Synthesis of enantioenriched a-chiral bicyclo[1.1.1]pentanes
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ABSTRACT: Bicyclo[1.1.1]pentanes (BCPs), useful surrogates for para-substituted arenes, alkynes and fert-butyl groups in me-
dicinal chemistry, are challenging to prepare when featuring stereogenic centres adjacent to the BCP. We report the development of
an efficient route to a-chiral BCPs, via highly diastereoselective asymmetric enolate functionalization. We also describe the appli-
cation of this chemistry to the synthesis of BCP analogues of phenylglycine and tarenflurbil, the single enantiomer of the NSAID

flurbiprofen.

Bicyclo[1.1.1]pentanes (BCPs)! are widely recognised as
useful surrogates for 1,4-disubstituted benzene rings,? al-
kynes,? and tert-butyl groups* in drug design.’ While a number
of methods are available for the preparation of BCP-
containing molecules,® the synthesis of BCPs featuring adja-
cent stereogenic centres (a-chiral BCPs) remains a significant
challenge. The few known examples focus on the synthesis of
phenylglycine BCP analogues;’ however, a general and practi-
cal approach to enantioenriched o-chiral BCPs remains elu-
sive.

We recently disclosed an efficient route to highly function-
alized disubstituted BCP derivatives via atom transfer radical
addition (ATRA) reactions.® Using triethylborane as an initia-
tor, radicals derived from readily available alkyl halides effect
ring opening of tricyclo[1.1.1.0"*]pentane (1, Scheme 1la),
affording 1-halo-3-substituted BCPs 2. This process is particu-
larly effective and rapid for electron-deficient radicals derived
from a-halo carbonyls; we recognized that this could enable a
general, stereoselective strategy to access a-chiral BCPs (3,
Scheme 1b) via reactions of enantioenriched ATRA-derived
a-BCP oxazolidinones (4). Here we describe the realization of
this route, which allows installation of a wide range of substit-
uents adjacent to the BCP, together with high-yielding remov-
al and recovery of the auxiliary, and application of the meth-
odology to the synthesis of BCP analogues of phenylglycine,
and the NSAID tarenflurbil.

Our studies began with a survey of reactivity of various
BCP oxazolidinones (4a-f, Table 1). These could be accessed
via ATRA
Scheme 1. Strategy for enantioenriched BCP synthesis
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proach to 1-halo-3-substituted BCPs. b The approach to a-chiral
BCPs described in this work.

reaction of the a-iodooxazolidinones 6a-f (Path a), followed
by deiodination using (Me3Si);SiH (TTMSS). 4f was also pre-
pared by acylation of oxazolidinone 7 with acid chloride 8
(Path b); this latter route was readily performed on multigram
scale (1.8 g of 4f obtained from 1.33 g of 8, 63%). We quickly
found that the reaction conditions and substitution pattern of
the auxiliary proved crucial to reaction efficiency: sodium
enolates’ of commonly used oxazolidinones 4a-¢ (R! = H,



entries 1-3) gave modest yields (with the exception of 4c,
featuring a benzyl substituent) or drs (with the exception of
iso-propyl substituted 4a) in alkylations with iodomethane.
'SuperQuat' auxiliaries (R! = Me/Ph, entries 4-6) were next
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entry substrate  R! R? P rOd?oz 3 byield dr
1 4a H i-Pr 9a, 36 >20:1
2 4b H Ph 9b, 29 3:1
3 4c H Bn 9¢, 85 14:1
4 4d Me Ph 9d, 50 >20:1
5 4e Ph Bn 9e, 22 >20:1
6 4f Me Bn 91, 84 >20:1

@ Alkylation conditions: NaHMDS (1.1 equiv.), THF, -78 °C,
30 min; Mel (3.0 equiv.), -78 °C, 1-6 h. Reactions performed on
0.15 mol scale. ” Isolated yield ¢ dr determined by 'H NMR spec-
troscopic analysis of the crude reaction mixture; ratio of S:R iso-
mers assigned by analogy to products 9j, 91 and 9s, the structures
of which were determined by X-ray crystallography (see below).

examined, which can not only deliver enhanced stereocontrol,
but also improve auxiliary cleavage / recycling efficiency.!”
To our delight, this fine-tuning of the oxazolidinone scaffold
led to the formation of adducts 9d-f as single diastereomers,
with the benzyl-substituted oxazolidinone 4f giving 9f in high
yield and exceptional stereoselectivity.

