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1. Introduction

Tetrahedron

did not enable the transformation. “Ligand-free’hditions 6)
also failed to provide any product. Notably, pymieliL1, 12 mol

Synthesis of all-carbon quaternary stereocenters by/oy 2 equiv) failed to deliver any product, insiriogt that

means of asymmetric catalysis remains a challenginglem in
synthetic chemistry. Historically, the 1,4 addition of a

nucleophile to a suitable,-unsaturated conjugate acceptor has

been a reliable means of synthesizing these cluifign

quaternary stereocentérslany groups have pioneered methods

for this transformation employing highly reactiveganometallic
reagents (e.g., diorganozific, triorganoaluminuni, and
organomagnesium reagedtsto react with a large array of
electrophiles under copper catalysis. Rigorouslyhydnous
conditions are a requirement of these approachssthay
uniformly utilize water-sensitive reagents. As alteraative,
Hayashi developed chiral rhodium complexes thatessfully
catalyze the asymmetric conjugate addition of vaio
organoboron reagents to conjugate acceptors in higty yields
and enantioselectiviti€s. More recently, the rhodium system
has been expanded to

ligands has facilitated the rhodium-catalyzed cgaje addition
of sodium tetraaryl borates (MNa) and arylboroxines (ArB@)
to enones to afford products containing all-carlspraternary
stereocenters:®
cannot use common and commercially available arglio

acids®%!

include syntheses of quagernar
stereocenter. In particular, the development of chiral diene

Table 1.Preliminary ligand screéh.
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@ Conditions: Reactions were performed with phenyghiz acid (0.50

nop

However, it should be noted that these reactiongymol), 3-methylcyclohexen-2-one (0.25 mmol), Pd(®AG mol%), and

ligand (6 mol%) in solvent (1 mL) for 24 h. NMReyd. ee determined by
chiral HPLC.

Upon undertaking studies to develop a palladium-

catalyzed asymmetric conjugate addition capableynfhesizing
guaternary stereocenters, we noted that there evdyeexamples
of asymmetric synthesis tértiary stereocenters in the palladium
literature'? Concurrent with our early studies, Lu and cowasker
reported that the dicationic complex [(bpy)Pd(QF)BF, was
capable of catalyzing the conjugate addition ofkamonic acids
to 3-methylcyclohexenone to synthesize racemic yoctsd
featuring quaternary stereocentbfsin 2011, we reported the
discovery of an asymmetric palladium-catalyzed cgafe
addition based on a catalyst deriviedsitu from Pd(OCOCE),
and a chiral pyridinooxazoline (PyOx) ligatd.These reactions
were demonstrated on a broad spectrum of arylboracid and
enone substrates, and were found to be remarkal#yant of
both oxygen and water. Subsequently, we discloeeduse of
NH4PF, and water as synergistic additives to acceletaterate
of the reaction. Fortuitously, these additives alaibowed
reactions to be conducted at temperatures as lownasent
temperaturé®

Herein, we discuss report a full account of theeftgyment of
these reactions and discuss the full scope oftibeistry to date.

2. Development and optimization of reaction conditins

2.1 Identification of chemically competent liganddareaction
conditions

To achieve the desired enantioselective conjugdtiiian,
the reaction of 3-methylcyclohexen-2-orig vith phenylboronic
acid @) was investigated in the presence of various gaifa
catalysts and chiral ligands (Table 1). We hypsited
dinitrogen ligands that were less sterically bulthan large
arylphosphine ligands would successfully synthesiwe highly
congested quaternary stereocenterBafisubstituted ketone,
and were pleased to find that bipyridine (bgy,enabled full
conversion of enoné& when treated with palladium(ll) acetate
and phenylboronic acid in protic solvents. Unfoetely, a
number of other standard ligand scaffolds failecatford any
conversion to the desired conjugate addition produder
identical reaction conditions. Spartein@),(PyBox (7), and a
variety of bis-oxazolineq and 10) and phosphinooxazoline)(

Success with bpy and lack of success with chiral bi
oxazoline ligands led us to propose tha€Casymmetry chiral
ligand based on the bpy scaffold would be a sigtabtalyst. The
presence of a pyridine ring was required, howekrersmall bite
angle and 5-membered metallocycle chelate seemedllyq
important. We reasoned that modification of ondgige moiety
of bpy would allow for the introduction of a chirgtoup (Figure
1, hypothetical ligand12), while still maintaining the 5-
membered chelate and narrow bite-angle. We quididgovered
that substituted pyridinooxazoline ligandk3}* provided high
levels of enantioselection.

Figure 1. Logical implementation of pyridinooxazoline
ligands.
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Ligand Scaffold

Identification of a functioning chiral ligand S(-t-BuPyOx, 14)
prompted us to consider the effects of solventhantield and
enantioselectivity of the reaction. A preliminarghgent screen
led us to observe that polar, coordinating solvémnitsiered the
reaction (Table 2, entries 1-3). Moving toward mpahar
solvents, such as toluene (entry 4), encouragedhehig
conversions and modest enantioinduction, howe\eatitg these
reactions (entries 6-7) failed to drive the reaxtiao full
conversion. Fortuitously, dichloromethane (entry fFpvided
87% isolated yield of the desired conjugate addigaduct in
91% ee.



Table 2.Preliminary solvent screén.

= 0.

f \ N/ \N “ By 9
R B(OH), 14
ij\ ©/ Pd(OCOCF;), Ph
solvent
1 2 40-80°C, 24 h 3
entry solvent temp (°C) yield (%) ee (%)

1 t-amyl alcohol 40 14b -
2 dioxane 40 17° -
3 THF 40 310 -
4 toluene 40 650 82
5 CH,Cl, 40 87°¢ 91
6 toluene 60 63° 77
7 hexane 60 68° 62

@ Conditions: Reactions were performed with phenyhb& acid (0.50
mmol), 3-methylcyclohexen-2-one (0.25 mmol), Pd(CQZFE). (5 mol%),
and ©-t-BuPyOx (6 mol%) in solvent (1 mL) for 24 R.NMR yield.
Isolated yield. “ee determined by chiral HPLC.

To further optimize the reaction, we next lookedhat effect
of different palladium sources. The use of pallat(il) halides
afforded no reaction (Table 3, entry 1-2). The tigig could be

rescuedvia halogen abstraction upon treatment with AgOTf

(entry 3), however, this reaction produced ketdheén low
enantioselectivity. In the presence of ligahd palladium(ll)
carboxylate sources were capable of catalyzing dbesired
reaction (entries 4-5). The acetate counterionryes} led to
modest chemical yields of the desired conjugatetiaddadduct
in 93% ee. A catalyst derived from palladium(tijltoroacetate

3

tetrafluoroborate facilitated no conversion in nastbl at a
variety of temperatures (entries 4-6), or as a uméxtwith
dichloroethane as cosolvent (entries 6). Finallg failed to
generate a catalysin situ from isolated (PyOx)Pdglby
treatment with sodium hexafluorophosphate (entry 7)

Table 4.Polar solvents screén.

o [Pd] (5 mol %) Q
PhB(OH), (S)-t-BuPyOx (6 mol %)‘
d 2 equiv «Ph
1 3
entry solvent metal source temp (°C)  yield (%)°  ee (%)°
1 DCE Pd(OAc), 60 Low -
2 Acetone Pd(TFA), 60 - -
3 DMF Pd(TFA), 60 - -
4 MeOH Pd(CH3CN)4(BF;), 60 Trace -
5 MeOH Pd(CH3;CN)4(BF,), 25 - -
6 DCE-MeOH Pd(CH3;CN)4(BF,), 25 - -
7 Acetone tBuPyOXPdCI2 - NaPF6é 25 - -

& Conditions: Reactions were performed with phenybar acid (0.50
mmol), 3-methylcyclohexen-2-one (0.25 mmol), Pd(Q8TFE), (5 mol%),
and ligandl4 (6 mol%) in solvent (1 mL) for 12 Rlsolated yield.cee
determined by chiral HPLC.

2.1 Identification of chemically competent ligamiiasolvent
conditions

Having successfully optimized the reaction condiiowe next

and pyridinooxazolinel4 produced the desired ketone productexamined the reaction with other members of thexPgQelated

3% in 87% vyield and 91% ee (entry 8). By using 1,2-
dichloroethane in place of dichloromethane as swlvand
increasing the reaction temperature from 40 to 60 kKetone3
was isolated in 99% vyield and 93% ee (entry 6). fiyh yield
and enantioselectivity were maintained even updtitiac of 10
equivalents of water (entry 7). Furthermore, thmeoant of
phenylboronic acid was reduced to 1.1 equivalenih wo
detrimental effects (entry 8).

Table 3. Optimization of palladium sourée.

st CHj i
d of

Pd source

solvent 3
40-80 °C,12 h
entry Pd source solvent temp (°C)  vyield (%)°  ee (%)°
1 PdCl, CH,Cl, 40 - -
2 Pd(MeCN),Cl, CH,Cl, 40 - .
3%  Pd(MeCN),Cl,, AgOTf CH,Cl, 40 69 17
4 Pd(OAc), CH,Cl, 40 65 92
5 Pd(OCOCF;3), CH,Cl, 40 87 91
6 Pd(OCOCF;), CICH,CH,CI 60 99 93
7° Pd(OCOCF;), CICH,CH,CI 60 99 91
8 Pd(OCOCF;), CICH,CH,CI 60 99 93

# Conditions: Reactions were performed with phenghix acid (0.50
mmol), 3-methylcyclohexen-2-one (0.25 mmol), Pd(CQZFE). (5 mol%),
and ligand14 (6 mol%) in solvent (1 mL) for 12 h, unless othiesvnoted.
b |solated vyield. ° ee determined by chiral HPLC® 12 mol% AgOTH.
¢ Reaction performed in the presence of adde@ (2.5 mmol, 10 equiv).
f Phenylboronic acid loading reduced to 1.1 equiv.

