects of Solvent and Residual Water on Enhancing the
Reactivity of Six-Membered Silyloxyallyl Cations toward Nucleophilic
Addition. Org. Lett. 2016, 18, 4408—4411.

(11) Martin Castro, A. M. Claisen Rearrangement over the Past Nine
Decades. Chem. Rev. 2004, 104, 2939—3002.

(12) The ellipsoid contour was set at a 50% probability level.

(13) Fontoura Rodrigues, T.; Silva, W.; Lira Machado, A. Recent
Advances in the Asymmetric Claisen Rearrangement Promoted by
Chiral Organometallic Lewis Acids or Organic Bronsted-Lowry Acids.
Curr. Org. Synth. 2018, 12, 795—80S.

(14) (a) Overman, L. E.; Renaldo, A. F. Catalyzed Sigmatropic
Rearrangements. 10. Mechanism of the Palladium Dichloride Catalyzed
Cope Rearrangement of Acyclic Dienes - A Substituent Effect Study. J.
Am. Chem. Soc. 1990, 112, 3945—3949. (b) Felix, R. J.; Weber, D.;
Gutierrez, O.; Tantillo, D. J; Gagne, M. R. A Gold-Catalysed
Enantioselective Cope Rearrangement of Achiral 1,5-Dienes. Nat.
Chem. 2012, 4, 405—409.

(15) (a)  Subjecting an analogous S-membered substrate to the
optimized reaction conditions produced the corresponding cyclo-
pentanone adduct in 65% yield as a 2.7:1 mixture of diastereomers,
which were inseparable by column chromatography. The relative
stereochemistry of the major diastereomer was not determined. See the
Supporting Information. (b) The optimized reaction conditions were
found to be compatible only with substituted indoles. Further studies to
expand the scope of nucleophiles are ongoing.

(16) Geherty, M. E;; Dura, R. D.; Nelson, S. G. Catalytic Asymmetric
Claisen Rearrangement of Unactivated Allyl Vinyl Ethers. J. Am. Chem.
Soc. 2010, 132, 11875—-11877.

(17) Attempts to determine the relative stereochemistry of the
deuterated y-carbon in compound 23b were not successful.

(18) () Tsuzuki, S.; Uchimaru, T. Magnitude and Physical Origin of
Intermolecular Interactions of Aromatic Molecules: Recent Progress of
Computational Studies. Curr. Org. Synth. 2006, 10, 745—762.
(b) Martinez, C. R.; Iverson, B. L. Rethinking the term “z-stacking.
Chem. Sci. 2012, 3, 2191-2201.

4815 https://doi.org/10.1021/acs.orglett.2c01890
Org. Lett. 2022, 24, 4810—-4815


https://doi.org/10.1039/C5SC01914A
https://doi.org/10.1039/C5SC01914A
https://doi.org/10.1039/C5SC01914A
https://doi.org/10.1021/acs.orglett.6b02194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b02194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b02194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020703u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020703u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2174/157017941206150828112854
https://doi.org/10.2174/157017941206150828112854
https://doi.org/10.2174/157017941206150828112854
https://doi.org/10.1021/ja00166a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00166a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00166a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.1327
https://doi.org/10.1038/nchem.1327
https://doi.org/10.1021/ja1039314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1039314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2sc20045g
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.2c01890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