Having identified optimal enolate functionalization condi-
tions, the scope of the process was explored using substrate 4f
(Figure 1). A wide range of electrophiles were successfully
installed, with the products isolated in high yields and as sin-
gle diastereomers in nearly all cases. Alkyl halides bearing
saturated and unsaturated aliphatic chains (9g-1) and heterocy-
cles (9m, n) were all well-tolerated; in most cases, alkylation
occurred smoothly at -78 °C, with warming to 0 °C necessary
for less reactive electrophiles (9g, 9h). 4f also underwent aldol
chemistry: for example, reaction of the dibutylboron enolate
derived from 4f with benzaldehyde afforded adduct 9o in ex-
cellent yield and selectivity at the a-stereocenter (98%, dr
1:1.5 at the hydroxyl-bearing stereocenter). Alternatively, use
of 1,3,5-trioxane as a formaldehyde equivalent, with TiCls and
Hiinig's base, enabled hydroxymethylation to form 9p. Con-
sistent yields were observed on scale-up to 1.33 mmol scale
for this product (54%), and also methylated product 9f (80%).

The direct introduction of heteroatoms also proved possible:
4f could be fluorinated with high diastereoselectivity using
NFSI as the electrophile (9q, 85%, 13:1 dr), which is of inter-
est given the importance of fluorinated motifs in drug devel-
opment.!! The analogous bromination (9r) proceeded with low
selectivity using N-bromosuccinimide, but surprisingly the
same product was isolated with high diastereoselectivity (78%,
13:1 dr) on reaction with 2-(bromomethyl)-5-nitrofuran, in-

stead of the expected heterocycle installation. «-
Hydroxylation and hydrazinylation were achieved using the
Davis oxaziridine and di-tert-butyl azodicarboxylate as respec-
tive electrophiles, with 9s and 9t formed as single diastere-
omers and in excellent yields (80 and 98%)). Flnally, 1,3-
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Figure 1. Synthesis of a-chiral BCPs. Reaction conditions unless
stated otherwise: 4 (0.15 mmol, 1.0 equiv.), NaHMDS (1.1
equiv.), THF, -78 °C, 30 min; electrophile E* (3.0 equiv.). Reac-
tion times varied with the electrophile; see the Supporting Infor-
mation for details. ¢ Reaction conducted on 1.33 mmol scale (0.42
g); »-78 °C— 0 °C (12 h). < 4f, n-BwzBOTS (1.1 equiv.), i-PraEtN
(1.2 equiv.), CH2Clz, 0 °C, 30 min; PhCHO (1.1 equiv.), -78 °C,
3.5 h. 4 TiCls (1.0 equiv.), CH2Clz, 0 °C, 10 min; i-Pr2EtN (1.1
equiv.), 40 min; 1,3,5-trioxane (1.2 equiv.), TiCls (1.0 equiv.), 3
h. ¢ E* = NFSI (1.3 equiv.), 3 h. / E* = 2-(bromomethyl)-5-
nitrofuran, 2 h. ¢ E* = NBS, 4 h. ” NaHMDS (1.2 equiv.); 3-
phenyl-2-(phenylsulfonyl)-1,2-oxaziridine (1.5 equiv.), 20 min. '
E* = di-tert-butyl azodicarboxylate (1.3 equiv.), 5 min.

disubstituted BCP compounds could be accessed by construc-
tion of the corresponding disubstituted BCP oxazolidinone
prior to diastereoselective alkylation (9u, 91%).> The struc-
tures of 9j, 91 and 9s were determined by X-ray crystallo-
graphic analysis,'? and the stereochemistry of all other prod-
ucts was assigned by analogy. The BCP was observed to posi-
tion itself on the opposite face to the oxazolidinone benzyl
group in all three structures, demonstrating its potential utility
as a conformational control element, as well as a useful motif
in drug design.



Crucially, the SuperQuat oxazolidinone was readily cleaved
to access functional groups that enable further manipulation of
the chiral BCP products (Scheme 2). These transformations
included hydrolysis (10), reduction (11), and transesterifica-
tion (12, 13); all products were obtained in high yields and
excellent enantiopurity, with the oxazolidinone being recov-
ered in good yield.