A final examination of solvent and palladium sosragas
undertaken following the disclosure of a highly miaselective
palladium-catalyzed conjugate addition by Minnaaehd
coworkers whereby a dicationic palladium catalgsgenerated
in MeOH?® However, we found that highly polar solvents fdile
to produce product (Table 4, entries 2—-3). Switghmdicationic
palladium by employing tetrakis acetonitrile pailad(ll)

quinolinooxazoline (QuinOx) ligand series (Tablel3,and 18).
Ligands with electron-donatind§) or electron-withdrawing1()
substituents on the pyridine moiety both furniskes product in
high vyield, but with decreased enantioselectivitiext,
employing QuinOx ligandsl7 or 18 resulted in a dramatic
decrease in both the reactivity and enantioselggtipresumably
due to poor chelation of palladium due to the iasesl steric
bulk adjacent to the pyridine nitrogeModifying the chiral
substituent to groups other thabutyl also led to decreased
enantioselectivity, as we observed PyOx ligandsibgasobutyl
(20), phenyl 1) or isopropyl(22) substitution to deliver ketone
3 in quantitative yield, but significantly depresseel Similarly,
PyOx ligands without substitution at the 4-posi{@8) afford no
appreciable enantiocontrol and deliver ketd®enearly as a
racemic mixture.



Table 5.PyOx and QuinOx ligand screén.

s
ﬁj\( “8u ﬁj\( “8u ﬁj\/

14
99% yield 96% yield 99% yield
93% ee 78% ee 81% ee

A A
Pz —Z
N ° N
W
N -
“+Bu

18 z
13% yield 14% yield
20% ee 0% ee

Py Yy Uy Gy

19 20
99% yield
2% ee
# Conditions: Reactions were performed with phenylbar acid (0.50
mmol), 3-methylcyclohexen-2-one (0.25 mmol), Pd(GEF%), (5 mol%),
and ligand (6 mol%) in CICK¥CH.CI (1 mL) for 12 h. Isolated yield. ee
determined by chiral HPLC.

o

&

3

ligand (6 mol %)
Pd(ococm2 (5 mol %)

CICH,CH,CI, 60 °C, 12 h

15 16

21
99% yield
52% ee

22
99% yield
40% ee

95% yield
24% ee

Following the discovery that the addition of MNMg and
water accelerate the reaction (see Section 3 &mudsion), we
re-examined a large number of chiral and achirgarids to
determine if the new conditions facilitated an exged class of
ligands to successfully catalyze the reaction. dnfately, all
phosphine ligands we tried failed to achieve apptde
conversion (Table &3, 24and25). The drop in conversion from
dppe @4) to dppbz 25) led us to question whether ligand rigidity
was detrimental to conversion. However, the neéaibntical
results observed with bpy4) phenanthroline 26) and
bathophenanthroline2f) suggest that rigidity of the ligand
scaffold has minimal effect on conversion.

We screened a number of chiral diamine ligandder the
newly optimized conditions as well. The best cosi@r was
observed with a bisoxazoline with a bite angle kimio that of
bpy (Table 6,34), followed by proline-derive2, which also
features a 5-membered metallocycle chelate. Ligéomising 6-
membered metallocycle@g and29) performed poorly, however
those containing gemdimethyl @31) or cyclopropyl 85
substituted bridging methylene groups showed imgdov
conversion. We believe this to be the result of guaternary
center on the ligand backbone enforcing a smaliexr déngle.
Additionally, sparteine®), PHOX (33) and PyBox 80) ligands
delivered no conversion to the desired product.

Tetrahedron

Table 6. Expanded ligand screén.

ligand (3 mol%)
f ©/B(OH)2

Pd(OCOCF 3), (2.5 mol%)
NH 4PFg (30 mol%), H ,0 (5 equle
Achiral Ligands

CICH,CH,CI, 40 T, 12-48 h

G-
a0

Fe
PPN, Ph,P PPh,
= Ph,P PPh,
23 24 25
0% conversion 22% conversion 2% conversion 100% conver sion
99% yield
100% conversmn 98% conversmn
99% yield 97% yield
Chiral Ligands cN

() (¢]
S,
t-Bu ‘;!-Bu

12% conversion

22% conversion

o o
O (o)
o \ WXWJ
N 1 \) N N ): N/> <\N j S, N N
PPh, N " %
D 4 Bn B pp Ph
33 BU 6 4 35

0% conversion 0% conversion 35% conversion 20% convers  ion

# Conditions: Reactions were performed with phenydbar acid (0.50
mmol), 3-methylcyclohexen-2-one (0.25 mmol), Pd(CQ8TE), (2.5 mol%),
and ligand (3 mol%) in CICK¥CH.CI (1 mL) for 12—48 h, , unless otherwise
noted. Conversion determined iy NMR.

3. Determination of substrate scope

To determine the substrate scope, a wide variety of
arylboronic acids were exposed to the optimizedctiea
conditions (Table 7). Generallypara-substituted arylboronic
acids react with good yields and enantioselectsiti Alkyl
substituted products (red colored, Table 7) areeggly formed
in good yield and ee, such as those formed by 4wheand 4-
ethylphenylboronic acids36 and 37). However, arylboronic
acids bearing substituents with greater electramating
capacity, such as 4-benzyloxyphenylboronic acid 4r
methoxyphenylboronic acid react to form productsthwi
diminished yields and enantioselectiviti€28 @nd 39). A wide
range of functional groups can be utilized suceglysfEven a
silyl ether is tolerated (e.g44), however in modest yield.
Arylboronic acids bearing electron-withdrawing stitognts
(blue colored) tend to perform extremely well. Bdtlacylpheny-
and 4-trifluoromethylphenylboronic acids react withantitative
yield and 96% ee to form ketond® and41. The product of 4-
chlorophenylboronic acid4@) is formed in 94% yield and 95%
ee, and the product of 4-fluorophenylboronic aciB)(is
afforded in 92% ee. Finallynetasubstitution on the arylboronic
acid also furnishes products in high ee and yie8d.
methylphenylboronic acid and 3-carbomethoxyphenghior
acid both afford product ketoned5and 46 , respectively) in
greater than 90% ee.

Table 7. Boronic acid substrate scope.



(S)-t-BuPyOx (6 mol%) o
Pd(OCOCF;),
(5 mol%)

- Aryl
CICH,CH,CI

e
A0 B0 OO0

37
90% yield
85% ee

39
58% yield
69% ee

38
96% yield
74% ee

99% yield®
87% ee®

S¥o S Jory v, Nelys

99% yield
96% ee

99% yield
96% ee

94% yield
95% ee

84% yield
92% ee

Qo O O

44 45 46

52% yield 99% yield 91% yield

82% ee 91% ee 95% ee
# Conditions: Reactions were performed with phenybar acid (0.50
mmol), 3-methylcyclohexen-2-one (0.25 mmol), Pd(CQZFE). (5 mol%),
and ligand14 (6 mol%) in CICHCH,CI (1 mL) at 40-80 °C for 12-24 h.
Isolated yield. ee determined by chiral HPLC.

More recently, we discovered that the addition &1,RF;
and water accelerate the reaction, and allow fowefto
temperatures to be employEdTypically, reactions under these
conditions occur between room temperature and 40
Gratifyingly, we discovered that these milder cdiodis facilitate
increased yields with substrates that had reactéd good ee,
but poor yields under the initial reported condigo(in the

absence of NiPF; and water). In some cases, the isolated yiel

nearly doubled. For example, reaction of 3-chlossphboronic
acid saw a yield increase from 55% to 96% yieldkelise, the
product formed from 3-bromophenylboronic acld@lf) increased
from 44% vyield to 84% yield. Even 3-nitrophenylboio acid
saw an increase from 40% to 81% yield. Furthermdte,
fluorophenylboronic acid reacted with 70% vyield ané% ee
under the newly modified conditions. In each ofstheases, the
increase in yield is met with effectively no chamgee.

Table 8. Increased reaction yields with PR and water as
reaction additive8.

o (S)-t-BuPyOx (6 mol %)
R A Pd(OCOCF3); (5 mol %)
J __NHPFHO o
+ CICHZCHZCI
B(OH), 40°C,12h
1
o o

Cl

o

47a
55 % Yield 97 % ee
96 % Yield 96 % ee

T Ao

47c 47d
40 % Yield 92 % ee 32 % Yield 77 % ee
81 % Yield 91 % ee 70 % Yield 77 % ee

47b
44 % Yield 86 % ee
84 % Yield 84 % ee

2Blue font: reported yield and ee 47 in the absence of NIRF; and water
with reactions performed at 60 °C; red font: yiattd ee o#t7 with additives.
Conditions: Reactions were performed with phenybar acid (1.0 mmol),
3-methylcyclohexen-2-one (0.5 mmol), b (30 mol %), water (5 equiv.),
Pd(OCOCE), (5 mol%), and 9-t-BuPyOx (6 mol%) in CICKHCH,CI (2 mL)
at 40 °C. Isolated yield. ee was determined byatiPLC.

Next, we tested a variety @fsubstituted enones to examine
the scope of the enone reactant (Table 9). A wateety of alkyl
substituted products can be formed, such as e#t8)| (-butyl

°C

5
(49) and benzyl §0) substituents at thg-position, all which
were afforded in greater than 90% ee. Furthermbranched,
bulky alkyl substituents could be successfullyizgid, forming
products such as isoprop¥l), cyclopropyl 62), and cyclohexyl
(53). Heteroatom linkers (e.&4) are suitablg3-substituents as
well. Finally, products formed from 5- and 7-mendzkenones
(55 and56, respectively) were reacted with greater than @8%

Table 9.Enone substrate scope.

o Ph-B(OH), (2 equiv) o
(S)-t-BuPyOx (6 mol %)
Pd(OCOCF;), (5 mol %)
o -wPh
ol R CICH,CH,CI ol
60°C,12h R
o) o) o 0
d-vuph /g-mph @-ulph ~11Ph
Et
Ph
48 5 51 52
96% yield 95% yield 74% yield 86% yield  68% yield
92% ee 91% ee 91% ee 79% ee 88% ee
o
o
o [o]
g~ 4. &
~Ph
nO @"Ph
53 54
86% yield 90% yield 84% yield 85% yield
85% ee 91% ee 91% ee 93% ee

@ Conditions: Reactions were performed with phenybar acid (0.50
mmol), cycloalkenone (0.25 mmol), Pd(OCQER5 mol%), and ligand.4

0(6 mol%) in CICHCH.CI (1 mL) at 60 °C for 12 h.

