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ABSTRACT

The development of new methods for the preparation of chiral alcohols is vital
due to the presence of alcohols in natural products, pharmaceuticals, and a variety of
synthetic materials, as well as their versatility as synthetic intermediates. Until recently,
oxidative kinetic resolution has been a relatively underdeveloped strategy for obtaining
enantioenriched alcohols.

The development of a palladium-catalyzed aerobic system for the enantioselective
oxidation of secondary alcohols is described. This mild method utilizes (—)-sparteine as a
chiral ligand to resolve a wide range of benzylic, allylic, and cyclopropylcarbinyl
alcohols to high enantiomeric excesses with excellent selectivity. The resolution of
pharmaceutical intermediates and the Claisen rearrangement of resolved allylic alcohols
demonstrate the utility of the method.

Mechanistic insights have driven further catalyst development. Anionic ligand
modification has provided more efficient catalysts for the resolution of a broader array of
substrates. Neutral ligand studies have led to an enantioselective alcohol oxidation
system with a diamine pseudo-enantiomeric to (—)-sparteine, allowing access to
enantioenriched alcohols in either enantiomeric series.

This methodology has been applied to the enantioselective total synthesis of (-)-
amurensinine via a selective C—H insertion, an aryne C—C insertion, and an oxidative
kinetic resolution with (—)-sparteine. Use of an alternative diamine in the resolution

results in a formal synthesis of (+)-amurensinine.
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CHAPTER 1
Introduction to Enantioselective Oxidation Chemistry

1.1 Ocxidation in Biological Systems

The selective oxidation of organic molecules is vital to biological systems. All
aerobic organisms utilize molecular oxygen to perform cellular respiration. These redox
processes with oxygen are mediated by metalloenzymes and can be divided into two
classes (Figure 1.1.1). Oxygenases catalyze the transfer of oxygen atoms to the organic
substrate via an intermediate metal-oxo species (1). Oxygenation of the substrate results
in a reduced metal species (2). Reoxidation by molecular oxygen, two protons, and two
electrons reforms the metal-oxo and generates water as a byproduct. Oxidases, on the
other hand, do not involve oxygen-atom transfer to the substrate. Instead, the metal
oxidant (3) catalyzes a formal dehydrogenation, resulting in the loss of two electrons and
two protons from the substrate and the formation of a reduced metal species (2).
Molecular oxygen then acts as an electron acceptor, regenerating the oxidized metal

species (3). Water or hydrogen peroxide is the byproduct of these oxidations.

Figure 1.1.1 Oxygenase and oxidase enzymes.

Oxygenase Enzymes Oxidase Enzymes
oxygen-atom transfer dehydrogenation

i
M(n+2)+ M(n+2)+
H,0 1 Sub H,0 or H,0, 3 SubH,
02+ 2H* Sub(0) 050201 0 Sub%* + 2 HY
+2e” +2H
Mn+ Mn+



1.2 Enantioselective Oxidations in Synthetic Chemistry
1.2.1 Oxygenase-Type Reactions

Ocxidation is also an essential process in synthetic chemistry. The exquisite
substrate specificity and selectivity demonstrated with metalloenzymes has inspired many
chemists to design synthetic catalysts to replicate nature. Recently, asymmetric oxidative
processes have emerged as an important area for the construction of complex molecules.

Oxygenase-type reactions have been explored extensively, and numerous
examples of catalytic asymmetric oxidations involving heteroatom transfer to the
substrate have been demonstrated (Figure 1.2.1)." Sharpless and Katsuki developed one
of the first widely applicable processes, utilizing readily available reagents to selectively
epoxidize allylic alcohols with ferz-butyl hydroperoxide as the stoichiometric oxygen
atom donor (4—5)> Later, Sharpless was able to achieve the asymmetric
dihydroxylation of olefins with an osmium catalyst and potassium ferricyanide as the
terminal oxidant (6—7).> Jacobsen also reported an enantioselective epoxidation of
olefins with manganese catalyst 9 and bleach as the oxidant (8—=10)." Evans has shown
that a copper(I) complex with bisoxazoline (S,5)-12 catalyzes the aziridination of olefins
with N-tosyliminobenzyliodinane (11—13).> Each of these oxidative systems involves
heteroatom transfer to the organic substrate, though none utilize molecular oxygen as the

terminal oxidant as in oxygenase enzymes.



Figure 1.2.1 Synthetic asymmetric oxygenase-type chemistry.
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1.2.2 Oxidase-Type Reactions

Synthetic variants of oxidase-type reactions, which involve a formal
dehydrogenation rather than heteroatom transfer, have also been demonstrated.
Asymmetric versions, however, have been much less explored. The scarcity of these
methods is somewhat understandable, as dehydrogenation is a complexity-minimizing
process.® While enantioselective oxygenase-type transformations involve asymmetric
induction in the construction of substrate-heteroatom bonds, oxidase-type reactions often
result in the formation of unsaturated bonds through the destruction of stereogenic
centers. Nevertheless, the Stoltz laboratory at the California Institute of Technology
envisioned a number of dehydrogenative processes that could be amenable to asymmetric
catalysis (Figure 1.2.2). While long-term goals included asymmetric Wacker-type
cyclizations (18—19)” and C—C bond forming cyclizations (20—21),® the initial focus of
the project has been the kinetic resolution of secondary alcohols (e.g., (+)-14—15 + (+)-

14) and the related desymmetrization of meso-diols (16—17).



Figure 1.2.2 Proposed synthetic asymmetric oxidase-type chemistry.
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1.3 Oxidative Kinetic Resolution of Alcohols
1.3.1 Kinetic Resolutions

Of all oxidase-type dehydrogenative processes, the oxidation of alcohols to
carbonyl compounds is one of the most fundamental in organic chemistry.” Though a
wide variety of oxidants have been used for these transformations,'” comparatively few
catalytic enantioselective variants are known. These enantioselective alcohol oxidations
require the selective destruction of a stereocenter in a stereoablative kinetic resolution
process.'""?

A kinetic resolution separates the two enantiomers of a racemic mixture by
exploiting their unequal rates of reaction with an enantioenriched reagent or catalyst
(Figure 1.3.1)." One enantiomer (e.g., (R)-22) reacts faster with the enantioenriched
catalyst, with rate k., to provide product 23. The other enantiomer ((S)-22) reacts much
more slowly (k). Ideally, the reaction is terminated when all or most of the faster-
reacting enantiomer has been converted to product 23. The remaining enantioenriched

starting material ((5)-22) and product 23 can be separated by standard techniques. The

selectivity factor (s) of a resolution is determined by measuring the relative rates of
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reaction of the two enantiomers (k,, = k. / k). In practice, the selectivity factor is
usually determined by measuring the total conversion of starting material to product and
the enantiomeric excess of the recovered starting material.'* For an ideal system, the
chiral reagent or catalyst maintains the same relative enantiomeric preference throughout
the reaction, so the selectivity factor remains constant. As shown in the graph in Figure
1.3.1, the enantiomeric excess of the starting material always increases with increasing
conversion for any kinetic resolution with a selectivity factor greater than 1. Thus,
kinetic resolutions have the ability to provide compounds of high enantiomeric excess for

even modestly selective processes at higher levels of conversion.

Figure 1.3.1 Kinetic resolution overview.

(:)H kfasl - o e relative
H1 N RZ o R1 JL R2
R)-22 B
OH (R) Chiral 23 B
J\ = + Catalyst + <
R! R? £
_ OH k. OH £
(2)-22 ) R - I g
R! R2 R! R2 3
(S)-22 (8)-22 %
ki In[(1-conv)(1-ee,
selectivity factor s = k¢ = st I X )
Ksiow In[(1-conv)(1+ee)] 0 50 100

% Conversion

1.3.2 Previous Catalytic Enantioselective Alcohol Oxidations

At the beginning of our efforts in this area, only a few approaches to the
nonenzymatic catalytic asymmetric oxidation of alcohols had been reported.” Several
groups have utilized nitroxyl radicals for this process. Rychnovsky found that binaphthyl
radical 24 catalyzes the oxidation of (+)-1-phenylethanol ((+)-25) to acetophenone (26)
with bleach as the terminal oxidant, leaving enantioenriched alcohol (+)-25 (Scheme

1.3.1)." Low catalyst loadings could be used, though only modest selectivity was
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observed across a range of secondary alcohols (s < 7.1). Further studies with other chiral

nitroxyl radicals led to even lower selectivity."

Scheme 1.3.1 Rychnovsky’s chiral TEMPO-based oxidation.