Scheme 2. Removal of the SuperQuat auxiliary to access
enantioenriched BCP building blocks
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The diastereoselective enolate functionalization chemistry
provides opportunities for the synthesis of a-chiral BCP ana-
logues of bioactive compounds (Scheme 3). The methodology
was first utilized in the synthesis of a BCP analogue of phe-
nylglycine, where methanolysis of 9t to give ester 14, fol-
lowed by deprotection of the Boc groups and Pt-catalyzed
hydrogenation,®* ° afforded the BCP analogue 15 of L-(+)-a-
phenylglycine methyl ester hydrochloride in 78% yield from
9t. We also targeted the asymmetric synthesis of an analogue
of a pharmaceutical featuring a benzylic stereocentre. Taren-
flurbil, the (R)-enantiomer of the NSAID flurbiprofen, was
selected for this purpose. This synthesis commenced with acid
16, which was converted to the acyl oxazolidinone 17 as out-
lined in Table 1 path b. Diastereoselective enolate methylation
proceeded in high yield and exceptional stereoselectivity
(91%, dr >20:1), affording BCP-tarenflurbil 18 after hydrolyt-
ic cleavage of the oxazolidinone (86%).

In conclusion, we have developed a general method to ac-
cess bicyclo[1.1.1]pentanes featuring stereogenic centres adja-
cent to the BCP, via the diastereoselective functionalization of
SuperQuat oxazolidinone BCP derivatives. The substituent
scope includes saturated and unsaturated carbon chains, car-
bonyls, heterocycles and heteroatoms; we also demonstrated
the facile cleavage of this auxiliary, which delivers enantioen-
riched BCP products with high ee. We further established the
first examples of direct asymmetric ATRA reactions to pre-
pare enantioenriched BCPs. This methodology was applied to
the synthesis of BCP analogues of phenylglycine and taren-
flurbil. This chemistry opens many opportunities for the syn-
thesis of chiral BCP derivatives, which are likely to be of high
value to the pharmaceutical and agrochemical industries.

ASSOCIATED CONTENT

Supporting Information

Experimental procedures, copies of 'H and '3C NMR spectra
(pdf), CIF. This material is available free of charge via the Inter-
net at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author
* edward.anderson@chem.ox.ac.uk.

Notes
There are no conflicts to declare.

ACKNOWLEDGMENT

MLJW and SIM thank the EPSRC Centre for Doctoral Training
in Synthesis for Biology and Medicine (EP/L015838/1) for stu-
dentships, generously supported by AstraZeneca, Diamond Light
Source,

Scheme 3. Synthetic Applications

O A0
L-(+)-phenylglycine HO HO Tarenflurbil
NH,

Me F

NaOMe, o) H 1. HCI, EtOAc fo) H
MeOH / CH,Cl, 2. PtO,, Hy, MeOH
%t ——— MeO” Y MeO™ ™
93% N 84% (2 steps) N
Bocl “NH NH,.HCI
15: BCP-phenylglycine
14
1. (COCl),, DMF, 1. NaHMDS, THF,
CH,Cly, o o Ph .78 °C; Mel (o} Ph
o Ph geCtont J 91%, dr > 20:1
HO - QN .
2. ent-7, n-Buli, ?—/ Me 2. LiOH, H,05, Me
THF, -78 °C Bn THF/H,0,
16 17 0°Ctort 18: BCP-tarenflurbil
66% over 2 steps 86%

Defence Science and Technology Laboratory, Evotec, Glax-
oSmithKline, Janssen, Novartis, Pfizer, Syngenta, Takeda, UCB
and Vertex. EAA thanks the EPSRC (EP/M019195/1 and
EP/S013172/1) for support.

REFERENCES

(1) (a) Kanazawa, J.; Uchiyama, M. Recent Advances in the Syn-
thetic Chemistry of Bicyclo[1.1.1]pentane. Synlett 2019, 30, 1; (b)
Dilmag, A. M.; Spuling, E.; de Meijere, A.; Brise, S. Propellanes—
From a Chemical Curiosity to “Explosive” Materials and Natural
Products. Angew. Chem. Int. Ed. 2017, 56, 5684; (c) Levin, M. D.;
Kaszynski, P.; Michl, J. Bicyclo[1.1.1]pentanes, [n]Staffanes,
[1.1.1]Propellanes, and Tricyclo[2.1.0.0>°|pentanes. Chem. Rev.
2000, /00, 169; (d) Wiberg, K. B. Small ring propellanes. Chem. Rev.
1989, 89, 975.