4. Plausible Catalytic Cycle

Computational and experimental work by our group
collaboration with the Houk laboratory suggestg tha reaction
is catalyzed by a palladium(ll) cationic speciery(fe 2,57).">
We propose that the active catalyst is likely algoiim(ll)
hydroxide, which are known to undergo rapid trarnsftegion
with arylboronic acids? Though the precise role of NP has
not been established, we postulate that the preseihthe non-
coordinating counterion may stabilize the catiomiermediates
on the proposed catalytic cycle, or otherwise favoesting state
that is on the productive catalytic cycle. This Vdohave the
effect of increasing the relative concentration tbé active
catalyst species, leading to the observed ratee@ser. Rapid
reaction of palladium hydroxidé7 with arylboronic acid then
affords cationic arylpalladium(l168. Ligand substitution and
substrate coordination, likely through the oxygénhe enone to
form complex60, leads to insertion of the aryl-palladium bond
when coordination via the enone olefin occs9)( This olefin
insertion is the enantioselectivity-determing stdjhe lowest
energy diastereomer of this insertion reactiontbiesen calculated
to be transition stat&9-ts'* which leads to the observe®)(
stereochemistry of the product ketones. Migratargertion of
the substrate olefin into the aryl—-palladium boffdrds carbon—
bound palladium enolat&2, which likely isomerizes to its
oxygen-bound tautomer, enola6d. Hydrolysis of this latent
cationic palladium enolat&{) affords the product keton8&)(and
regenerates the catalysf7y.

n

Figure 2. Plausible catalytic cycle.
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5. Expanded Substrate Scope

o
O coordination é\

The discovery that reaction rates were dramatidattyeased by
the addition of hexafluorophosphate salts and ewidit water
represented an opportunity to expand the subss@ipe. The
additives promote successful reaction at 40 °@wel, and thus
substantially facilitate the reaction of substratesith
temperature-sensitive functionalities (such asl| sélthers), or
groups that may react with trace palladium(0) fkaormed by
off-cycle pathways (such as aryl bromides). We naxted our
attention to two other substrate classesB-Bryl cyclic enones,
and 2) arylboronic acids containing nitrogen andheot
heteroatoms.

We considered that ous-arylation reaction constituted a

synthetically useful means of synthesizing asymimefr,4-

dicarbonyl compounds. Beginning wit-acyl cyclic enones

(63), we were able to react a variety of arylboron@da to
synthesize asymmetric 1,4-dicarbonyl compounds |€Tal),
64a—9. Interestingly, only products from the olefin @mgon that
form quaternary stereocenters were observed. Theneisc
addition product, which would contain vicinal terty
stereocenters, was not observed in any of the credetion
mixtures by NMR spectroscopy.

Table 10 B-acyl enone substrate scdpe.

(S)-t-BuPyOX (6 mol%)
B(OH),
o iy

Pd(OCOCF;), (5 mol%)
_ WONHPR

CICH,CH,CI, 60 °C, 12h

NHCOCF,

64a 64b 64c
85% yield 92% yield 66% yield
96% ee 90% ee 92% ee

649
57% yield
92% ee

64f
72% yield
90% ee

64e
72% yield
93% ee

# Conditions: Reactions were performed with phenybar acid (0.50
mmol), cycloalkenone (0.25 mmol), Pd(OCQER5 mol%), and ligand4
(6 mol%) in CICHCHCI (1 mL) at 60 °C for 12 h.

Tetrahedron

Next, we strived to demonstrate that the reactias wlerant of
heteroatom substitution on the arylboronic acid.e Woposed
that aniline-derived boronic acids could be reactetien
protected with electron-withdrawing functional gpsu Cbz-
protected aniline boronic acif5a reacted with modest yield
(Table 11), but a promising 76% ee. Modificatiorthie pivaloyl
protected boronic aci@®5b, facilitated higher yields, but had
minimal effect on enantioselectivity. Finally, trdbroacetyl-
protected65c afforded clean conversion to afford 98% of the
conjugate addition addud@6c in 89% ee. The trifluoroacetyl
group facilitated the reaction on a number of aeiderived
arylboronic acids, including methoxyphenyl trifl@aicetamide
65d, trisubstituted acetamidgbe and 3-trifluoroacetamide8sf
and65g Their successful reactions demonstrate the butiity
of these substrates.

Table 11 Trifluoroacetamide boronic acid nucleophifes.

o (S)-t-BuPyOX (6 mol%) 2
Pd(OCOCFj), (5 mol%) ij
@NHR
1

arylboronic acid (1.5 equiv)
H,0, NH4PFg
CICH,CH,CI 60 °C, 12h

66a-g
X i
P 07 “NH %NH J\
B(OH), B(OH), B(OH)z
65a 65b
45% yield® 72% yield” 98% yleld"
76% ee® 78% ee® 89% ee®
X SRS SR O
Fs€” “NH FsC” “NH Foc NH
<>/°\ \@/ f R f
B(OH), B(OH),
B(OH), B(OH),
65d 65e 659
75% yield® 93% yield® 60% yleldb 77% yield®
—588% eeC 20% ee® 92% ee® 88% ee®

# Conditions: Reactions were performed with phenybar acid (0.50
mmol), 3-methylcyclohexenone (0.25 mmol), Pd(OC@LE mol%), and
ligand 14 (6 mol%) in CICHCH,CI (1 mL) at 60 °C for 12 h° Yield of
product 66). “ee of productg6).

6. Challenging Substrates

Despite the many substrates that undergo facilgugate
addition, a number of substrates proved incompatibith the
newly developed methodology (Table 12). Pyridieg
presumably coordinates palladium and inhibits tretalgst,
yielding no conjugate addition product. Allyl ereo88 also did
not react, nor did enyneor@®. [-aromatic enones also failed,
such as thiophen&0 and chloroarenefl  Each of these
substrates has functionality that can potentiaiiyeract with
palladium; such interactions are likely detrimentathe catalyst.

Table 12 Challenging enone substrafes.



(S)-t-BuPyOXx (6 mol %) o

B(OH), Pd(OCOCF3), (5 mol %) R!
©/ _ NHPFgHO
<uPh
2 equiv CICH,CH,CI R?

60°C,12h

%@wé\
Ay Oy, ot

#Optimized reaction conditions afford trace or novarsion as observed by
*H NMR spectroscopy of the crude reaction mixture.

7. Conclusion and Outlook

In summary, we have developed a widely applicable
method for the synthesis @fquaternary ketones of a variety of
ring sizes utilizing a palladium-catalyzed, asymmicetonjugate
addition of arylboronic acids to enone electrophilé wide array
of arylboronic acids and enones were successfulipl@yed in
this transformation. Critically, the reactions a@mpatible with
protic co-solvents, such as water, and display rkatde
tolerance to atmospheric oxygen. Furthermore, themized
ligand, ©-t-BuPyOx (4), is easily synthesized and readily
prepared on multi-gram quantiti€s. These features, in
combination with the ease of handling of arylbocoagids, result
in an operationally simple reaction with a strafghward
procedure. All reactions described herein were qoeréd in
screw-top vials and without purification or digiflon of any
reagents or solvents. Application of this reactwethod toward
the catalytic asymmetric total synthesis of seveadlral product

Some arylboronic acids also proved to be poorclasses and the development of an asymmetric _cxm;'lq;jdition
nucleophiles Ortho-substituted arylboronic acids were generally of heteroaryl substrates are currently underwayuinlaboratory.

poor substrates; 2-chlorophenylboronic acid (Taki® 73)
yielded only 2% of its corresponding product in 38& while 2-
methylphenylboronic acid7é) yielded 13% product in 22% ee.
Arylboronic acids with reactive groups, such asided’6 and
furan 77, were not successfully employed in conjugate additio
chemistry. Cyanophenylboronic ac80 also failed to react. In
general, heterocycles are not well tolerated, aemted by the
lack of reactivity of indole81. Steric crowding of the reactive
boronic acid site by the Boc protecting group miay @ role in
the poor reactivity. Likewise, the very electroropdluoroarene
78 does not react, though steric congestion likelytriiontes to
its poor performance as well. Interestingly, stgrenoieties’9
and82 also did not undergo addition. Additionally, itosid be
noted that electron-rich arylboronic acids (e.g.,
dimethoxyphenylboronic acid’§)) undergo rapid homocoupling
and proteodeborylation under the reaction conditidrhus, it is
difficult to achieve synthetically useful yields tifese electron-
rich adducts. Furthermore, the enantioselectiviégnss to be
lower for these electron-rich arylboronic acids.

Table 13 Challenging boronic acid substrafes.
CICH,CH,CI

o Aryl-B(OH) ; (2 equiv) o
(S)-t-BuPyOx (6 mol %)
A
60 C,12h
OMe
¢l B(OH),
B(OH), B(OH), /©/
Ej E5 0 BOH),

Pd(OCOCF3), (5 mol %)
2% yield no product

37% ee detected

13% yield
22% ee

trace product
significant homocoupling

B(OH), B(OH),

7

no product no PdeUCt no PFOdUCt no product
detected detected detected detected
Boc X-BOH)2
MeO
81 82
no product no product

detected detected

#Optimized reaction conditions afford trace or novarsion as observed by
*H NMR spectroscopy of the crude reaction mixture.

8. Experimental section

Materials and Methods

Unless otherwise stated, reactions were performidd o extra
precautions taken to exclude air or moisture. Cencially
available reagents were used as received from Sigldiach
unless otherwise stated. Enone substrates (Tapleve3e
purchased from Sigma Aldrich (3-methylcyclohexenorie
cyclohexene-1-one, chromone) or were prepared ditgprto
literature  procedur.  Pyridinooxazoline ligands were
synthesized according to literature proceddfesReaction
temperatures were controlled by an IKAmag tempeeatu
modulator. Thin-layer chromatography (TLC) was fpened
using E. Merck silica gel 60 F254 precoated pl§2&® nm) and
visualized by UV fluorescence quenching, potassium
permanganate, gr-anisaldehyde staining. Silicycle SHiash
P60 Academic Silica gel (particle size 40-63 nmpwsaed for
flash chromatography. Analytical chiral HPLC waarfprmed
with an Agilent 1100 Series HPLC utilizing a Choal OJ
column (4.6 mm x 25 cm) obtained from Daicel Cheahic
Industries, Ltd with visualization at 254 nm andwl rate of 1
mL/min, unless otherwise stated. Analytical chi&fC was
performed with a JASCO 2000 series instrument zirij
Chiralpak (AD-H or AS-H) or Chiralcel (OD-H, OJ-ldr OB-H)
columns (4.6 mm x 25 cm), or a Chiralpak IC colu@ mm x
10 cm) obtained from Daicel Chemical Industriesd with
visualization at 210 or 254 nm and flow rates ahB/min or 5
mL/min, as indicated below'H and **C NMR spectra were
recorded on a Varian Inova 500 (500 MHz and 125 MHz
respectively) and a Varian Mercury 300 spectroméep MHz
and 75 MHz, respectively). Data fdH NMR spectra are
reported as follows: chemical shiftd ppm) (multiplicity,
coupling constant (Hz), integration). Data fét NMR spectra
are referenced to the centerline of CP(@7.26) as the internal
standard and are reported in terms of chemicat sélifitive to
Me,Si (5 0.00). Data fof°C NMR spectra are referenced to the
centerline of CDG (& 77.0) and are reported in terms of
chemical shift relative to M&i (5 0.00). Infrared spectra were
recorded on a Perkin Elmer Paragon 1000 Spectroraateare
reported in frequency of absorption (&n High resolution mass
spectra (HRMS) were obtained on an Agilent 6200eSefOF
with an Agilent G1978A Multimode source in elecposy
ionization (ESI), atmospheric pressure chemicalizetion
(APCI) or mixed (MultiMode ESI/APCI) ionization med
Optical rotations were measured on a Jasco P-20R@0ipeter
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using a 100 mm path-length cell at 589 nm.