N—0
- d ) N
24 (0.5 mol%) :
> +
NaOCI (0.7 equiv)
KBr (10 mol%)

(2)-25 CH,CI,, H,0,0°C 26 (+)-25
(69% conversion) 81% ee
s=49

Catalytic nitroxyl radicals have also been used in electrolytic oxidation of
alcohols. Kashiwagi and Bobbitt performed the enantioselective oxidation of alcohol (+)-
25 using a graphite electrode and chiral N-oxyl 27 (Scheme 1.3.2).' Again, the observed
selectivity was modest for several substrates (s = 4.1-4.6). Tanaka reported a similar
system utilizing Rychnovsky’s N-oxyl 24 under electrolytic conditions that displayed

improved selectivity (s < 16) at temperatures below 23 °C."

Scheme 1.3.2 Chiral nitroxyl oxidation under electrolysis.

NHAc

OH

27 (5 mol%) H
+
graphite electrode
2,6-lutidine (2 equiv)
(£)-25 NaClO, (50 mol%) 26 (+)-25
CH3;CN
70% ee
s=4.6

(63.9% conversion)
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Osa and Bobbitt also demonstrated an oxidative kinetic resolution using an achiral
nitroxyl radical. Utilizing a TEMPO-modified graphite electrode and the chiral diamine
(—)-sparteine (28), highly enantioenriched alcohol (+)-25 was recovered (Scheme 1.3.3)."
Several other secondary alcohols also exhibited impressive selectivity factors (s = 56-
184). The researchers postulated that (—)-sparteine (28) acts as a chiral base in the
resolution. Oxidations conducted with (-)-strychnine as the chiral base were less

selective.

Scheme 1.3.3 Nitroxyl oxidation with a chiral base.

OH (-)-sparteine [0} OH
(28, 1 equiv) :
+
TEMPO-modified graphite electrode
NaClO,4 (50 mol%)
(2)-25 CH3;CN 26 (+)-25
o i 99.6% ee
(53.8% conversion) o278

Transition metal catalysts have also been used to effect enantioselective alcohol
oxidation. Ohkubo disclosed the earliest example of a nonenzymatic oxidative kinetic
resolution of a secondary alcohol in 1976 (Scheme 1.3.4)." Extremely low levels of
enantioselectivity were observed in the oxidation of (+)-1-phenylethanol ((£)-25) with a
ruthenium catalyst and menthol-derived phosphine 29. While not a synthetically useful
transformation, this process served as an important conceptual proof for later oxidative
kinetic resolutions by transfer hydrogenation. Saburi and Yoshikawa subsequently found
that a rhodium hydride species with bisphosphine (—)-DIOP as a chiral ligand could
catalyze the oxidative desymmetrization of a meso-diol by transfer hydrogenation with

modest selectivity.”



Scheme 1.3.4 Ohkuba ruthenium-catalyzed transfer hydrogenation.

PPh,

A

OH o] OH
RuCly(PPhj),
- +
o)
()-25 Ph/z)j\ 26 (-)-25
1.2% ee
180 °C s=1.06

(36.7% conversion)

More recently, Noyori demonstrated the asymmetric oxidation of alcohol (+)-25
with ruthenium arene complex 31 under transfer hydrogenation conditions with acetone
as the terminal oxidant (Scheme 1.3.5).”' Highly selective oxidations were observed with

this system, with s factors for some alcohols above 100.

Scheme 1.3.5 Noyori ruthenium-catalyzed transfer hydrogenation.

,Ts
Ph, N
L
Ph N\
H
OH o OH
31 (0.2 mol%) ;
T +
acetone
28°C
(t)-25 26 (+)'25
" .
(50% conversion) 92% ee

s>80

Uemura has demonstrated a similar system with a different chiral ligand (Scheme
1.3.6). Ferrocenylphosphine catalyst 32 promoted transfer hydrogenation with acetone
to afford alcohol (—)-25 with outstanding selectivity. This system was active even at
extremely low catalyst loadings, and a range of substrates could be resolved to high

enantiomeric excesses.



Scheme 1.3.6 Uemura ruthenium-catalyzed transfer hydrogenation.

o]
: \” PPhy

Fe “p —Ru

Ph
&> Pl

OH o OH
32 (0.08 mol%)
> +
NaOi-Pr (0.33 mol%)
acetone
(£)-25 50 °C 26 (-)-25

(47% conversion) s=183

Katsuki showed that ruthenium complex 33 was a catalyst for the oxidative
kinetic resolution of several alcohols (Scheme 1.3.7).” Under photolysis conditions, (+)-
I-phenylethanol ((£)-25) could be resolved to high ee. This system was the first to use
molecular oxygen from dry air as the terminal oxidant, representing a major advance
toward catalytic systems that truly mimic aerobic oxidase enzymes. This complex was
also able to perform oxidative desymmetrizations of several meso-diols, albeit in a
modest 59-67% ee.”* More recently, improvements in selectivity were observed with 1,3-
diketone additives.” Finally, Gross reported a ruthenium-porphyrin-catalyzed oxidative
kinetic resolution with 2,6-dichloropyridine-N-oxide as the terminal oxidant, though the

observed enantiomeric excesses were moderate (2-28% ee).”
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Scheme 1.3.7 Katsuki aerobic enantioselective alcohol oxidation.

o

NQ | /N
o200
atetete
OH i Q [0} OH
33 (2 mol%) .
I +
air, hv ©/\
)25 PhCl, 23 °C (+)
+)- 26 +)-25
(64.7% conversion) 94.9% ee

s=11

1.3.3 Subsequent Enantioselective Alcohol Oxidations

Subsequent to our initial publication on the palladium-catalyzed aerobic oxidative
kinetic resolution of secondary alcohols, several other systems have been disclosed. Xia
performed the enantioselective oxidation of alcohol (+)-25 with cationic manganese(I1I)
complex 9 and PhI(OAc), as terminal oxidant (Scheme 1.3.8).”’ Based on an oxidation
system previously reported by Katsuki,”® water was found to be an excellent solvent for
the resolutions with tetraethylammonium bromide as a phase transfer catalyst. Low to
good selectivity (s = 1.1-24) was observed in the resolution of a variety of secondary
alcohols. Some selectivity improvements were found with water/organic solvent
mixtures.” A number of studies on the use of polymeric® and solid supported’" catalysts

for easier purification and catalyst recycling have also been reported.
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Scheme 1.3.8 Manganese-catalyzed oxidation with PhI(OAc),.

Q

=N_ /N_
/Mn\
tBu (o} (o] t-Bu
OH t-Bu t-Bu o OH
9 (2 mol%) :
> +
Phl(OAc), (0.7 equiv) ©/\
Et,NBr (8 mol%), H,0, 20 °C
(2)-25 26 (+)-25
(51.7% conversion) 85.2% ee

s=24

Gao has found that iridium complex 34 catalyzes the oxidative kinetic resolution
of benzylic alcohols (Scheme 1.3.9).*> (+)-1-Phenylethanol (()-25) could be resolved to
high enantiomeric excess under transfer hydrogenation conditions with acetone as
stoichiometric oxidant, similar to previous ruthenium-based systems (Scheme 1.3.5 and

Scheme 1.3.6).

Scheme 1.3.9 Gao iridium-catalyzed transfer hydrogenation.

H Q H
\N Nl
\Ir/
P/ (I;|\P
34 (0.5 mol%) :
> +
KOH (1 mol%) ©/\
acetone, 25 °C
(2)-25 26 (+)-25

(69% conversion) 98% ee
s=10

Another iridium catalyst (35) has demonstrated catalytic enantioselective
oxidation with air as the terminal oxidant (Scheme 1.3.10).” Alcohol (+)-25 was able to

be resolved to high ee with excellent selectivity. Employing ligands related to the



12

diimido ligand in Noyori’s ruthenium catalyst (31), several other benzylic alcohols could

be resolved under aerobic conditions as well.