(2) (a) Stepan, A. F.; Subramanyam, C.; Efremov, 1. V.; Dutra, J.
K.; O’Sullivan, T. J.; DiRico, K. J.; McDonald, W. S.; Won, A.;
Dorff, P. H.; Nolan, C. E.; Becker, S. L.; Pustilnik, L. R.; Riddell, D.
R.; Kauffman, G. W.; Kormos, B. L.; Zhang, L.; Lu, Y.; Capetta, S.
H.; Green, M. E.; Karki, K.; Sibley, E.; Atchison, K. P.; Hallgren, A.
J.; Oborski, C. E.; Robshaw, A. E.; Sneed, B.; O’Donnell, C. J. Ap-
plication of the Bicyclo[1.1.1]pentane Motif as a Nonclassical Phenyl
Ring Bioisostere in the Design of a Potent and Orally Active y-
Secretase Inhibitor. J. Med. Chem. 2012, 55, 3414; (b) Goh, Y. L.;
Cui, Y. T.; Pendharkar, V.; Adsool, V. A. Toward Resolving the
Resveratrol Conundrum: Synthesis and in Vivo Pharmacokinetic
Evaluation of BCP—Resveratrol. ACS Med. Chem. Lett. 2017, 8, 516;
(c) Measom, N. D.; Down, K. D.; Hirst, D. J.; Jamieson, C.; Manas,
E. S.; Patel, V. K.; Somers, D. O. Investigation of a Bicy-
clo[1.1.1]pentane as a Phenyl Replacement within an LpPLA2 Inhibi-
tor. ACS Med. Chem. Lett. 2017, 8, 43; (d) Auberson, Y. P.; Brock-
lehurst, C.; Furegati, M.; Fessard, T. C.; Koch, G.; Decker, A.; La
Vecchia, L.; Briard, E. Improving Nonspecific Binding and Solubili-
ty: Bicycloalkyl Groups and Cubanes as para-Phenyl Bioisosteres.
ChemMedChem 2017, 12, 590; (e) For a review, see: Mykhailiuk, P.
K. Saturated Bioisosteres of Benzene: Where to go Next? Org. Bio-
mol. Chem. 2019, doi: 10.1039/C80B02812E.

(3) Makarov, I. S.; Brocklehurst, C. E.; Karaghiosoff, K.; Koch,
G.; Knochel, P. Synthesis of Bicyclo[1.1.1]pentane Bioisosteres of
Internal ~ Alkynes and para-Disubstituted Benzenes from
[1.1.1]Propellane. Angew. Chem. Int. Ed. 2017, 56, 12774.



(4) (a) Barbachyn, M. R.; Hutchinson, D. K.; Toops, D. S.; Reid,
R. J.; Zurenko, G. E.; Yagi, B. H.; Schaadt, R. D.; Allison, J. W. U-
87947E, a protein quinolone antibacterial agent incorporating a bicy-
clo[1.1.1]pent-1-yl (BCP) subunit. Bioorg. Med. Chem. Lett. 1993, 3,
671; (b) Westphal, M. V.; Wolfstddter, B. T.; Plancher, J.-M.; Gat-
field, J.; Carreira, E. M. Evaluation of tert-Butyl Isosteres: Case Stud-
ies of Physicochemical and Pharmacokinetic Properties, Efficacies,
and Activities. ChemMedChem 2015, 10, 461.