Experimental Procedures

(9)-4-(tert-butyl)-2-(pyridin-2-yl)-4,5-dihydrooxazole (14).
The ligand was prepared according to literaturec@dores**
All characterization data matches previously regebdata.

Representative General Procedure for the Enantiosettive
1,4-Addition of Arylboronic Acids to B-Substituted Cyclic
Enones

A screw-top 1 dram vial was charged with a stir ,bar

Pd(OCOCE), (4.2 mg, 0.0125 mmol, 5 mol%)S)t-BuPyOx
(3.1 mg, 0.015 mmol, 6 mol%), and PhB(QHPH1 mg, 0.50
mmol, 2.0 equiv). The solids were dissolved inhthcoethane
(0.5 mL) and 3-methyl-2-cyclohexenone (@9, 0.25 mmol) was
added. The walls of the vial were rinsed with afditonal
portion of dichloroethane (0.5 mL). The vial wagpped with a
Teflon/silicone septum and stirred at 60 °C in drbath for 12

h. Upon complete consumption of the starting niater

(monitored by TLC, 4:1 hexanes/EtOAg;anisaldehyde stain)
the reaction was purified directly by column chroogmaphy
(5:1 hexanes/EtOAc) to afford a clear colorless(4il mg, 99%
yield).

General Procedure for the Synthesis of Racemic Prodts
Racemic products were synthesized in a manner gmadoto the
general procedure using bipyridine (2.1 mg, 0.01&amh 6
mol%) as an achiral ligand.

Spectroscopic Data for Enantioenriched B,B-Disubstituted
Cyclic Ketones

(R)-3-phenyl-3-methylcyclohexanone (3)

Synthesized according to the general procedurepanified by
flash chromatography (GBl,) to afford a colorless oil (93%
yield). [0]®5 -56.1° ¢ 1.36, CHC}, 92% ee). All

characterization data matches previously reporseal. - °®)- 4%
4(f), 4(i), 4(c), 13

(R)-3-(4-methylphenyl)-3-methylcyclohexanone (36)
Synthesized according to the general procedurepanified by
flash chromatography (GBl,) to afford a colorless oil (99%
yield). [0]®, -60.9° ¢ 1.11, CHCl, 87% ee). Al
characterization data matches previously reportea’@ (40

(R)-3-(4-ethylphenyl)-3-methylcyclohexanone (37)
Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9 &afford
a colorless oil (90% yield}H NMR (500 MHz, CDC)) & 7.23
(ddd,J = 2.0, 8.5 Hz, 2H), 7.16 (ddd,= 2.0, 8.5 Hz, 2H), 2.87
(d,J =14.0 Hz, 1H), 2.62 (gl = 7.5, 2H), 2.42 (d) = 14.0 Hz,
1H), 2.35-2.26 (m, 2H), 2.20-2.15 (m, 1H), 1.9331(®&, 2H),
1.73-1.64 (m, 1H), 1.31 (s, 3H), 1.23 Jt= 7.5 Hz, 3H);°C

NMR (125 MHz, CDC)) 6 211.6, 144.7, 142.0, 127.9, 125.5,

53.2, 42.5, 40.8, 38.0, 29.8, 28.2, 22.0, 15.4;(NRat Film,
NaCl): 2957, 2933, 2863, 1710, 1513, 1453, 1418513288,
1226, 1078 cr, HRMS (MultiMode ESI/APCI)m/z calc’d for
CisHo:O [M+H]": 217.1587, found 217.15920]F°, -56.8° €
1.61, CHCY, 85% ee).

(R)-3-(4-benzyloxylphenyl)-3-methylcyclohexanone (38)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9 &afford
a colorless oil (96% yield}H NMR (500 MHz, CDCJ) 5 7.43
(ddd,J = 1.5, 2.0, 7.5 Hz, 2H), 7.39 (dddi= 1.0, 7.0, 7.5, 2H),
7.33 (tt,J = 1.5, 7.0 Hz, 1H), 7.22 (ddd,= 2.0, 3.5, 10.0 Hz,
2H), 6.93 (dddJ = 2.0, 3.5, 10.0 Hz, 2H), 5.04 (s, 2H), 2.85Jd,
= 14.0 Hz, 1H), 2.42 (dJ = 14.0 Hz, 1H), 2.30 (J = 7.0 Hz,
2H), 2.18-2.13 (m, 1H), 1.92-1.83 (m, 2H), 1.7121(&, 1H),
1.30 (s, 3H), 0.97 (s, 9H), 0.19 (s, 6HJC NMR (125 MHz,
CDCl3) 8 211.6, 157.0, 139.7, 137.0, 128.6, 127.9, 12725,7,
114.7, 70.0, 53.3, 42.3, 40.8, 38.0, 30.0, 22.0;(Meat Film,
NaCl) 3066, 3027, 2947, 2873, 1710, 1609, 1579013453,
1426, 1379, 1312, 1290, 1246, 1181, 1021crkiRMS
(MultiMode ESI/APCI) m/z calc’d for GgHyO, [M+H]™:
295.1693, found 295.1673a[*, —26.8° € 4.90, CHC}, 74%
ee).

(R)-3-(4-methoxyphenyl)-3-methylcyclohexanone (39)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to ®0:4s
colorless oil (58% yield).d]?*; —47.9° ¢ 1.05, CHC}, 69% ee).

All  characterization data matches previously regbrt
datad®4040.4).40

(R)-3-(4-acetylphenyl)-3-methylcyclohexanone (40)
Synthesized according to the general procedurepanified by
flash chromatography (GEI,/EtOAc = 100:0 to 98:2) to afford
colorless oil (99% vyield)'H NMR (500 MHz, CDCJ) & 7.92
(ddd,J = 2.0, 9.0 Hz, 2H), 7.42 (ddd,= 2.0, 9.0 Hz, 2H), 2.90
(d, J = 14.0 Hz, 1H), 2.58 (s, 3H), 2.47 (@,= 14.0 Hz, 1H),
2.38-2.26 (m, 2H), 2.25-2.20 (m, 1H), 1.98-1.88%in), 1.68—
1.59 (m, 1H), 1.34 (s, 3H}*C NMR (125 MHz, CDG)) 5 210.8,
197.6, 152.9, 135.2, 128.6, 125.9, 52.8, 43.2,,48718, 29.7,
26.5, 22.0; IR (Neat Film, NaCl) 2957, 2868, 170883, 1607,
1569, 1456, 1421, 1404, 1359, 1312, 1268, 12284 1d8";
HRMS (MultiMode ESI/APCI)m/z calc’'d for GsH,gO [M+H]™:
231.1379, found 231.13800]°, —-58.9° ¢ 1.39, CHC}, 96%
ee).

(R)-3-(4-trifluoromethylphenyl)-3-methylcyclohexanone (41)
Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9 &afford
a colorless oil (99% vyield).o*>s —=58.5° € 0.92, CHC}, 96%

ee). All characterization data matches previouslyorted data.
4(R:4(0.40)

(R)-3-(4-chlorophenyl)-3-methylcyclohexanone (42)
Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9t &fford
a white solid (94% yield).dq]*>, —69.4° € 0.56, CHC}, 95%ee).
All characterization data matches previously regmdata®

(R)-3-(4-fluorophenyl)-3-methylcyclohexanone (43)
Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9 &afford
a colorless oil (84% yield) o] ®; —59.5° € 1.00, CHC}, 92%ee).
All characterization data matches previously regmrtata®*®

(R)-3-(4+ert-butyldimethylsiloxylphenyl)-3-
methylcyclohexanone (44)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9t &fford
a colorless oil (52% yieldfH NMR (500 MHz, CDC)) & 7.15
(ddd,J = 2.0, 3.0, 9.0 Hz, 2H), 6.71 (dddl= 2.0, 3.0, 9.0 Hz,
2H), 2.83 (dJ = 14.0 Hz, 1H), 2.40 (dl = 14.0 Hz, 1H), 2.30 (t,
J = 7.0 Hz, 2H), 2.16-2.10 (m, 1H), 1.90-1.81 (m,),2H70—



1.61 (m, 1H), 1.29 (s, 3H), 0.97 (s, 9H), 0.196H); *C NMR

9
= 14.5 Hz, 1H), 2.44 (d] = 14.5 Hz, 1H), 2.48-2.44 (m, 1H),

(125 MHz, CDC)) & 211.7, 153.8, 140.1, 126.5, 119.8, 53.3,2.37-2.28 (m, 2H), 1.96-1.87 (m, 2H), 1.67-1.60 {H), 1.41

42.3, 40.8, 38.1, 29.9, 25.6, 22.0, 18.1, —4.4;(Neat Film,
NaCl) 2952, 2933, 2858, 1713, 1607, 1510, 1473814263,
1181 cm'; HRMS (MultiMode ESI/APCI) m/z calc’d for
C1oH310,Si [M+H]*: 319.2088, found 319.20900]° —36.4° €
1.11, CHCY, 82% ee).