Scheme 1.3.10 Ikariya iridium-catalyzed aerobic oxidation.

h,, N’

P

N N

L
/

pn” N

H

Ms
r

OH

35 (10 mol%) :
I +
air, THF
23°C
(2)-25 _ 26 (+)-25
(52% conversion) 98% ee
s=091

Toste has explored oxidative kinetic resolutions with vanadium catalysts.™
salicylaldehyde-derived imine 37 proved to be an effective ligand for enantioselective
oxidation of alcohols under an atmosphere of molecular oxygen as the terminal oxidant
(Scheme 1.3.11). Indeed, (R)-ethyl mandelate ((R)-36) could be prepared with this highly
selective oxidation. A number of a-hydroxyesters and also an a-hydroxyamide were
resolved with good to excellent selectivity (s = 6-42). Interestingly, secondary alcohols
without an adjacent ester or amide displayed poor reactivity with this system. Recently,
Toste applied this methodology to the enantioselective total synthesis of (—)-octalactin

A.35
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Scheme 1.3.11 Toste vanadium-catalyzed aerobic oxidation.

t-Bu

—N OH
t-Bu OH
OH tBu [o} OH
37 (10 mol%)
CO,Et > CO.Et + CO,Et
VO(Oi-Pr); (8 mol%)
0O, (1 atm)
(2)-36 acetone, 23 °C 38 (R)-36
(51% conversion) gsg °>/°5%e

Chen subsequently reported a related system exploiting vanadium catalyst 40 with
molecular oxygen as the stoichiometric oxidant to resolve phosphonate (+)-39 with
outstanding selectivity (Scheme 1.3.12).*° Enantioselective oxidation of a range of other
a-hydroxyphosphonate esters, frequently with selectivity factors over 100, was also
accomplished with this aerobic system. Further developments by Chen led to a catalyst
(44) that could resolve a-hydroxyesters and o-hydroxyamides with extremely high
selectivity in some cases.” Vanadium clusters were found to be active catalysts for the

aerobic oxidative kinetic resolution of a-hydroxythioesters.™
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Scheme 1.3.12 Chen vanadium-catalyzed aerobic oxidations.

t-Bu (0}
o]
=N_ U 0
Br O/ |\0Me
H™ “Me
OH Br o) OH
40 (5 mol%)
P(OBn), > P(OBn), *+ P(OBn),
1 0O, (1 atm) 1 1
0 PhCHj, 23 °C o 0
(£)-39 41 (S)-39
(51% conversion) 99% ee
s§>99
t-Bu (o]
: 0 :
=N_} °
V.
+Bu 0”1 Some
/o\
H™ “Me
OH t+-Bu o) OH
R 44 (5 mol%) _ RO, R
0, (1 atm)
(j Y PhCH, 23 °C 0 0
R = OBn: (+)-42 . R=0Bn: 45 R = 0OBn, (S)-42: 98% ee, s = 458
R = NHBn: (£)-43 (50% conversion) R = NHBn: 46 R = NHBn, (S)-43: 99% ee, s = 1057

Onomura described an enantioselective oxidation with a copper catalyst and
bisoxazoline (R,R)-12 (Scheme 1.3.13).” This system successfully resolved a number of
racemic 1,2-diols with N-bromosuccinimide as the terminal oxidant. Oxidation of
cyclohexanediol (+)-47 provided hydroxyketone ($)-48 in 30% yield and 82% ee. Diol
(R,R)-47 was recovered in 70% yield and 28% ee, corresponding to a selectivity factor of
14. Desymmetrization of meso-hydrobenzoin (49) with low catalyst loading afforded

(R)-benzoin ((R)-50) in 94% yield and 69% ee.
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Scheme 1.3.13 Onomura copper-catalyzed enantioselective oxidations.

OH

HO,
Phv”

(x)-47

HO OH

Ph Ph
49

1.4 Conclusion

N N

SRS,

Ph Ph o
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CHCI3, 23 °C 30% yield
82% ee
(R,R)-12 (1.2 mol%)
Cu(OTf), (1 mol%) HO, P
NBS (1.5 equiv) Ph Ph
K,CO;3 (1.5 equiv) (R)-50
CHCl,, 23 °C ;
94% yield

69% ee

(R,R)-47

70% vyield
28% ee
s=14

[0} (0)

b

Ph Ph
51
6% yield

Inspired by biological systems, chemists have developed a number of asymmetric

oxidations based on small molecule catalysis. While numerous transformations involving

oxygenase-type reactivity have been reported, catalytic enantioselective oxidase-type

reactivity has been relatively less explored. Even asymmetric variants of the ubiquitous

alcohol oxidation have been limited. Despite efforts by a number of researchers, a mild,

general, and selective method for the oxidative kinetic resolution of secondary alcohols

has remained elusive. The discovery and development of a palladium-catalyzed aerobic

system to achieve this goal is the subject of this thesis.
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CHAPTER 2

The Development of the Palladium-Catalyzed Oxidative Kinetic Resolution of
Secondary Alcohols

2.1 Background and Introduction

Chiral alcohols are present in many natural products, pharmaceutical agents, and
useful synthetic materials, and are highly versatile as synthetic intermediates in the
construction of other functional groups. The ready availability of a wide range of
racemic alcohols and the potential for recycling the product ketone by a simple reduction
makes oxidative kinetic resolution a practical process for the preparation of
enantioenriched alcohols. Thus, a general catalytic system for enantioselective alcohol
oxidation would be of great benefit to the synthetic organic community."®

Because of its prevalence in a variety of enantioselective transformations’ and
known utility in the aerobic oxidation of alcohols, we chose to pursue palladium(Il) as a
catalytic metal for the oxidative kinetic resolution of secondary alcohols.*® Particularly
intriguing was a report by Uemura of racemic alcohol oxidation utilizing a palladium(II)
catalyst and pyridine in toluene (Scheme 2.1.1)." Employing molecular oxygen as the
sole stoichiometric oxidant, high yields of aldehydes and ketones were obtained for a
variety of alcohols. These conditions were attractive for a number of reasons. Molecular
oxygen, essential for cellular respiration in all aerobic organisms, is an inexpensive,
abundant, and environmentally benign oxidant. The lack of additional co-oxidants
reduces reaction complexity. Hydrogen peroxide, the sole byproduct of the oxidation,
decomposes to water and molecular oxygen under the reaction conditions. Also, pyridine

was found to be critical to the reaction as both ligand and base. Uemura reported no
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catalytic activity in the absence of pyridine, indicating a strong ligand acceleration effect.
We anticipated that the use of chiral ligands in the place of pyridine would lead to
significant enantiodiscrimination in the oxidation, while the ligand acceleration could
minimize racemic background oxidation by other Pd(II) species that might be present in
the reaction. Finally, the non-coordinating nature of toluene should limit solvent

displacement of a chiral ligand from the palladium center.

Scheme 2.1.1 Uemura oxidation conditions.

OH Pd(OAc), (5 mol%), pyridine (20 mol%) j\
R'"" "R? 0,, PhCH3, MS3A, 80 °C R'" "R?
22 23

The proposed mechanism for the oxidation involves ligand substitution by the
alcohol (22) and deprotonation of a palladium(Il) complex to generate intermediate
palladium alkoxide 52 (Scheme 2.1.2). Subsequent B-hydride elimination from this
complex forms the product ketone (23) and palladium hydride 53, which then reacts with
oxygen and another equivalent of alcohol 22 to reform 52. Efforts by a number of

researchers have further clarified this mechanism.!'"!

Scheme 2.1.2 Uemura oxidation proposed mechanism.
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2.2 Reaction Development’

2.2.1 Original Conditions'*"

We initially focused on substituting an appropriate chiral ligand for pyridine in
the oxidation. While many of the compounds evaluated as ligands led to little or no
alcohol oxidation, some provided moderately reactive palladium complexes. (-)-
Sparteine (28) rapidly emerged as a uniquely effective ligand for this transformation,
providing modest levels of selectivity'® in the oxidation of (+)-1-phenylethanol ((+)-25,

Table 2.2.1)."

Table 2.2.1 Initial ligand screen for the oxidative kinetic resolution.

OH Pd(OAc), (5 mol%) o OH
ligand (20 mol%) o
PhCHj; (0.1 M), 80 °C
(*)-25 26 (-)-25

entry ligand? time conversion® alcohol ee® s
1 (S,9)-Ph-PYBOX (55) 72h 2% - -
2 (S)-+-Bu-BOX (56) 24 h 3% - -
3 cinchonidine (57) 72h 2% - -
4 quinine (58) 24 h 0% - -
5 (R,R)-Jacobsen ligand (59) 24 h 3% - -
6  (-)-isopinocampheylamine (60) 24 h 0% - -
7 (R)-BINAP (61) 24h  29.0% 0% 1.0
8 brucine (62) 24h  77.0% 0% 1.0
9 (DHQ),PHAL (63) 24h  31.6% 87% 1.6
10 (-)-sparteine (28) 24 h 15.1% 13.7% 8.8

* For structures, see Figure 2.2.1. ® Measured by GC. ¢ Measured by chiral HPLC.

" This work was primarily performed by Eric M. Ferreira (Ph.D. 2005) and Jeffrey T. Bagdanoff (Ph.D.
2005), graduate students in the Stoltz group at California Institute of Technology.
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Figure 2.2.1 Stuctures of ligands in Table 2.2.1.