(5) (a) Meanwell, N. A. Improving Drug Design: An Update on
Recent Applications of Efficiency Metrics, Strategies for Replacing
Problematic Elements, and Compounds in Nontraditional Drug Space.
Chem. Res. Tox. 2016, 29, 564; (b) Meanwell, N. A. Synopsis of
Some Recent Tactical Application of Bioisosteres in Drug Design. J.
Med. Chem. 2011, 54, 2529; (c) Patani, G. A.; LaVoie, E. J. Bi-
oisosterism: A Rational Approach in Drug Design. Chem. Rev. 1996,
96, 3147; (d) For other recent examples of BCPs in medicinal chemis-
try, see: Nicolaou, K. C.; Yin, J.; Mandal, D.; Erande, R. D.; Klahn,
P.; Jin, M.; Aujay, M.; Sandoval, J.; Gavrilyuk, J.; Vourloumis, D.
Total Synthesis and Biological Evaluation of Natural and Designed
Tubulysins. J. Am. Chem. Soc. 2016, 138, 1698; (¢) Bostrom, J.;
Brown, D. G.; Young, R. J.; Keserili, G. M. Expanding the medicinal
chemistry synthetic toolbox. Nat. Rev. Drug Disc. 2018, 17, 709.

(6) (a) See Refs 1-4, and: Shelp, R. A.; Walsh, P. J. Synthesis of
BCP Benzylamines From 2-Azaallyl Anions and [1.1.1]Propellane.
Angew. Chem. Int. Ed. 2018, 57, 15857, (b) Bér, R. M.; Kirschner, S.;
Nieger, M.; Brdse, S. Alkyl and Aryl Thiol Addition to
[1.1.1]Propellane: Scope and Limitations of a Fast Conjugation Reac-
tion. Chem. Eur. J. 2018, 24, 1373; (c) Lopchuk, J. M.; Fjelbye, K.;
Kawamata, Y.; Malins, L. R.; Pan, C.-M.; Gianatassio, R.; Wang, J.;
Prieto, L.; Bradow, J.; Brandt, T. A.; Collins, M. R.; Elleraas, J.; Ew-
anicki, J.; Farrell, W.; Fadeyi, O. O.; Gallego, G. M.; Mousseau, J. J.;
Oliver, R.; Sach, N. W.; Smith, J. K.; Spangler, J. E.; Zhu, H.; Zhu, J.;
Baran, P. S. Strain-Release Heteroatom Functionalization: Develop-
ment, Scope, and Stereospecificity. J. A4m. Chem. Soc. 2017, 139,
3209; (d) Kanazawa, J.; Maeda, K.; Uchiyama, M. Radical Multi-
component Carboamination of [1.1.1]Propellane. J. Am. Chem. Soc.
2017, 139, 17791; (e) Gianatassio, R.; Lopchuk, J. M.; Wang, J.; Pan,
C.-M.; Malins, L. R.; Pricto, L.; Brandt, T. A.; Collins, M. R
Gallego, G. M.; Sach, N. W.; Spangler, J. E.; Zhu, H.; Zhu, J.; Baran,
P. S. Strain-release amination. Science 2016, 351, 241; (f) Bunker, K.;
Guo, C.; Grier, M.; Hopkins, C.; Pinchman, J.; Slee, D.; Huang, P. Q.;
Kahraman, M. Bicyclic Compounds. W0/2016/044331, 2016; (g)
Goh, Y. L.; Adsool, V. A. Radical fluorination powered expedient
synthesis of 3-fluorobicyclo[1.1.1]pentan-1-amine. Org. Biomol.
Chem. 2015, 13, 11597; (h) Thirumoorthi, N. T.; Shen, C. J.; Adsool,
V. A. Expedient synthesis of 3-phenylbicyclo[1.1.1]pentan-1-amine
via metal-free homolytic aromatic alkylation of benzene. Chem.
Commun. 2015, 51, 3139; (i) 1-azido-3-iodo BCP: Goh, Y. L.; Tam,
E. K. W,; Bernardo, P. H.; Cheong, C. B.; Johannes, C. W.; William,
A. D.; Adsool, V. A. A New Route to Bicyclo[1.1.1]pentan-1-amine
from 1-Azido-3-iodobicyclo[1.1.1]pentane. Org. Lett. 2014, 16, 1884;
(j) Bunker, K. D.; Sach, N. W.; Huang, Q.; Richardson, P. F. Scalable
Synthesis of 1-Bicyclo[1.1.1]pentylamine via a Hydrohydrazination
Reaction. Org. Lett. 2011, 13, 4746; (k) Messner, M.; Kozhushkov,
Sergei I.; de Meijere, A. Nickel- and Palladium-Catalyzed Cross-
Coupling Reactions at the Bridgehead of Bicyclo[1.1.1]pentane De-
rivatives - A Convenient Access to Liquid Crystalline Compounds
Containing Bicyclo[1.1.1]pentane Moieties. Eur. J. Org. Chem. 2000,
1137; (1) Della, E. W.; Taylor, D. K. Synthesis of Some Bridgehead-
Bridgehead-Disubstituted Bicyclo[1.1.1]pentanes. J. Org. Chem.
1994, 59, 2986; (m) Kaszynski, P.; Friedli, A. C.; Michl, J. Toward a
molecular-size tinkertoy construction set. Preparation of terminally
functionalized [n]staffanes from [1.1.1]propellane. J. Am. Chem. Soc.
1992, 114, 601; (n) Kaszynski, P.; McMurdie, N. D.; Michl, J. Syn-
thesis of doubly bridgehead substituted bicyclo[1.1.1]pentanes. Radi-
cal transformations of bridgehead halides and carboxylic acids. J.
Org. Chem. 1991, 56, 307.