(R)-3-methyl-3-(m-tolyl)cyclohexanone (45)

Synthesized according to the general procedurepanified by
flash chromatography (GBl,) to afford a colorless oil (99%
yield). [0]®, -59.8° ¢ 2.95, CHCl,, 91% ee). Al
characterization data matches previously reporgea’@ (40

(R)-3-(3-methoxycarbonylphenyl)-3-methylcyclohexanone
(46)

Synthesized according to the general procedurepanified by
flash chromatography (GBI/EtOAc 100:0 to 98:2) to afford a
white solid (91% yield)."H NMR (500 MHz, CDCJ) & 8.03 (dd,
J=1.5, 2.0 Hz, 1H), 7.88 (dd,= 1.5, 9.0 Hz, 1H), 7.51 (dd,=

2.0, 9.0 Hz, 1H), 7.39 (dd,= 9.0 Hz, 1H), 3.91 (s, 3H), 2.88 (d,
J = 14.0 Hz, 1H), 2.47 (d] = 14.0 Hz, 1H), 2.37-2.28 (m, 2H),

2.24-2.19 (m, 1H), 1.98-1.86 (m, 2H), 1.73-1.65 (i), 1.33
(s, 3H); *C NMR (125 MHz, CDCJ) & 210.9, 167.1, 147.9,
130.4, 130.2, 128.6, 127.5, 126.7, 53.0, 52.1, 42087, 37.7,
29.3, 22.0; IR (Neat Film, NaCl) 2952, 2878, 172604, 1582,
1438, 1350, 1310, 1273, 1243, 1209, 1194, 11205 108"
HRMS (MultiMode ESI/APCI)m/zcalc’d for GsHisO5 [M+H]:
247.1329, found 247.13340]" —58.9° ¢ 1.39, CHC, 95%
ee).

(R)-3-(3-chlorophenyl)-3-methylcyclohexanone (47a)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9 &afford
a colorless oil (55% vyield).o|**s —56.7° € 1.48, CHCJ, 96%
ee). All characterization data matches previousgported

data®®@°®

(R)-3-(3-bromophenyl)-3-methylcyclohexanone (47b)
Synthesized according to the general procedurepanified by
flash chromatography (GBl,) to afford a colorless oil (44%
yield). [0]*, -56.7° ¢ 0.68, CHC}, 85% ee). Al
characterization data matches previously repor&bdf‘@

(R)-3-(3-nitrophenyl)-3-methylcyclohexanone (47c)
Synthesized according to the general procedurepanified by
flash chromatography (GBlI,) to afford a colorless oil (40%
yield). "H NMR (500 MHz, CDC}) 5 8.22 (t,J = 2.0 Hz, 1H),
8.08 (ddd,J = 1.0, 2.0, 8.0 Hz, 1H), 7.66 (dddi~ 1.0, 2.0, 8.0
Hz, 1H), 7.50 (tJ = 8.0 Hz, 1H), 2.88 (d] = 14.0 Hz, 1H), 2.53
(ddd,J = 1.0, 1.5, 14.0 Hz, 1H), 2.41-2.31 (m, 2H), 2280
(m, 1H), 2.03-1.90 (m, 2H), 1.74-1.66 (m, 1H), 1(873H);°*C

NMR (125 MHz, CDC}) 6 210.1, 149.7, 148.6, 131.9, 129.5,

121.4, 120.7, 52.8, 43.1, 40.6, 37.6, 29.4, 2R0(Neat Film,
NaCl) 2957, 2873, 1713, 1525, 1480, 1453, 1426713298,
1226, 1107, 1075 ch HRMS (MultiMode ESI/APCI)m/z
calc’d for GsH:s05N [M]: 233.1052, found 233.1055p]%, —
61.5° € 0.96, CHC}, 92% ee)

(R)-3-(2-fluorophenyl)-3-methylcyclohexanone (47d)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9t &fford
a colorless oil (32% yieldfH NMR (500 MHz, CDCJ) [ 7.25—
7.19 (m, 2H), 7.07 (ddd] = 1.5, 2.0, 7.5 Hz, 2H), 7.39 (dddl=
1.0, 7.0, 7.5, 2H), 7.33 (t§, = 1.5, 7.0 Hz, 1H), 7.22 (ddd,=
1.5, 7.5 Hz, 1H), 7.02 (ddd,= 1.5, 8.0, 13.0 Hz, 1H), 2.94 (d,

(s, 3H),**C NMR (125 MHz, CDG) 0 211.3, 128.3, 128.0,
127.9, 124.1, 116.7, 53.2, 42.4, 40.9, 35.7, 2IR1(Neat Film,
NaCl) 2957, 2933, 2873, 1710, 1611, 1577, 14883144815,
1290, 1214, 1117, 1083 &mHRMS (MultiMode ESI/APCIym/z
calc'd for GsH;OF [M+H]": 207.1180, found 207.1188;[%,
—41.0° €0.64, CHC}, 77% ee).

(R)-3-phenyl-3-ethylcyclohexanone (48)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9 &afford
a colorless oil (96% vyield).o*s —=74.5° € 3.39, CHC}, 92%
ee). All characterization data matches previousported
data 4040 9(@)

(R)-3-phenyl-3n-butylcyclohexanone (49)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9t &fford
colorless oil (95% yield).d]?*; —56.7° ¢ 1.48, CHCJ. 91% ee).
All characterization data matches previously regbdata®

(R)-3-benzyl-3-phenylcyclohexanone (50)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9t &afford
a colorless oil (74% vyield).o]%, +01.0°¢ 3.83, CHC}, 91%
ee). All characterization data matches previousported dat&®

(R)-3-phenyl-34iso-propylcyclohexanone (51)

Synthesized according to tlyeneral procedure and purified by
flash chromatography (hexanes/EtOAc = 100:0 to )9t &fford

a colorless oil (86% vyield).o*>s —=79.4° € 3.24, CHC}, 79%
ee). All characterization data matches previousported dat&®

(R)-3-phenyl-3-cyclopropylcyclohexanone (52)

Synthesized according to the general procedurepanified by
flash chromatography (GBlI,) to afford a colorless oil (68%
yield). '"H NMR (500 MHz, CDCJ) & 7.30-7.28 (m, 4H), 7.21—
7.17 (m, 1H), 2.90 (dt) = 2.0, 14.5 Hz, 1H), 2.48 (d,= 14.5
Hz, 1H), 2.31-2.19 (m, 3H), 1.94-1.86 (m, 2H), £661 (m,
1H), 0.99 (it,J = 5.5, 8.5, 1H), 0.45-0.39 (m, 1H), 0.35-0.29 (m,
1H), 0.24-0.19 (m, 1H), 0.17-0.12 (m, 1HJC NMR (125
MHz, CDCL) 6 210.8, 143.2, 127.6, 126.5, 125.7, 50.0, 44.9,
40.3, 34.1, 23.1, 20.8, 1.1, 0.0; IR (Neat FilmQN&a3081, 3057,
3007, 2947, 2873, 1708, 1498, 1443, 1421, 13155,12326,
1046, 1023 ci;, HRMS (MultiMode ESI/APCI)m/z calc’d for
CisHigO [M+H]*: 215.1430, found 215.14250]F —-83.1° €
1.39, CHC}, 88% ee).

(R)-3-phenyl-3-cyclohexylcyclohexanone (53)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9 &afford
a colorless oil (86% yield)*H NMR (500 MHz, CDCJ) & 7.29
(ddd,J = 2.0, 7.0, 8.0 Hz, 2H), 7.23 (ddd~= 1.0, 2.0, 8.0 Hz,
2H), 7.18 (it,J = 1.0, 7.0 Hz, 1H), 2.97 (dd, = 2.0, 15.0 Hz,
1H), 2.46 (dJ = 15.0 Hz, 1H), 2.26-2.17 (m, 3H), 2.07 (ddd;
3.5, 12.5, 13.5 Hz, 1H), 1.94-1.88 (m, 1H), 1.8251(m, 2H),
1.68-1.56 (m, 2H), 1.52-1.45 (m, 1H), 1.44-1.38 1), 1.37—
1.31 (m, 1H), 1.26-1.17 (m, 1H), 1.11-0.95 (m, 26188-0.75
(m, 2H); *°C NMR (125 MHz, CDG)) & 212.0, 143.8, 128.1,
127.4, 125.9, 49.5, 49.0, 47.2, 41.0, 33.6, 27754,226.9, 26.5,
21.4; IR (Neat Film, NaCl) 2928, 2853, 1713, 149843, 1315,
1285, 1228 ci, HRMS (MultiMode ESI/APCI)m/z calc’d for
CigH240 [M+H]": 257.1900, found 257.1888p]F, -52.4° €
3.87, CHCY, 85% ee).
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(9)-3-(3-(benzyloxy)propyl)-3-phenylcyclohexanone (54
Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9t &afford
a colorless oil (65% yield)'H NMR (500 MHz, CDC}) & 7.33—
7.28 (m, 4H), 7.27-7.24 (m, 5H), 7.18 t= 1.5, 7.0 Hz, 1H),
4.37 (s, 2H), 3.30 (dj = 1.5, 6.5 Hz, 2H), 2.93 (d,= 14.5 Hz,

Tetrahedron

3397, 2951, 2875, 1708, 1490, 1455, 1420, 14026,13819,
1235, 1183, 1140, 1097, 1012, 970, 829, 717%ciHRMS
(MultiMode ESI/APCI) m/z calc’d for G4H:sCIO, [M+H]™:
251.0833, found: 251.0829;1[,* —6.74° (c 3.2, CHG) 96 %
ee).

1H), 2.43 (dJ = 14.5 Hz, 1H), 2.33-2.26 (m, 2H), 2.22-2.16 (m, (9-3-acetyl-3-(4-fluorophenyl)cyclohexanone (64b)
1H), 1.98 (dddJ = 3.0, 10.0, 13.5 Hz, 1H), 1.86-1.77 (m, 2H), Synthesized according to the general procedurg, irfol scale.
1.68 (ddd,J = 4.5, 12.0 Hz, 1H), 1.61-1.53 (m, 1H), 1.43-1.32Title compound isolated as a pale yellow oil (45, 92% yield).

(m, 1H), 1.23-1.14 (m, 1H)**C NMR (125 MHz, CDG) 3
211.2, 144.8, 138.4, 128.5, 128.3, 127.6, 127.%.42126.2,
72.7,70.4,51.0, 45.9, 41.0, 39.7, 36.6, 23.9%;2R (Neat Film,
NaCl) 3057, 3027, 2947, 2858, 1710, 1602, 1495114859,
1312, 1280, 1228, 1100, 1075, 1026 'crRMS (MultiMode
ESI/APCI) m/z calc'd for G H,60, [M+H]": 323.2006, found
323.1993; §1]*°, —42.9° € 4.25, CHC}, 91% ee).