H
P /23
| 0 0
0 N 0 % H—/N
S/IN N'\) N N
P :t-Bu N ‘OH

+Bu |
N
(S,8)-Ph-PYBOX (55) (S)-t-Bu-BOX (56) cinchonidine (57) quinine (58)

! i PPh,

wNH, —N EN_
a PPh,
tBu OH HO t-Bu OO

t-Bu t-Bu
(-)-isopinocampheylamine (59) (R,R)-Jacobsen ligand (60) (R)-BINAP (61)

brucine (62) (DHQ),PHAL (63) (-)-sparteine (28)

Reexamination of the general mechanism proposed by Uemura was critical for
optimization of the reaction. Notably, an acetate is coordinated to the palladium center
throughout the catalytic cycle, indicating the possible importance of the Pd(II) counterion
in the resolution. Investigation of a number of palladium sources permitted counterion
modification, resulting in greatly improved reactivity and selectivity in the oxidation
employing palladium chloride complexes. Pd(nbd)Cl, proved to be the most effective
precatalyst, providing good selectivity in the oxidation of a number of benzylic alcohols

(Scheme 2.2.1).
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Scheme 2.2.1 Original resolution conditions.

Pd(nbd)Cl, (5 mol %)
OH (-)-sparteine (28, 20 mol %) 0 OH

> +
Ar R 0, (1 atm), PhCH3, MS3A, 80°C Ar)LR Ar/LR

(2)-64 40-192 h, s values up to 47 65 (5)-64

2.2.2 Rate Acceleration with Exogenous Base and a Non-Oxidizing Alcohol "
Although useful in principle, a major limitation of this resolution was the sluggish
reaction rates. Usually, 4 days or more were required to provide alcohols in high
enantiomeric excess. The high operating temperature (80 °C) further demonstrates the
low activity of the system. During the course of studies to improve the reaction rate, the
discrete complex Pd(sparteine)Cl, (66) was prepared. The reactivity of this complex was
substantially decreased relative to the complex generated in situ with a 4:1 sparteine:Pd

loading (Table 2.2.2)."

Table 2.2.2 Catalyst activity versus (—)-sparteine loading.

OH o) OH
catalyst
> +
0, (1 atm), MS3A,
PhCH; (0.1 M), 80 °C
96 h
(x)-25 26 (-)-25
entry catalyst conversion?  alcohol ee? s
Pd(nbd)Cl, (5 mol%) i !
1 (-)-sparteine (28, 20 mol%) 59.9% 98.7% 23
2 Pd(sparteine)Cl, (66, 5 mol%) 4.6% 3.4% 6.0

Pd(sparteine)Cl, (66, 5 mol%) o N
(-)-sparteine (28, 15 mol%) 60.6% 99.2% 24

“ Measured by GC. ® Measured by chiral HPLC.

3

Interestingly, we found that reactivity could be restored by adding 3 equivalents
of (—)-sparteine (28) relative to complex 66. The excess (—)-sparteine was suspected to

act as a general base, neutralizing the hydrogen chloride byproduct generated during
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palladium alkoxide formation. Indeed, kinetic studies have confirmed the role of

sparteine as base.'™

Without this added (-)-sparteine, palladium alkoxide formation is
much less favorable. Thus, it was anticipated that the addition of a stoichiometric base
would promote palladium alkoxide formation, facilitating alcohol oxidation.

We initiated studies to supplant (—)-sparteine (28) as a base in the oxidative
kinetic resolution. Early experiments centered on the addition of achiral amines (Table
2.2.3). After 13 h, triethylamine seemed promising (entry 3), but rapid catalyst
deactivation led to little further conversion (entry 4). Use of additional equivalents
proved more detrimental (entries 5 and 6). The more nucleophilic base DABCO was
even poorer. However, carbonate bases were effective at accelerating the oxidations.

Cesium carbonate was found to be optimal, leading to the greatest reactivity

enhancement. "

Table 2.2.3 Base screening studies with amines and carbonates.

OH Pd(nbd)Cl, (10 mol%) (o} OH
(-)-sparteine (28, 10 mol%)
MeO 0, (1 atm), MS3A MeO MeO
(2)-67 PhCH; (0.1 M), 80 °C 68 (-)-67
entry additive time conversion? alcohol ee® s
1 (-)-sparteine (28, 30 mol%) 13h 29% 34% 15
2 none 13h 2% <2% -
3 Et;N (0.4 equiv) 13h 26% 31% 22
4 Et3N (0.4 equiv) 26 h 29% 33% 13
5 Et;N (2.0 equiv) 13h 19% 19% 11
6 Et3N (4.0 equiv) 13h 14% 1% 6
7 DABCO (0.4 equiv) 13h 7% 8% 20
8 Na,COj3 (1.0 equiv) 13h 27% 31% 15
9 K,COj3 (1.0 equiv) 13h 56% 84% 13
10 Cs,COj5 (1.0 equiv) 13h 68% 99% 13

“ Measured by '"H NMR. * Measured by chiral HPLC.
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The loss of reactivity with excess achiral amine bases is presumably due to
competition between the amine and sparteine for coordination to the palladium center.
We have demonstrated that monodentate amines do not generate catalytically active
systems for alcohol oxidation with Pd(nbd)Cl, (Table 2.2.4)."” While (-)-sparteine (28)
promotes rapid alcohol oxidation (entry 3), little oxidation occurs with either pyridine

(entry 1) or quinuclidine (entry 2).

Table 2.2.4 Catalyst activity with (—)-sparteine and other amines.

OH Pd(nbd)CI, (5 mol%) (o]
amine (20 mol%)
0O, (1 atm), PhCH;3 (0.1 M)
MS3A, 80 °C, 8.5 h
(x)-25 26
entry amine conversion?

1 pyridine 1.2%

2 quinuclidine 3.8%

3 (-)-sparteine (28) 36.6%

* Measured by GC. Conversion is the average of two experiments.

Even with added cesium carbonate, excess (—)-sparteine (28) relative to the
palladium precursor is still beneficial. The solubility of cesium carbonate in toluene is
minimal, even at elevated temperatures. Also, finely milled cesium carbonate performs
much better than the granular base of lower surface area.” These observations suggest
cesium carbonate is acting as a heterogeneous base. (—)-Sparteine (28), which is much
more soluble in toluene, may act as a better kinetic base than the heterogeneous cesium
carbonate for neutralizing hydrogen chloride generated in the formation of the palladium
alkoxide (Scheme 2.2.2). While the pK, values of sparteinesHCI*' and cesium
bicarbonate® are similar, the excess carbonate base could minimize sparteineeHCI

3

concentration,” reducing the extent of protonation of the palladium alkoxide and

accelerating the reaction.”
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Scheme 2.2.2 Potential role of excess (—)-sparteine.

(sparteine)PdCl, (sparteine)Pd(OR)CI

sparteine
ROH S f Cs,CO,4 +
+ sparteineHCl — =g=2= CsHCO,

-
sparteine +

CsCl |

Another key development arose fortuitously from early investigations of the
substrate scope. The inclusion of tert-butyl alcohol proved to be an excellent exogenous
alcohol additive, providing more active catalytic systems for alcohol oxidation.” We
optimized the process to maintain high selectivity across a range of secondary alcohols,
while dramatically decreasing reaction times (Table 2.2.5, cf. entries 1 and 2).
Furthermore, we found ambient air to be a competent replacement for molecular oxygen
as the stoichiometric oxidant in these resolutions, providing a comparable reaction rate

and selectivity (entry 3).

Table 2.2.5 Comparison of various conditions in toluene.

OH Pd(nbd)ClI, (5 mol%) (o} OH
(-)-sparteine (28, 20 mol%)
> +
MS3A, PhCH,4
MeO MeO MeO
(x)-67 68 (-)-67
entry conditions time conversion? alcohol ee® s
1 O, (1 atm) 96 h 66.6% 98.1% 12
PhCHjz (0.1 M)
80 °C
2 O, (1 atm) 9.5h 67.4% 99.5% 15

Cs,CO3 (50 mol%)
t+BuOH (1.5 equiv)
PhCHj5 (0.25 M), 60 °C

3¢ ambient air (1 atm) 7h 64.0% 99.1% 17
Cs,CO3 (40 mol%)
+BuOH (1.5 equiv)
PhCHj3 (0.25 M), 60 °C

* Measured by GC. * Measured by chiral HPLC. ¢ Pd(sparteine)Cl, (66, 5 mol%) and (-)-sparteine (28, 15
mol%) were used.
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While the purpose of the carbonate base fit well with our mechanistic model for
the oxidative kinetic resolution, the role of trert-butyl alcohol was less clear. One
possibility was that the modified reaction conditions were transforming Pd(sparteine)Cl,
into a more reactive complex. In order to test this theory, we exposed dichloride complex
66 to rert-butyl alcohol and cesium carbonate. After 4 days at 60 °C, carbonate 69 was
isolated in 94% yield (Scheme 2.2.3). Carbonate complex 69 displayed neither catalytic
nor even stoichiometric activity under kinetic resolution conditions. This finding
suggests carbonate 69 is a catalyst deactivation product. While these additives provide

dramatic rate enhancement, they could also detrimentally affect catalyst longevity.