(7) (a) Pellicciari, R.; Raimondo, M.; Marinozzi, M.; Natalini, B.;
Costantino, G,; Thomsen, C. (S)-(+)-2-(3°-

Carboxybicyclo[1.1.1]pentyl)-glycine, a Structurally New Group I
Metabotropic Glutamate Receptor Antagonist. J. Med. Chem. 1996,
39, 2874; (b) Pellicciari, R.; Filosa, R.; Fulco, M. C.; Marinozzi, M.;
Macchiarulo, A.; Novak, C.; Natalini, B.; Hermit, M. B.; Nielsen, S.;
Sager, T. N.; Stensbel, T. B.; Thomsen, C. Synthesis and Preliminary
Biological Evaluation of 2'-Substituted 2-(3"-
Carboxybicyclo[1.1.1]pentyl)glycine Derivatives as Group I Selective
Metabotropic Glutamate Receptor Ligands. ChemMedChem 2006, 1,
358; (c) Pritz, S.; Patzel, M.; Szeimies, G.; Dathe, M.; Bienert, M.
Synthesis of a chiral amino acid with bicyclo[1.1.1]pentane moiety
and its incorporation into linear and cyclic antimicrobial peptides.
Org. Biomol. Chem. 2007, 5, 1789; (d) Baran, P. S.; Ni, S.; Garrido-
Castro, A. F.; Merchant, R. R.; deGruyter, J. N.; Schmitt, D. C.;
Mousseau, J. J.; Gallego, G. M.; Yang, S.; Collins, M. R.; Qiao, J. X.;
Yeung, K.-S.; Langley, D. R.; Poss, M. A.; Scola, P. M.; Qin, T. A
General Amino Acid Synthesis Enabled by Innate Radical Cross-
Coupling. Angew. Chem. Int. Ed. 2018, 57, 14560; (e) Matos, J. L.
M.; Vasquez Céspedes, S.; Gu, J.; Oguma, T.; Shenvi, R. A. Branch-
Selective Addition of Unactivated Olefins into Imines and Aldehydes.
J. Am. Chem. Soc. 2018, 140, 16976; (f) Kokhan, S. O.; Tymtsunik,
A. V.; Grage, S. L.; Afonin, S.; Babii, O.; Berditsch, M.; Strizhak, A.
V.; Bandak, D.; Platonov, M. O.; Komarov, 1. V.; Ulrich, A. S.;
Mykhailiuk, P. K. Design, Synthesis, and Application of an Opti-
mized Monofluorinated Aliphatic Label for Peptide Studies by Solid-
State 19F NMR Spectroscopy. Angew. Chem. Int. Ed. 2016, 55,
14788.

(8) Caputo, D. F. J.; Arroniz, C.; Diirr, A. B.; Mousseau, J. J.; Ste-
pan, A. F.; Mansfield, S. J.; Anderson, E. A. Synthesis and applica-
tions of highly functionalized 1-halo-3-substituted bicy-
clo[1.1.1]pentanes. Chem. Sci. 2018, 9, 5295.