(R)-3-phenyl-3-methylcyclopentanone (55)

Synthesized according to the general procedurepanified by
flash chromatography (hexanes/EtOAc = 100:0 to )9t &fford
a colorless oil (84% yield). of %, +21.3° € 1.51, CHC}, 91%
ee). All characterization data matches previousgported

data*®404%k)

(R)-3-phenyl-3-methylcycloheptanone (56)

This product was synthesized according to the gémpeocedure
and purified by flash chromatography (hexanes/EtGA®0:0 to
95:5) to afford a colorless oil (85% yieldp]f’ —75.1° € 1.34,
CHCl;, 93% ee?. All characterization data matches presho
reported dat4?4®-*®

General Procedure for the synthesis of 3-acetyl-3~d cyclic
ketones:

(9)-3-acetyl-3-phenylcyclopentanone (63e

*H NMR (500 MHz, CDC}J) & 7.26-7.19 (m, 2H), 7.11-7.03 (m,
2H), 2.87 (dt,J = 14.8, 1.5 Hz, 1H), 2.65 (df, = 14.8, 1.3 Hz,
1H), 2.38-2.34 (m, 2H), 2.32—2.24 (m, 2H), 1.883) 1.80—
1.71 (m, 2H);**C NMR (125 MHz, CDCJ) [J 208.1, 208.0 ,
162.1 (dJo_r = 247.8 Hz), 136.3 (dic_r = 3.3 Hz), 128.1 (dJo_r

= 8.1 Hz), 116.1 (dJo_r = 21.4 Hz), 59.3, 48.5, 40.1, 31.6, 25.0,
20.9; IR (Neat Film, NaCl): 2950, 1708, 1601, 151855, 1231,
1186, 1164 ci;, HRMS (MultiMode ESI/APCI)m/z calc’d for
CuH1FO, [M+H]*: 235.1134, found 235.113277[%, —0.3° €
1.5, CHC}, 90% ee).

(9-3-acetyl-3-fn-tolyl)cyclohexanone (64c)

Synthesized according to the general procedur@, ol scale.
Title compound isolated as an off-white solid (33),n66%
yield). '"H NMR (500 MHz, CDCJ) [J 7.30-7.23 (m, 1H), 7.14—
7.01 (m, 3H), 2.87 (dt) = 14.9, 1.6 Hz, 1H), 2.65 (di,= 14.8,
1.2 Hz, 1H), 2.48-2.22 (m, 7H), 1.92-1.66 (m, 5HE NMR
(125 MHz, CDC}) (1 208.5, 140.6, 138.9, 129.1, 128.3, 126.9,
123.3, 59.7, 48.6, 40.2, 31.4, 25.1, 21.5, 21R.(Neat Film,
NaCl): 2949, 1708, 1558, 1456, 1354, 1182, 1158;cHRMS
(MultiMode ESI/APCI) m/z calc'd for GgHygO, [M+H]™:
231.1385, found 231.13837[%, —4.6° € 1.6, CHC}, 92% ee).

(9-N-(5-(1-acetyl-3-oxocyclohexyl)-2-methylphenyl)-2,2;
trifluoroacetamide (64d)
Synthesized according to the general procedurg,@rfol scale.

A screw-top 1 dram vial was charged with a stir,barTiﬂe compound isolated as an off-white solid (5¢, 3%

Pd(OCOCKk), (3.4 mg, 0.01 mmol, 5 mol%)Sy-t-BuPyOx (2.5
mg, 0.012 mmol, 6 mol%), and PhB(QH}%8 mg, 0.40 mmol,
2.0 equiv). The solids were suspended in dichibiaee (1 mL)
and stirred at ambient temperature for 5 min, aicwhime a
yellow color was observed. 3-acetylcyclopent-2-en(@b mg,

yield). "H NMR (500 MHz, CDC}) & 7.98-7.94 (m, 1H), 7.73
(dt,J=5.2, 2.5 Hz, 1H), 7.27 (§,= 4.0 Hz, 1H), 7.06 (dd} =

8.1, 2.0 Hz, 1H), 2.90 (d,= 14.9 Hz, 1H), 2.60 (d} = 15.0 Hz,
1H), 2.50-2.41 (m, 1H), 2.41-2.21 (m, 7H)i, 1.913(d), 1.90—
1.79 (m, 1H), 1.78-1.66 (m, 1H'C NMR (125 MHz, CDGJ)) [

0.20 mmol, 1 equiv) and water (50L, 10 equiv) were added 208.2,208.0, 155.1 (q¢c_r = 37.2 Hz), 139.8, 133.7, 131.7,

and the vial was capped with a Teflon/silicone sepand stirred
at 60 °C in a heat block for 12 h. Upon completestonption of
the starting material (monitored by TLC, 20% acefbexanes,
p-anisaldehyde stain) the reaction was purified diyeby
column chromatography (eluent gradient: 10% acéb@xanes
to 20% acetone/hexanes) to afford a clear colods@9 mg,
72% yield)."H NMR (500 MHz, CDCJ) [J 7.44-7.24 (m, 5H),
3.13 (dddJ =18.0, 1.7, 0.7 Hz, 1H), 2.77-2.69 (m, 1H), 283
J=17.9, 0.8 Hz, 1H), 2.47-2.37 (m, 1H), 2.32 (dddi¢ 8.5,
6.8, 4.1, 0.9 Hz, 2H), 1.97 (d,= 0.6 Hz, 3H);"*C NMR (125

129.8, 125.1, 121.4, 115.9 (- = 288.8 Hz), 59.6, 48.6, 40.0,
31.2, 25.1, 21.0, 16.9; IR (Neat Film, NaCl): 322954, 1708,
1541, 1506, 1356, 1256, 1201, 1158’ cHRMS (MultiMode
ESI/APClym/zcalc’d for G7H105F:N [M+H] *: 342.1317, found
342.1313; [1]% 18.7° € 1.1, CHC}, 91% ee).

(9)-3-acetyl-3-fn-tolyl)cyclopentanone (64f)

Synthesized according to the general procedure, titie
compound was isolated as a pale yellow oil (31 #2935 yield).
'H NMR (500 MHz, CDCJ) [ 7.32-7.25 (m, 1H), 7.14 (dddt,

MHz, CDCk) O 214.9, 207.7, 140.7, 129.2, 127.7, 126.5, 61.2= 7.6, 1.9, 1.3, 0.6 Hz, 1H), 7.10-7.03 (m, 2H),03(ddd,J =

47.1, 36.5, 30.8, 25.4; IR (Neat Film, NaCl): 308926, 1745,
1705, 159, 1495, 1446, 1407, 1355, 1203, 1151;cHRMS
(MultiMode ESI/APCI) m/z calc'd for GgHsO, [M+H]™:

203.1072, found 203.1066;[*°, 100.8° ¢ 1.5, CHC}, 93% ee).

(R)-3-(4-chloropheny)-3-acetylcyclohexanone (64a)
Synthesized according to the general procedur§, ol scale.
The title compound was isolated as an off-whitéds(@3 mg, 85
% vyield). "H NMR (300 MHz, CDCJ) [ 7.35 (m, 2H), 7.18 (m,
2H), 2.85 (dtJ = 1.4, 14.8 Hz, 1H), 2.63 (df, =1.1, 14.8 Hz,
1H), 2.48-2.20 (m, 4H), 1.87 (s, 3H), 1.80-1.69 @Hl); °C

18.0, 1.7, 0.8 Hz, 1H), 2.71 (dddbs 13.0, 7.7, 5.5, 1.7 Hz, 1H),
2.57-2.49 (m, 1H), 2.46-2.27 (m, 6H), 1.98 (s, 3% NMR
(125 MHz, CDCJ) 0 215.2, 207.9, 140.7, 138.9, 129.0, 128.50,
127.2, 123.5, 123.5, 47.1, 36.5, 30.8, 25.3, 2R5Neat Film,
NaCl): 2921, 1745, 1704, 1605, 1489, 1407, 135401dm";
HRMS (MultiMode ESI/APCI)m/zcalc’d for G4H;/0, [M+H]™:
217.1229, found 217.1218;[*, 75.2° € 1.5, CHC}, 90% ee).

(9)-3-acetyl-3-(4-fluorophenyl)cyclopentanone (649)
Synthesized according to the general procedure, titie
compound was isolated as a pale yellow oil (25 57§56 yield).

NMR (125 MHz, CDCJ) 208.3, 208.1, 139.3, 133.8, 129.5, 'H NMR (500 MHz, CDC)) [ 7.29-7.21 (m, 2H), 7.14-7.06 (m,

127.8, 59.6, 48.6, 40.3, 31.5, 25.3, 21.1; FTIRaiN&m NacCl)

2H), 3.12 (dd,J = 17.8, 1.7 Hz, 1H), 2.78-2.69 (m, 1H), 2.49



(dd,J = 17.9, 0.9 Hz, 1H), 2.43-2.27 (m, 3H), 1.97 (€);3°C

NMR (125 MHz, CDCJ) [ 214.5 , 207.4 , 162.2 (dg_r = 247.8
Hz), 136.6 (dJo_r = 3.3 Hz), 128.2 (dJc_r = 8.2 Hz), 116.1 (d,
Jor = 21.5 Hz), 60.6 , 47.2 , 36.5 , 30.9 , 25.2; Nt Film,

NaCl): 2925, 1745, 1704, 1599, 1509, 1408, 1352312142
cm™; HRMS (MultiMode ESI/APCIl)m/z calc’'d for GsH1,0.F

[M+H] *: 221.0978, found 221.09847]%%, 65.9° € 1.0, CHC},

92% ee).

the

Representative  procedure for of N-

trifluoroacetamide boronic acids:

synthesis

N-(3-bromophenyl)-2,2,2-trifluoroacetamide

In a 100 ml round bottom flask were added conseelyti 3-
bromoaniline (1.7 g, 10.0 mmol, 1 equiv), DMAP @®.%, 1.0
mmol, 0.1 equiv), 20 mL of Cj€l,and E{N (1.7 ml, 12.0 mmol,
1.2 equiv). The solution was cooled to 0 °C anfiutroacetic
anhydride (2.1 ml, 15.0 mmol, 1.5 equiv) was addespwise.
The obtained mixture was stirred at room tempeeatuttil all
the starting material was consumed (TLC Hexane-Et@AL)
and then it was extracted with @B, (3 x 20 mL) and washed
with brine (2 x 20 mL). The combined organic phasese dried
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(s, 1H); (The obtained*C NMR is complex due to the
presence of two rotamers in solutioRC NMR (125 MHz,
CDCly) 3154.8(q, J = 36.9 Hz), 154.7 (q) = 36.8 Hz), 135.8,
135.7, 131.5, 128.2, 126.7, 126.6, 123.0, 122.%.211q,J =
2881 Hz):; F NMR (282 MHz, CDC)
60— 76.22,-76.25; FTIR Neat Film,NaCl): 3305, 1701, 1585,
1554, 1437, 1334, 1264, 1182, 1031, 780 ‘tnHRMS
(MultiMode ESI/APCI) m/z calc’'d for GH;BrFNO [M-H]™:
231.0435, found: 231.0433.