Scheme 2.2.3 Synthesis of palladium carbonate 69.

Cs,CO; (1 equiv) N\
\ t-BuOH (1 equiv) N\ /N
N\ /N PhCHg, 60 °C, 4 days /Pd\
Pd_ o_ o
c’ ci (94% yield) \n/
66 0
69

An alternative explanation for the beneficial effect of zert-butyl alcohol involves
the formation of trace amounts of CsOz-Bu in situ. We have examined the addition of
several tert-butoxide salts to these resolutions (Table 2.2.6, entries 2-4). These
oxidations maintain the high reactivity observed with the tert-butyl alcohol conditions
(entry 1). However, the recovered alcohol is nearly racemic with any of these bases.
Thus, it is unlikely that CsOz-Bu is forming in oxidative kinetic resolution conditions

with tert-butyl alcohol and cesium carbonate.
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Table 2.2.6 Evaluation of tert-butoxide additives.

OH Pd(sparteine)Cl, (66, 5 mol%) o OH
(-)-sparteine (28, 15 mol%)
+
Base (40 mol%)
MeO 0, (1 atm), MS3A MeO MeO
()-67 PhCH; (0.25 M), 60 °C, 7 h 68 (~)-67

entry base conversion? alcohol ee® s

1 Cs,CO4 62.1% 98.6% 18
t-BuOH (1.5 equiv)

2 CsOt-Bu 48.1% 0.6% 1.0

3 KOtBu 61.3% 0.6% 1.0

4 NaOtBu 65.7% 2.3% 1.0

“ Measured by GC. ® Measured by chiral HPLC.

It is possible that these alkoxides modify the catalyst such that all selectivity is
lost in the oxidation. Alternatively, a competing Meerwein-Ponndorf-Verley reduction”
could be occurring (Scheme 2.2.4). Selective, Pd(sparteine)Cl,-catalyzed alcohol
oxidation and deprotonation of secondary alcohol (-)-67 could provide ketone 68 and
alkoxide (5)-70. Non-selective, metal-promoted Meerwein-Ponndorf-Verley reduction of

the ketone could then afford product ketone 68 and racemized alkoxide (+)-70.

Scheme 2.2.4 Possible racemization mechanism with ferz-butoxide.

OH [0} OH
Pd(sparteine)Cl, (66) MO#-Bu
> + —_—
Selective Oxidation

MeO MeO MeO

(x)-67 68 (-)-67

o) o *m o *m o)

Non-Selective
+ > +
Meerwein-Ponndorf-Verley
MeO MeO MeO MeO

68 (S)-70 (2)-70 68

2.2.3 Chloroform as Solvent in the Resolution™
Having eliminated several potential roles for a non-oxidizing alcohol in the

resolution, we hypothesized that the observed rate enhancement could be due to the
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hydrogen bonding potential of tert-butyl alcohol. While hydrogen bonding plays an

essential and well-documented role in the catalysis of a number of biological® and
synthetic processes,” less is known about its function in organometallic transformations.
A hydrogen-bond donor may enhance reactivity by stabilizing and solubilizing polar or
charged intermediates in the nonpolar solvent toluene. In particular, cationic palladium
complexes generated as the immediate products of alcohol coordination and B-hydride
elimination result in the formation of chloride anions, which could be solubilized by
hydrogen-bond donors."***

Based on this hypothesis, we performed a more rigorous solvent screen, with an
emphasis on solvents capable of hydrogen-bond donation and solubilization of polar or
charged intermediates (Table 2.2.7). Surprisingly, while common organic solvents led to
little oxidation (entries 12, 15, 16, 19, and 20), halogenated solvents that could act as
weak hydrogen-bond donors provided rapid reactions (entries 1-6). Oxidations
conducted in the hydrogen-bond donating solvent dichloromethane are the fastest (entry
1), but catalyst selectivity in kinetic resolutions suffers.’’ Chloroform, on the other hand,
emerges as an outstanding nonflammable solvent for rapid and selective oxidation, even
at 23 °C (entry 2). Strikingly, chlorinated solvents lacking the ability to donate a
hydrogen bond (entries 13, 14, 17, and 21) are less effective. Other factors do not appear
to explain the observed trends. Oxygen solubility is fairly similar in many of the
solvents.” Also, there is no clear trend between reaction rate and dielectric constant, a

measure of solvent polarity.”



Table 2.2.7 Solvent screen with Pd(sparteine)Cl,.

* Measured by GC.

OH Pd(sparteine)Cl, (66, 5 mol%) (o}

: (-)-sparteine (28, 7 mol%) _

©/\ 0, (1 atm), MS3A l

solvent (0.1 M)
(+)-25 23°C,21h 26
entry solvent dielectric constant conversion?@

1 CH,Cl, 8.9 83%
2 CHCl, 4.8 74%
3 CH,Br, 7.8 73%
4 CHCl3/1 equiv +-BuOH 4.8/12.5 72%
5 CHBr3 4.4 68%
6 CICH,CH,CI 10.4 46%
7 PhCHa/1 equiv +BuOH 24125 39%
8 PhCHg/t-BuOH (1:1) 2.412.5 29%
9 PhCHs 2.4 23%
10 pinacolone 12.7 21%
11 tert-amyl alcohol 5.8 21%
12 THF 7.5 14%
13 Cl,C=CHClI 3.4 10%
14 Cl3CCH,4 7.2 9%
15 EtOAc 6.1 8%
16 2-propanol 20.2 7%
17 Cl,C=CCl, 2.3 6%
18 H,0O/2-propanol 80.1/20.2 3%
19 CH5;CN 36.6 3%
20 CH3NO, 37.3 2%
21 cCl, 22 2%

33

Spectroscopic evidence for hydrogen-bond formation between chloroform and

catalytic species was found in IR spectra of CDCl, solutions (Table 2.2.8).*

A

significant shift in the C-D stretching frequency of CDCl; occurred in the presence of

either (-)-sparteine (28, entry 2) or Pd(sparteine)Cl, (66, entry 3).”*° The observed

decrease in A,,,, corresponds to a lower energy C-D stretching frequency due to a weaker

C-D bond over free CDCIl; when hydrogen-bond accepting species are present. Notably,

no shift in the C-D stretch was observed with the catalytically inactive carbonate 69,

suggesting little or no hydrogen bonding occurs.
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Table 2.2.8 IR data supporting hydrogen-bond donation.

entry  concentration CDCljy solution Mmax (cm™)  predicted D-X bond

1 - neat 2258 -

2 0.25 M N N 2175

3 0.25 M 2230

4 0.10 M2 2258 -

* Near saturation concentration at 23 °C.

Based on these findings of discrete interactions between chloroform and a
catalytically active species, we anticipated that chloroform, like ter#-butyl alcohol, could
provide a beneficial role in the oxidative kinetic resolution as an additive. As shown in
Table 2.2.9, a 1:1 ratio of chloroform and toluene (entry 2) performs as well as pure
chloroform (entry 1) as solvent. There is a clear difference in rate between the
stoichiometric (entry 3) and substoichiometric (entry 4) chloroform additions, indicating
that the function of chloroform in these resolutions is not exclusively a bulk solvent

polarity effect.
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Table 2.2.9 Chloroform:toluene ratio variation.

OH Pd(sparteine)Cl, (66, 5 mol%) [0} OH
(-)-sparteine (28, 7 mol%)
- +
0O, (1 atm), Cs,CO3 (40 mol%)
MeO CHCI3:PhCH3 (0.25 M) MeO MeO
(£)-67 MS3A, 23 °C 68 (-)-67
entry  CHCIg:PhCHg time  conversion® alcoholee® s
1 1:0 21h 55.9% 92.0% 20
2 11 21h 55.1% 91.0% 21
3 1:50 66 h 54.8% 91.3% 22

(1 equiv CHCl3)

4 1:125 109 h 55.7% 87.5% 16
(40 mol% CHCly)

“ Measured by GC. ® Measured by chiral HPLC.

The change in solvent to chloroform also allows decreased amounts of (-)-
sparteine (28) to be used with little effect on rate. Performing the reactions at 23 °C
provides a dramatic increase in the catalyst selectivity (cf. Table 2.2.10, entry 1 and Table
2.2.5). Furthermore, as little as 5% O, atmosphere is sufficient for oxidation, enabling
the use of ambient air as the terminal oxidant (entry 2). These milder conditions greatly
improve the operational simplicity and safety of the oxidation, avoiding the use of

flammable solvents at elevated temperatures under an oxygen atmosphere.