(9) (a) Equivalent lithium enolates delivered poor reactivity in our
hands, although a single example of BCP oxazolidinone lithium eno-
late alkylation has been described. See: Schnute, M. E.; Flick, A. C.;
Jones, P.; Kaila, N.; Mente, S. R.; Trzupek, J. D.; Vazquez, M. L.;
Wennerstal, G. M.; Xing, L.; Zamaratski, E.; Zhang, L. Methyl- and
trifluoromethyl-substituted pyrrolopyridine modulators of RORC2
and methods of use thereof. US9670201B2, 2015; (b) For a recent
discussion on sodium enolates, see: Zhang, Z.; Collum, D. B. Struc-
tures and Reactivities of Sodiated Evans Enolates: Role of Solvation
and Mixed Aggregation on the Stereochemistry and Mechanism of
Alkylations. J. Am. Chem. Soc. 2019, 141, 388.

(10) (a) Davies, S. G.; Sanganee, H. J. 4-Substituted-5,5-dimethyl
oxazolidin-2-ones as effective chiral auxiliaries for enolate alkylations
and Michael additions. Tetrahedron: Asymm. 1995, 6, 671; (b) Bull,
S. D.; Davies, S. G.; Garner, A. C.; Kruchinin, D.; Key, M.-S.; Rob-
erts, P. M.; Savory, E. D.; Smith, A. D.; Thomson, J. E. SuperQuat
5,5-dimethyl-4-iso-propyloxazolidin-2-one as a mimic of Evans 4-
tert-butyloxazolidin-2-one. Org. Biomol. Chem. 2006, 4, 2945; (c) For
recent applications of this auxiliary in radical chemistry, see: Beau-
mont, S.; Ilardi, E. A.; Monroe, L. R.; Zakarian, A. Valence Tautom-
erism in Titanium Enolates: Catalytic Radical Haloalkylation and
Application in the Total Synthesis of Neodysidenin. J. Am. Chem.
Soc. 2010, /32, 1482; (d) Herrmann, A. T.; Smith, L. L.; Zakarian, A.
A Simple Method for Asymmetric Trifluoromethylation of N-Acyl
Oxazolidinones via Ru-Catalyzed Radical Addition to Zirconium
Enolates. J. Am. Chem. Soc. 2012, 134, 6976; (e) For a recent review,
see: Davies, S. G.; Fletcher, A. M.; Roberts, P. M.; Thomson, J. E.
SuperQuat chiral auxiliaries: design, synthesis, and utility. Org. Bio-
mol. Chem. 2019, 17, 1322.

(11) (a) Zhou, Y.; Wang, J.; Gu, Z.; Wang, S.; Zhu, W.; Aceiia, J.
L.; Soloshonok, V. A.; Izawa, K.; Liu, H. Next Generation of Fluo-
rine-Containing Pharmaceuticals, Compounds Currently in Phase 11—
IIT Clinical Trials of Major Pharmaceutical Companies: New Struc-
tural Trends and Therapeutic Areas. Chem. Rev. 2016, 116, 422; (b)
Gillis, E. P.; Eastman, K. J.; Hill, M. D.; Donnelly, D. J.; Meanwell,
N. A. Applications of Fluorine in Medicinal Chemistry. J. Med.
Chem. 2015, 58, 8315.

(12) Low temperature single crystal X-ray diffraction data for 12j,
121 and 12s were collected with a (Rigaku) Oxford Diffraction Su-



perNova A diffractometer at 150K. All data were reduced using
CrysAlisPro, solved using SuperFlip [L. Palatinus, G. Chapuis, J.
Appl. Crystallogr. 2007, 40, 786-790] and the structures were refined
using CRYSTALS.[P. W. Betteridge, J. R. Carruthers, R. 1. Cooper,
K. Prout, D. J. Watkin, J. Appl. Crystallogr. 2003, 36, 1487; R. L.
Cooper, A. L. Thompson, D. J. Watkin, J. Appl. Crystallogr. 2010,

43, 1100-1107]. The Flack(x) parameter [H. D. Flack, Acta Crystal-
logr. A 1983, 39, 876-881; H. D. Flack, G. Bernardinelli, J. Appl.
Crystallogr. 2000, 33, 1143-1148] was refined in all cases; see the
Supporting  Information (CIF) for further details. CCDC
1888813-1888815 contains the Supplementary crystallographic data
for this paper.