4-(2,2,2-trifluroacetamide)-phenylboronic acid (65¢

Obtained using the representative procedure in §&sil. *H
NMR (300 MHz, acetonegll & 10.22 (bs, 1H), 7.91 (d, = 8.4
Hz, 2H), 7.72 (dJ = 8.4 Hz, 1H), 7.20 (s, 1H}*C NMR (125
MHz, acetone-g) Tl,iu_q,.]c_p= 37.2 Hz), 136.3, 139.2, 135.9,
120.5, 119.2 (qJcr = 288.3 Hz)™F NMR (282 MHz, acetone-
ds) 81101 -0 DOLFTIR (Neat Film, NaCl) 3297, 1714,
1595, 1539, 1408, 1275, 1244, 1183, 1113, 1008, B32 cn;
HRMS (MultiMode ESI/APCl)m/z calc'd for GH;BrFsNO [M-
H]: 231.0435, found: 231.0443.

4-(2,2,2-trifluroacetamide)-3-methoxyphenylboronic acid

with MgSQ, and the solvent was evaporated to give an offavhit g5q)

solid that was purified via silica gel column chraiography
(2.35 g, 88 % yield)'H NMR (300 MHz, CDC}) 1 7.84 (t,J =
2.0 Hz, 1H), 7.80 (bs, 1H), 7.51 (d#i= 8.1, 1.2 Hz, 1H), 7.39
(d, J = 8.2 Hz, 1H), 7.30-7.24 (m, 1H}*C NMR (125 MHz,
CDCly) 100hq, Jee = 37.7 Hz), 136.3, 130.7, 129.7, 123.8,
123.0, 119.3, 115.6 (gle.r = 288.5 Hz);"F NMR (282 MHz,
CDCl3) 8 -75.72, -75.73; FTIR (NeatFilm, NaCl) 3288, 1709,
1593, 1538, 1470, 1429, 1338, 1263, 1251, 11713,11869,
997, 975, 925, 873, 865, 785, 739 tnHRMS (MultiMode
ESI/APCI)m/zcalc’'d for GHsBrF;NO [M-H]: 265.9434, found:
295.9426.

3-(2,2,2-trifluroacetamide)-phenylboronic acid (65f

A flame dried one neck round bottom flask was cedrgith the
required trifluoroacetanilide (1.0 g, 3.7 mmol,due/). The flask
was sealed, evacuated and backfilled with argonk T2D ml)
was added via syringe and the obtained mixture coated to -
78 °C.n-BuLi (2.3 M solution in hexane, 3.6 ml, 8.2 mmal2
equiv) was added dropwise and the obtained mixua® stirred
for 2 h at this temperature. Triisopropylborate7(2nl, 11.7
mmol, 3 equiv) was then added via syringe and theune was
stirred for 10 minutes at -78 °C and for one hotirr@om
temperature. A solution of HCI (2 M in water, 10)mlas added
and the biphasic mixture was vigorously stirreddaother hour
and then extracted with EtOAc (3 x 30 mL). The comt
organic phases where washed with brine (2 x 20am¢) dried
over MgSQ. Upon evaporation of the solvent under reduce
pressure an off-white solid was obtained. It waspsaded in
hexane and stirred until a fine powder was forntedas filtered
and dried in high vacuum for 30 minutes (0.58 g,% %ield).
(General note for all trifluoroacetamide substratethe obtained
product is not clean from NMR analysis then a 1fikture of

hexane-EO or hexane-CkCl, can be used instead of hexanes to

suspend the compound. If the crude aryl boronid &cbbtained
as an oil and does not solidify, then add ethetewand a 1 M
solution of NaOH (5 equiv) to the crude mixture. tekf
extraction, the isolated water phase can be aedlifiith a 1 M
aqueous HCI solution and extracted with EtOAc. Tnganic
phased is washed with water, brine, and conceudtiat@acuo
Upon evaporation of the solvent and triturationhwitentane or
hexane the desired product should be obtained asffamhite
solid.) 'H NMR (300 MHz, acetone-d@) 8.11 (bs, 1H), 7.81 (m,
1H), 7.74 (dtJ = 7.4, 1.0 Hz 1H), 7.40 (§ = 7.7 Hz, 1H), 7.28

Obtained as an off-white solid in 35 % vyield foliog the
general procedure and using the required triflucetanilide (1.4
g, 4.9 mmol, 1 equiv)p-BuLi (4.4 ml of a 2.4M solution, 10.7
mmol, 2.2 equiv) and triisopropylborate (3.4 mL,.84nmol, 3
equiv).'H NMR (300 MHz, acetonegl 9.34 (s, 1H), 8.05 (dd,
J = 3.0, 6.9 Hz, 1H), 7.58 (s 1H), 7.54 (dds 7.9, 1.0 Hz, 1H)
7.29 (s, 1H), 3.93 (s, 3H)*C NMR (125 MHz, acetonegdl d
154.3 (q.Jcr = 150 Hz), 149.3, 126.8, 126.6, 120.5, 116.1, 115.8
(g, Jcr = 288 Hz), 112.5, 55.4; IR (Neat Film, NaCl): 3298,
1708, 1591, 1537, 1503, 1465, 1404, 1342, 1294312224,
1161, 1123, 1015; HRMS (MultiMode ESI/APGt)/zcalc’d for
CgHgBO,NF; [M-H] : 261.0590, found: 261.0497.

4-(2,2,2-trifluroacetamide)-2,6-dimethyl-phenylboramic  acid
(65e)

Obtained as an off-white solid in 66 % vyield foliog the
general procedure and using the required trifluoetanilide (1.0
g, 3.4 mmol, 1 equiv)p-BuLi (3.2 ml of a 2.3M solution, 7.44
mmol, 2.2 equiv) and triisopropylborate (2.3 mL,1&mol, 3
equiv). "H NMR (300 MHz, acetonegli 3 7.62 (s, 2H), 7.20 (s,
1H), 2.25 (s, 6H)**C NMR (125 MHz, acetoneglld 155.1 (q, J
= 36.5 Hz), 134.2, 134.2, 134.1, 133.9, 116.5](g,286.0 Hz),
17.1;%F NMR (282 MHz, acetonegid - 75.97, =75.99; FTIR
(Neat FilmNaCl): 3233, 1705, 1602, 1533, 1340, 1219, 1192,
1160 cm’; HRMS (MultiMode ESI/APCI) m/z calc’d for

deHllNBrF3O [M-H]": 259.0748, found 259.0749.

3-(2,2,2-trifluroacetamide)-4-methylphenylboronic &id (659)
Obtained as an off-white solid in 66 % vyield foliog the
general procedure and using the required triflucetanilide (2.0
g, 3.7 mmol, 1 equiv)p-BuLi (3.6 ml of a 2.3M solution, 8.2
mmol, 2.2 equiv) and triisopropylborate (2.6 mL,.2mol, 3
equiv).'H NMR (300 MHz, acetonegld 7.82 (s, 1H), 7.75 (dd,
J = 6.5, 10 Hz, 1H), 7.32 (d, = 7.5 Hz, 1H) 7.24 (s, 1H)**C
NMR (125 MHz, acetoneg)l 6 155.4 (q, J = 37.5 Hz), 136.2,
133.5, 132.9, 132.1, 130.1, 116.4 (@,= 288.0 Hz)FTIR
(Neat Film, NaCl) 3270, 1708, 1617, 1533, 1406, 1351,925
1180, 1162, 1092, 1036, 898, 825 tnHRMS (MultiMode
ESI/APCI) m/zcalc’'d for GHgBF;NO; [M-H] : 245.0477, found
245.0591.
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Representative General Procedure for the Enantiosettive
1,4-Addition of Arylboronic Acids to B-Substituted Cyclic
Enones.

(R)-3-(4-(2,2,2-trifluoroacetamide)phenyl)-3-
methylcyclohexanone (66c¢)

A screw-top 5 ml vial was charged with a stir bad(OCOR),
(4.5 mg, 0.014 mmol, 0.05 equivp){t-BuPyOx (3.3 mg, 0.016
mmol, 0.06 equiv), boronic acid (95 mg, 0.41 mnio§ equiv)

Tetrahedron

(R)-3-(4-(2,2,2-trifluoroacetamide)-3-methoxypheny!)3-
methylcyclohexanone (66d)

Following the general procedure the desired produets
obtained as white solid (67 mg, 75 % vyieft).NMR (300 MHz,
CDCl) 6 8.50 (bs, 1H), 8.24 (d] = 8.5 Hz, 2H), 6.96 (dd] =
8.5, 2.1 Hz, 1H), 6.87 (d,= 2.1 Hz, 1H), 3.93 (s, 3H), 2.87 (d, J
= 14.1 Hz, 1H), 2.45 (d, J = 14.2 Hz, 1H), 2.32 (iH), 2.24-
2.14 (m, 1H), 2.0-1.8 (m, 1H), 1.68-2.5 (m, 1H)32L(s, 3H);
FTIR (neat, NaCl): 3362, 2960, 2871, 1706, 1669415515,

and NHPF; (13 mg, 0.08 mmol, 0.3 equiv). Dichloroethane (11479, 1402, 1321, 1228, 1193, 1164 criIRMS (MultiMode

mL) was added and the mixture was stirred untibebgeneous
suspension was formed (1 min). 3-methyl-2-cyclonexe (30
mg, 0.27 mmol, 1 equiv) was then added dissolvetl ThmL of
dichloroethane (yields are improved with the additof enone as

ESI/APCI) m/z calc’'d for GgH;/FNO; [M-OH]: 328.1161,

found: 328.1167;d]p>° — 61.3° (c 1.25, CHG| 88% ee).