Table 2.2.10 Chloroform conditions with O, or ambient air.

OH Pd(sparteine)Cl, (66, 5 mol%) 0 OH
(-)-sparteine (28, 7 mol%)
- +
oxidant (1 atm)
MeO Cs,CO; (40 mol%), MS3A MeO MeO
(£)-67 CHClI; (0.25 M), 23 °C 68 (-)-67
entry oxidant time conversion? alcohol ee® s
1 0O, 48 h 62.6% 99.9% 27
2 ambient air 24 h 62.3% 99.8% 25

“ Measured by GC. ® Measured by chiral HPLC.
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2.3 Conclusion

The first palladium-catalyzed enantioselective oxidation of secondary alcohols
has been developed, utilizing the readily available diamine (—)-sparteine as chiral ligand
and molecular oxygen as the sole stoichiometric oxidant. Mechanistic insights regarding
the role of base and hydrogen bond donors have resulted in several improvements to the
original system. Namely, addition of cesium carbonate and tert-butyl alcohol greatly
enhances reaction rates, promoting accelerated resolutions. The use of chloroform as
solvent allows resolutions to be conducted at 23 °C, resulting in enhanced catalyst
selectivity. Finally, the use of ambient air as the terminal oxidant for reactions in either
toluene or chloroform further increases the operational simplicity and safety of the
process. These developments have led to a process with a broad substrate scope’ and
many practical applications, including the desymmetrization of meso-diols," the
preparation of synthetically useful molecules,” and the total synthesis of complex natural
products.” Our efforts in these areas are reported in Chapters 3 and 5. Further studies in

catalyst development are disclosed in Chapter 4.
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2.4 Experimental Section

2.4.1 Materials and Methods

Pd(sparteine)Cl, (66) was prepared as previously reported."” Cesium tert-
butoxide was prepared by the method of Chisholm.* (+)-1-Phenylethanol ((+)-25) was
purchased from Acros Organics. Pyridine was distilled over CaH,. Solvents were dried
by passage through an activated alumina column under argon. Powdered 3A molecular
sieves were stored in a 120 °C drying oven until immediately prior to use. Other
chemicals were purchased from the Sigma-Aldrich Chemical Company and used as
received. Liquids and solutions were transferred via syringe. Reaction temperatures
were controlled using an IKAmag temperature modulator. Thin-layer chromatography
(TLC) was conducted with E. Merck silica gel 60 F254 pre-coated plates (0.25 mm) and
visualized using a combination of UV at 254 nm and p-anisaldehyde staining. Analytical
achiral GC was performed on an Agilent 6850 GC with FID detector using an Agilent
DB-WAX (30.0 m x 0.25 mm) column at 1.0 mL/min He carrier gas flow. Analytical
chiral HPLC was performed with an Agilent 1100 Series HPLC utilizing a Chiralcel OD-
H or Chiralcel OJ column (each is 4.6 mm x 25 cm) obtained from Daicel Chemical
Industries, Ltd with visualization at 254 nm at 1.0 mL/min mobile phase. IR spectra were
recorded on a Perkin Elmer Paragon 1000 spectrometer and are reported in terms of
frequency of absorption (cm™). The absolute configurations of resolved alcohols were

assigned based on comparisons of optical rotations to literature values or by analogy.
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2.4.2 General Oxidative Kinetic Resolution Conditions

OH Pd(nbd)Cl, (5 mol%) o OH
(-)-sparteine (28, 20 mol%)
> +
0, (1 atm), PhCH,
MeO MS3A, 80 °C MeO MeO
(2)-67 68 (-)-67

Original Resolution Conditions in PhCH, with No Achiral Base."* To an oven
dried reaction tube with stir bar was added 3A molecular sieves (250 mg). After cooling,
Pd(nbd)Cl, (6.7 mg, 0.025 mmol, 0.05 equiv) followed by toluene (2.5 mL) and then (-)-
sparteine (28, 23.0 L, 0.10 mmol, 0.20 equiv) were added.”’ The reaction tube was then
cooled to =78 °C, then vacuum evacuated and purged with O, (3x). Then, the tube was
heated to 80 °C with vigorous stirring under O, atmosphere (1 atm, balloon) for 20 min.
A solution of alcohol (+)-67 (76.1 mg, 0.50 mmol, 1.0 equiv) and tridecane (36.6 uL,
0.15 mmol, 0.30 equiv) in toluene (2.5 mL) was added, and the reaction was allowed to
proceed under O, atmosphere at 80 °C. Aliquots were filtered through a small plug of
silica gel (Et,0O eluent), evaporated, and analyzed by GC for conversion and chiral HPLC

for alcohol ee.

OH Pd(nbd)Cl, (5 mol%) 0 OH
(-)-sparteine (28, 20 mol%)
- +
Cs,CO0; (0.5 equiv), +-BuOH (1.5 equiv)
MeO 0, (1 atm), PhCH3, MS3A, 60 °C MeO MeO
()-67 68 (-)-67

Rate Accelerated Resolution Conditions in PhCH; under O,." To an oven
dried reaction tube with stir bar was added 3A molecular sieves (250 mg). After cooling,
Pd(nbd)Cl, (6.7 mg, 0.025 mmol, 0.05 equiv), followed by toluene (1 mL) and then (-)-
sparteine (28, 23.0 uL, 0.10 mmol, 0.20 equiv) were added.” The reaction tube was

cooled to —78 °C, then vacuum evacuated and purged with O, (3x). The tube was heated
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to 60 °C with vigorous stirring under O, atmosphere (1 atm, balloon) for 20 min. Finely
powdered Cs,CO; (81.5 mg, 0.25 mmol, 0.50 equiv) was added, followed by a solution of
alcohol (£)-67 (76.1 mg, 0.5 mmol, 1.0 equiv), anhydrous ~-BuOH (71.5 uL, 0.75 mmol,
1.5 equiv), and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in toluene (1 mL). The
reaction was allowed to proceed under O, atmosphere at 60 °C. Aliquots were filtered
through a small plug of silica gel (Et,O eluent), evaporated, and analyzed by GC for

conversion and chiral HPLC for alcohol ee.

OH Pd(nbd)Cl, (5 mol%) o OH
(-)-sparteine (28, 20 mol%)
. +
Cs,CO; (0.4 equiv), +-BuOH (1.5 equiv)
MeO air (1 atm), PhCH3, MS3A, 60 °C MeO MeO
(2)-67 68 (-)-67

Rate Accelerated Resolution Conditions in PhCH; under Ambient Air. To an
oven dried reaction tube with stir bar was added 3A molecular sieves (250 mg). After
cooling, Pd(nbd)Cl, (6.7 mg, 0.025 mmol, 0.05 equiv), followed by toluene (1 mL) and
then (-)-sparteine (28, 23.0 uL, 0.10 mmol, 0.20 equiv) were added.*’ A short tube
containing Drierite was attached to the reaction tube. The tube was heated to 60 °C with
vigorous stirring under O, atmosphere (1 atm, balloon) for 20 min. Finely powdered
Cs,CO; (81.5 mg, 0.25 mmol, 0.50 equiv) was added, followed by a solution of alcohol
(£)-67 (76.1 mg, 0.5 mmol, 1.0 equiv), anhydrous -BuOH (71.5 L, 0.75 mmol, 1.5
equiv), and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in toluene (1 mL). The reaction
was allowed to proceed under air atmosphere at 60 °C. Aliquots were filtered through a
small plug of silica gel (Et,O eluent), evaporated, and analyzed by GC for conversion and

chiral HPLC for alcohol ee.
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OH Pd(nbd)Cl, (5 mol%) o) OH
(-)-sparteine (28, 12 mol%)
> +
0O, (1 atm), Cs,CO; (0.4 equiv)
MeO CHCl3, MS3A, 23 °C MeO MeO
()-67 68 (-)-67

CHCI, Conditions with 0,.** To an oven dried reaction tube with stir bar was
added 3A molecular sieves (250 mg). After cooling, Pd(nbd)Cl, (6.7 mg, 0.025 mmol,
0.05 equiv), followed by CHCI, (1 mL)* and then (-)-sparteine (28, 13.8 uL, 0.06 mmol,
0.12 equiv) were added.*” The reaction tube was cooled to —78 °C, then vacuum
evacuated and purged with O, (3x). The reaction was allowed to warm to 23 °C and
stirred vigorously under O, atmosphere (1 atm, balloon) for 15 min. Finely powdered
Cs,CO; (65.2 mg, 0.20 mmol, 0.40 equiv) was added, followed by a solution of alcohol
(£)-67 (76.1 mg, 0.5 mmol, 1.0 equiv) and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in
CHCI, (1 mL). The reaction was allowed to proceed under O, atmosphere at 23 °C.
Aliquots were filtered through a small plug of silica gel (Et,O eluent), evaporated, and

analyzed by GC for conversion and chiral HPLC for alcohol ee.

OH Pd(nbd)Cl, (5 mol%) o OH
(-)-sparteine (28, 12 mol%)
> +
air (1 atm), Cs,CO; (0.4 equiv)
MeO CHC|3, MS3A, 23°C MeO MeO
(x)-67 68 (-)-67

CHCI, Conditions with Ambient Air.”® To an oven dried reaction tube with stir
bar was added 3A molecular sieves (250 mg). After cooling, Pd(nbd)Cl, (6.7 mg, 0.025
mmol, 0.05 equiv), followed by CHCI, (1 mL)* and then (-)-sparteine (28, 13.8 L, 0.06
mmol, 0.12 equiv) were added.* A short tube containing Drierite was attached to the
reaction tube. The reaction was stirred vigorously at 23 °C for 15 min. Finely powdered

Cs,CO; (65.2 mg, 0.20 mmol, 0.40 equiv) was added, followed by a solution of alcohol
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(£)-67 (76.1 mg, 0.5 mmol, 1.0 equiv) and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in

CHCI,; (1 mL). The reaction was allowed to proceed under an ambient air atmosphere at
23°C. Aliquots were filtered through a small plug of silica gel (Et,O eluent), evaporated,

and analyzed by GC for conversion and chiral HPLC for alcohol ee.

2.4.3 Screening and Optimization Studies

OH Pd(nbd)Cl, (5 mol%) (0}
amine (20 mol%)
0O, (1 atm), PhCH3; (0.1 M)
MS3A, 80 °C, 8.5 h
(£)-25 26

Amine Screening Procedure with Pd(nbd)CL. To an oven dried reaction tube
with stir bar was added 3A molecular sieves (250 mg). After cooling, Pd(nbd)Cl, (6.7
mg, 0.025 mmol, 0.05 equiv) followed by toluene (2.5 mL) and the amine (0.10 mmol,
0.20 equiv) were added. The reaction tube was cooled to —78 °C, then vacuum evacuated
and purged with O, (3x). The tube was heated to 80 °C with vigorous stirring under O,
atmosphere (1 atm, balloon) for 20 min. A solution of (+)-1-phenylethanol ((+)-25, 60.3
uL, 0.50 mmol, 1.0 equiv) and tridecane (36.6 L, 0.15 mmol, 0.30 equiv) in toluene (2.5
mL) was added, and the reaction was allowed to proceed under O, atmosphere at 80 °C.
Aliquots were filtered through a small plug of silica gel (Et,O eluent), evaporated, and
analyzed by GC for conversion to acetophenone (26). Conversions given are the mean of

two experiments.
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OH Pd(sparteine)Cl, (66, 5 mol%) 0 OH
(-)-sparteine (28, 15 mol%)
- +
Base (40 mol%)
MeO 0, (1 atm), MS3A MeO MeO
(£)-67 PhCHj (0.25 M), 60 °C, 7 h 68 (-)-67

Alkoxide Base Screen in PhCH;. To an oven dried reaction tube with stir bar
was added 3A molecular sieves (250 mg). After cooling, Pd(sparteine)Cl, (66, 10.3 mg,
0.025 mmol, 0.05 equiv), followed by toluene (1 mL) and then (-)-sparteine (28, 17.2 uL,
0.075 mmol, 0.15 equiv) were added. The reaction tube was cooled to =78 °C, then
vacuum evacuated and purged with O, (3x). The tube was heated to 60 °C with vigorous
stirring under O, atmosphere (1 atm, balloon) for 20 min. The alkoxide base (0.20 mmol,
0.40 equiv) was added, followed by a solution of (+)-67 (76.1 mg, 0.5 mmol, 1.0 equiv)
and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in toluene (I mL). The reaction was
allowed to proceed under O, atmosphere at 60 °C. Aliquots were filtered through a small
plug of silica gel (Et,O eluent), evaporated, and analyzed by GC for conversion and
chiral HPLC for alcohol ee. Conversions and enantiomeric excesses given are the mean

of two experiments.

OH Pd(sparteine)Cl, (66, 5 mol%) [0}
: (-)-sparteine (28, 7 mol%)
@A 0, (1 atm), MS3A
solvent (0.1 M)
(+)_25 23°C,21h 26

Single Enantiomer Solvent Screens with Pd(sparteine)Cl, (66). To an oven
dried reaction tube with stir bar was added 3A molecular sieves (250 mg). After allowing
the tube to cool, Pd(sparteine)Cl, (66, 10.3 mg, 0.025 mmol, 0.05 equiv) was added,
followed by the solvent (1 mL) and then 28 (8.0 xL, 0.035 mmol, 0.07 equiv). The

reaction tube was cooled to —78 °C, then vacuum evacuated and purged with O, (3x).
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The reaction was allowed to warm to 23 °C and stirred vigorously under a balloon of O,
(1 atm) for 15 min. A solution of (+)-25 (60.4 uL, 0.50 mmol, 1.0 equiv) and tridecane
(36.6 uL, 0.15 mmol, 0.30 equiv) in the solvent (1 mL) was added. The reaction was
allowed to proceed under O, atmosphere at 23 °C. Aliquots were filtered through a small
plug of silica gel (Et,O eluent), evaporated, and analyzed by GC for conversion to

acetophenone (26).

OH Pd(sparteine)Cl, (66, 5 mol%) o} OH
(-)-sparteine (28, 7 mol%)
> +
0, (1 atm), Cs,CO; (40 mol%)
MeO CHCI3:PhCHj3 (0.25 M) MeO MeO
()67 MS3A, 23 °C 68 (-)-67

CHCIl,;:PhCH, Ratio Screens with Pd(sparteine)Cl, (66). To an oven dried
reaction tube with stir bar was added 3A molecular sieves (250 mg). After allowing the
tube to cool, Pd(sparteine)Cl, (66, 10.3 mg, 0.025 mmol, 0.05 equiv) was added,
followed by the solvent mixture (1 mL) and then 28 (8.0 xL, 0.035 mmol, 0.07 equiv).
The reaction tube was cooled to —78 °C, then vacuum evacuated and purged with O, (3x).
The reaction was allowed to warm to 23 °C and stirred vigorously under a balloon of O,
(1 atm) for 15 min. Finely powdered Cs,CO; (65.2 mg, 0.20 mmol, 0.40 equiv) was
added, followed by a solution of alcohol (£)-67 (76.1 mg, 0.5 mmol, 1.0 equiv) and
tridecane (36.6 uL., 0.15 mmol, 0.30 equiv) in the solvent mixture (1 mL). The reaction
was allowed to proceed under O, atmosphere at 23 °C. Aliquots were filtered through a
small plug of silica gel (Et,O eluent), evaporated, and analyzed by GC for conversion and

chiral HPLC for alcohol ee.



44
2.4.4 Methods for Determination of Conversion

All conversions were determined by GC (Table 2.4.1) relative to internal standard

(tridecane), unless otherwise noted in the text.

Table 2.4.1 Methods for determination of conversion.

alcohol ketone
entry alcohol ketone GC conditions retention retention
time (min) time (min)

OH (o]

100 °C, 5 min;
! Q)\ ©)J\ Ramp 13 °C/min 10.6 8.9

(x)-25 26
OH (o]
100 °C, 5 min;
2 Meo/©)\ Meo/(j)k Ramp 13 °C/min 14.4 13.9
()-67 68

2.4.5 Methods for Determination of Enantiomeric Excess

Table 2.4.2 Methods for determination of enantiomeric excess.

com d (S) (R)
poun . .
. ee assay assay enantiomer | enantiomer
entry (major . . .
. and column conditions retention retention
enantiomer) . . . .
time (min) | time (min)
OH
HPLC 4%
1 ©)\ OJ iPrOH/hexanes 17.8 20.8
()25
OH
HPLC 3%
2 Me0/©/'\ OD-H EtOH/hexanes 15.7 16.7
(-)-67
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The selectivity factor (s) was determined using the following equation:

‘e In[(1-conv)(1-ee,, )]

= is the ee of the recovered alcohol and conv
In[(1 - conv)(1+ ee,, )]

, Where ee

ale

is the total conversion of alcohol to ketone, see: Kagan, H. B.; Fiaud, J. C. In
Topics in Stereochemistry; Eliel, E. L., Ed.; Wiley & Sons: New York, 1988; Vol.
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Addition of sparteine*HCl inhibits alcohol oxidation, see ref 13a.

Sigman has proposed that excess chloride ion in solution may inhibit
displacement of chloride by alcohol in Pd(sparteine)Cl,. Thus, formation of
insoluble CsCl may sequester excess chloride and promote alcohol coordination.