a solution). Water (2, 1.3 mmol, 5 equiv) was added, and the (R)-3-(4-(2,2,2-trifluoroacetamide)-2,6-dimethylpheni)-3-

vial was sealed and the reaction was stirred &06for 3h. After
this time almost all the solid in the vial was comed and from
TLC (Hexane- EtOAc 4:1) all the starting enone piszared.
The mixture was cooled to ambient temperature andas
charged directly into a silica gel column for piodttion. The
desired product was isolated as white powder (80 98 %
yield, 89 % ee SFC column 6 (IC) 5 ml/min 4 % MeOM)
NMR (300 MHz, CDC}) & 7.91 (bs, 1H), 7.53 (m, 2H), 7.36 (m,
2H), 2.85 (d,J = 14.2 Hz, 1H), 2.45 (d] = 14.0 Hz, 1H), 2.32
(m, 2H), 2.25 - 2.12 (m, 1H3, 1.98 - 1.82 (m, 2H)71 - 1.57 (m
, 1H), 1.32 (s, 3H);C NMR (125 MHz, CDG))

methylcyclohexanone (66e)

Following the general procedure the desired produets
obtained in 93 % vyield as a white solid (90 % deC%olumn 1
(AD-H) 5ml/min 5 % MeOH)."H NMR (300 MHz, CDC)) &
7.41 (bs, 1H), 7.05 (s, 2H), 2.84 @k 14.2 Hz, 1H), 2.42 (d| =
14.1 Hz, 1H), 2.32 (m, 2H), 2.24 (s, 6H), 2.21-2(hf) 1H),
1.96-1.80 (m, 2H), 1.76-1.60 (m, 1H), 1.30 (s, 385, NMR
(125 MHz, CDC}) 4 211.8, 156.2 (g, J = 36.4 Hz), 147.6, 135.1,
128.9, 125.7, 118.2 (4,= 279.9 Hz), 52.8, 42.4, 40.6, 37.6, 29.4,
21.9, 18.2FTIR (NeatFilm, NaCl) 2958, 2863, 1715, 1651,
1583, 1568, 1538, 1479, 1441, 1359, 1314, 1228811357,

5211.8,154.9(q, J = 37.4 Hz), 145.2, 133.5, 126.7, 120.6, 115.71101 cm’; HRMS (MultiMode ESI/APCI) m/iz calc'd for

(q,J = 289.0 Hz), 52.9, 42.9, 40.7, 37.9, 30.4, 2BEDR (Neat

CiHa0FsNO, [M-H] " 326.1373, found 326.13700]p> — 54.3°

Film, NaCl) 3292, 2958, 1706, 1609, 1545, 1517, 14125128 (c 2.10, CHCJ, 90% ee).

1252, 1193, 1155, 901, 835 ¢rHRMS (MultiMode ESI/APCI)
m/z calc’d for GsHigFsNO [M-H]: 298.106, found 289.1049;
[a]p?® — 47.5° (¢ 2.10, CHGI 89% ee).

(R)-3-(4-(N-carbobenzyloxy)phenyl)-3-methylcyclohexamne
(66a)

Following the general procedure the desired produets
obtained as a clear oil (35 mg, 45 % yield, 76 %S#¥C column
6 (IC) 5 ml/min 15 % MeOH)'H NMR (300 MHz, CDC)) &
7.44-7.30 (m, 6H), 7.25-7.22 (m, 3H), 6.63 (bs, 15420 (s, 2H),
2.84 (d,J = 14.2 Hz, 1H), 2.42 (d) = 14.1 Hz, 1H), 2.31 (m,
2H), 2.21-2.10 (m, 1H), 1.95-1.80 (m, 2H), 1.7381(®, 1H),
130 (s, 3H); ®C NMR (125 MHz, CDQ)
0211.6, 1535, 142.7, 136.1, 135.9, 128.7, 128.5, 128.4, 126.5,
118.9, 67.2, 53.3, 42.6, 40.9, 38.0, 30.1, 22.1; FTIR (Neat Film,
NaCl) 3306, 2953, 1705, 1597, 1534, 1454, 1409313220,
1052 cm'; HRMS (MultiMode ESI/APCI) m/z calc’d for
Co1H2NO; [M+H]*: 338.1756, found 338.1760],>° — 26.8° (c
1.40, CHC}, 76% ee).

(R)-3-(4-(N-pivaloyl)phenyl)-3-methylcyclohexanone &b)
Following the general procedure the desired prodiast
obtained as a white solid (56 mg, 72% vyield, 78%5E€ column
5 (OB-H) 5 ml/min 10 % MeOH):H NMR (300 MHz, CDCJ) &
7.47 (d,J = 8.7 Hz, 2H), 7.33-7.24 (m, 2H), 2.85 (&= 14.2 Hz,
1H), 2.42 (dJ = 14.2 Hz, 1H), 2.31 (m, 2H), 2.21-2.11 (m, 1H),
1.95-1.80 (m, 2H), 1.72-1.58 (m, 1H), 1.31 (s, W9 (s,

3H); **C NMR (125 MHz, CDGJ)

0211.6, 176.7, 143.4, 136.2, 126.3, 120.1, 53.2, 42.7, 40.9, 39.7,
38.1, 30.1, 27.8, 22.1; FTIR(NeatFilm NaCl) 3379, 2961, 1685,
1594, 1518, 1400, 1318, 1301, 1255, 1189 cHRMS
(MultiMode ESI/APCl)m/zcalc’d for GgH,eNO, [M+H] ™
2881964, found 288.1969],>° — 52.5° (¢ 1.01, CHGI 78%
ee).

(R)-3-(3-(2,2,2-trifluoroacetamide)phenyl)-3-
methylcyclohexanone (66f)

Following the general procedure the desired produets
obtained in 60 % yield as transparent oil (92 %S#¥C column 1
(AD-H) 5ml/min 5 % MeOH)."H NMR (300 MHz, CDCJ) &
7.91 (bs, 1H), 7.55-7.45 (m, 2H), 7.36Jt 7.9 Hz, 1H), 7.20
(m, 1H), 2.87 (dJ = 14.2 Hz, 1H), 2.46 (d) = 14.2 Hz, 1H),
2.32 (m, 2H), 2.27-2.17 (m, 1H), 1.98-1.82 (m, 2Hy1-1.57
(m , 1H), 1.33 (s, 3H):;®C NMR (125 MHz, CDCJ)
0211.5,154.9(q,J = 37.0 Hz), 148.9, 135.5, 129.5, 123.6, 118.5,
118.0, 115.6 (gqJ = 289.2 Hz), 52.9, 43.0, 40.7, 37.8, 30.0,
22.0 FTIR (NeatFilm, NaCl) 3298, 3157, 3111, 2959, 2876,
1713, 1616, 1595, 1563, 1493, 1442, 1421, 12919,12301,
1156. cnl; HRMS (MultiMode ESI/APCI)m/z calc’d for
C1sH16FsNO, [M-H] : 298.1055, found: 298.10500],>° — 28.9°

(c 2.10, CHGJ, 92 % ee).

(R)-3-(3-(2,2,2-trifluoroacetamide)-4-methylpheny)-3-
methylcyclohexanone (669)

Following the general procedure the desired produets
obtained in 77 % yield as a white solid (91% ee;@Dbolumn, 5
mL/min, 5% MeOH)."H NMR (300 MHz, CDCJ) 5 7.94 (bs,
1H), 7.66 (s, 1H), 7.16 (d,= 8.1 Hz, 1H), 7.11 (dd] = 8.1, 1.9
Hz, 1H), 2.85 (dJ = 14.1 Hz, 1H), 2.44 (d] = 14.1 Hz, 1H),
2.32 (m, 2H), 2.26 (s, 3H), 2.24-2.07 (m, 1H), £BB0 (m,
2H), 1.78-1.60 (m, 1H), 1.31 (s, 3HYC NMR (125 MHz,
CDCly) 6211.3,156.2(q, J = 36.4 Hz), 146.6, 132.9, 131.4,
130.9, 128.3, 124.4, 118.1 (d,= 279.8 Hz), 53.0, 42.7, 40.7,
37.7, 29.6, 22.0, 16.9; FTIR (NesiilmNacCl) 3277, 3060, 2959,
2873, 1711, 1617, 1577, 1540, 1507, 1452, 14206,13281,
1257, 1200, 1162 ch HRMS (MultiMode ESI/APCI) m/z
calc'd for GgHigFsNO, [M+H]": 314.1362, found: 314.1370.
[a]p® — 45.6° (¢ 5.3, CHGJ 88% ee).
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Table S1. SFC data and separation conditions

S27

entry

product

HPLC
conditions

retention time
of major
isomer (min)

retention time
of minor
isomer (min)

% ee

)

NH(COCF5)

Chiralcel

OJ-H

15% MeOH/CO,
isocratic 5 mL/min

Chiralcel

OB-H

3% MeOH/CO,
isocratic 3 mL/min

Chiralcel

OB-H

3% MeOH/CO,
isocratic 3 mL/min

Chiralpak

AD-H

5% MeOH/CO,
isocratic 3 mL/min

Chiralpak

AD-H

3% MeOH/CO,
isocratic 3 mL/min

Chiralpak

AD-H

3% MeOH/CO,
isocratic 3 mL/min

Chiralpak

AD-H

3% MeOH/CO,
isocratic 3 mL/min

1.64

5.53

4.28

5.53

7.98

4.52

6.32

1.43

4.48

3.80

4.83

8.97

5.02

7.96

96

920

92

91

93

920

92
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retention time retention time

HPLC - .
entry product ) of major of minor % ee
conditions isomer (min) isomer (min)
(0}
Chiralcel
OJ-H
1% IPA/Hexanes 15.3 19.6 92
..:,,©\ o isocratic 1 mL/min
N JI\CF
H 3

o
Chiralcel
OJ-H
10 . 1% IPA/Hexanes 15.2 171 87
""@ o isocratic 1 mL/min
AN
H
(o]
Chiralcel
OJ-H
b " o 0.5% IPA/Hexanes 25.9 34.4 85
isocratic 1 mL/min

\
)

Chiralcel

J-H
12 d""t o 1% IPA/Hexanes 29.5 37.1 69
isocratic 1 mL/min
H
Chiralpak
AD-H
13 “ 5% IPA/Hexanes 37.9 35.3 74
i isocratic 1 mL/min

Chiralcel
14 OJ-H
H CF 0.5% IPA/HexE/nes 16.6 24.9 82
o 3 isocratic 1 mL/min
4
@( ) g

Chiralpak
AD-H
15 . H CF 5% IPA/Hexanes 304 295 9
“n,y (I \"/ 3 isocratic 1 mL/min