For details, see ref 13f.
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Palladium carbonate complex 69 was also observed on prolonged exposure of

dichloride complex 66 to cesium carbonate in chloroform at 23 °C.
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dichloromethane may be so great as to nearly completely separate the chloride

anion from the palladium complex in the -hydride elimination transition state,
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improving the oxidation rate but limiting a key interaction for selectivity, see ref
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Alternatively, 5 mol% Pd(sparteine)Cl, (66) and 15 mol% (-)-sparteine (28) can

be used.

CHCI, stabilized with amylenes. CHCI, stabilized with EtOH must be distilled

prior to use.

Alternatively, 5 mol% Pd(sparteine)Cl, (66) and 7 mol% (—)-sparteine (28) can be

used.
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CHAPTER 3

Scope and Applications of the Oxidative Kinetic Resolution of Secondary Alcohols

3.1 Background and Introduction

The previously described methodology for the palladium-catalyzed oxidative
kinetic resolution of secondary alcohols has led to the development of four distinct sets of
conditions for this process (Table 3.1.1): the original conditions (A) in toluene with no
exogenous base,' the rate enhanced conditions (B) that take advantage of cesium
carbonate and tert-butyl alcohol additives,” and the chloroform conditions at 23 °C under
an atmosphere of either molecular oxygen (C) or ambient air (D).** In general,
resolutions performed without added carbonate base have slower rates but greater catalyst
longevity. The rate enhanced (B) conditions are the fastest, often achieving highly
enantioenriched alcohols in a small fraction of the time required for the original (A)
conditions. Reactions performed in chloroform at 23 °C (C and D) are the most selective,
nearly doubling the s factor for the resolution of some alcohols. Typically, both
molecular oxygen and ambient air can be used in oxidations in chloroform with similar
rates and selectivities. The development of four distinct sets of conditions provides the
opportunity to resolve the widest range of alcohol substrates in order to maximize the
selectivity of the process while maintaining reactivity and minimizing side reactions.

The benefit of this flexibility is evident in the broad scope of this system.’
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Table 3.1.1 Various conditions for enantioselective alcohol oxidation.

OH (o} OH
/@)\ conditions /@)‘\ /@/‘\
—_— +
MeO MeO MeO

(2)-67 68 (-)-67

entry conditions time conversion? eeP S

Pd(nbd)Cl, (5 mol%)
(-)-sparteine (28, 20 mol%)
PhCHj (0.1 M), O,
MS3A, 80 °C

96 h 66.6% 98.1% 12

Pd(nbd)Cl, (5 mol%)
(-)-sparteine (28, 20 mol%)
Esle%o,_f ((? g eegﬂi'\\,')) 95h 67.4%  995% 15
PhCHj (0.25 M), O,
MS3A, 60 °C

Pd(nbd)Cl, (5 mol%)
(-)-sparteine (28, 12 mol%)
o] Cs,COj5 (0.4 equiv) 48h 62.6% 99.9% 27
CHCl; (0.25 M), O,
MS3A, 23 °C

Pd(nbd)Cl, (5 mol%)
(-)-sparteine (28, 12 mol%)
D Cs,CO; (0.4 equiv) 24h 62.3% 99.8% 25
CHCl, (0.25 M), Air
MS3A, 23 °C

“ Measured by GC. ® Measured by chiral HPLC.

Initially, the investigated scope of this reaction was limited. A broad survey of
secondary alcohols was undertaken in order to evaluate the generality of the conditions
toward oxidation and successful resolution. Furthermore, these studies were intended to
test the developed selectivity models of the catalyst.’ Finally, substrate scope exploration

would demonstrate the utility of the process, leading to practical applications.

3.2 Substrate Scope of the Palladium-Catalyzed Enantioselective Oxidation
3.2.1 Benzylic Alcohols’
Early substrate scope investigations focused on benzylic alcohols.'” Many

members of this class of alcohols are commercially available or readily prepared as

" This work was performed in collaboration with Eric M. Ferreira (Ph.D. 2005), Jeffrey T. Bagdanoff
(Ph.D. 2005), Daniel D. Caspi (Ph.D. 2008), and Ryan M. McFadden (Ph.D. 2007), graduate students in the
Stoltz group at California Institute of Technology.
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racemates. In particular, 1-arylethanols are easily accessible. Furthermore, the aryl and
methyl groups are sterically and electronically quite different. Thus, the palladium
catalyst is highly successful in distinguishing enantiomers in the oxidation, leading to
high selectivity across a range of aryl groups (Table 3.2.1). Substrates with electron-rich
aromatic rings are the most successful in this transformation. Substitution on the aryl
ring at the 3- and 4-positions (entries 1-12, 18, 22-25) is well tolerated. Ortho-
substitution leads to much slower rates of oxidation (entries 13-15, 26 and 27), although
reactivity improves if the substituent is constrained in a ring (entries 16 and 17). 3,5-
substituted aromatic rings, even with bulky substituents, are resolved with excellent s
factors. Some heteroaromatic substrates (entries 28 and 29) can be resolved to high

enantiomeric excesses as well.



Table 3.2.1 Resolution of 1-arylethanols.

OH  conditions

N

OH

[0}
Ar)\ * Ar)J\

entry alcohol, major enantiomer conditions? time conversion?  alcohol ee® s
1 OH (-)-25:R=H A 96 h 59.9% 98.7% 23
2 B 12.5h 63.9% 99.6% 20
3 C 48 h 59.9% 99.7% 31
4 R D 24 h 54.0% 93.3% 30
5 (-)-67-R = OMe A 96 h 66.6% 98.1% 12
6 B 9.5h 67.4% 99.5% 15
7 C 48 h 62.6% 99.9% 27
8 D 24 h 62.3% 99.8% 25
9 (-)-71:R=F A 54 h 63.3% 97.4% 14
10 B 125h 65.7% 97.4% 12
11 C 48 h 59.3% 98.0% 23
12 D 24 h 56.7% 93.0% 20
13 R OH (0)72.R=Me A 144 h 48.4% 68.7% 13
14 C 63 h 40.1% 49.2% 11
15 (-)-73: R=OMe C 114 h 58.4% 83.9% 10

FO OH
16 (o] B 15h 56.5% 99.7% 47

(-)-74

17 12h 55.0% 95.0% 29

OH

MeO
18 j@)\ (-)-75 B¢ 18h  63.8% 98.3% 15
MeO

OH
19 tBu A 28 h 51.9% 92.7% 44
20 (—)-76 C 24 h 54.3% 98.0% 47
21 22h 53.9% 98.3% 54

t-Bu
22 OH A 112h 55.2% 99.0% 47
23 B 12h 66.1% 99.4% 16
(-)-77

24 C 48 h 59.3% 99.6% 31
25 D 24 h 55.5% 98.0% 37
26 OH  (—)-78: Ar=1-Naphthyl A 192 h 55.9% 78.4% 9.8
27 Ar)\ C 97 h 51.2% 65.9% 8.5
28 (-)-79: Ar = 2-Furyl A 120 h 66.9% 93.8% 8.3
29 (-)-80: Ar = 3-Furyl A 120 h 67.4% 93.5% 8.8

* For conditions, see Table 3.1.1.
Conducted at 40 °C.

57

® Measured by GC or NMR. © Measured by chiral HPLC or chiral GC. ¢
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Benzylic alcohols with other structural variations are also tolerated by the catalyst
system (Table 3.2.2). Cyclic benzylic alcohols are able to be resolved successfully. 1-
Indanol (81, entries 1-3) is oxidized rapidly, albeit with decreased selectivity, compared
to 1-tetralol (82, entries 4-7). Alcohols with a variety of 3-heteroatom substituents, such
as ethers (entries 12 and 13) and protected amines (entries 16-20),”® can be resolved with
good selectivity. Other functional groups on the alcohol substrate, including alkyl chains
(entries 8-11, 21), a methyl ester (86, entry 14), a tertiary alcohol (87, entry 15), and even

aryl bromides (entries 14 and 15), are tolerated under the reaction conditions.
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Table 3.2.2 Resolution of other benzylic alcohols.

OH conditions /C{| i
—» +
Ar R! Ar R! Ar R?
entry alcohol, major enantiomer conditions? time conversion®  alcohol ee® s
1 OH Ad 54h  67.5% 93.4% 8.3
2 (+)-81 B® 12h 74.0% 99.5% 10
3 C 24 h 68.5% 97.5% 10
4 OH A 40h 68.6% 99.8% 16
5 Be 12h 61.5% 99.0% 21
(+)-82 ) )
6 c 24h 57.5% 98.0% 28
7 D 16 h 60.2% 99.6% 28
8 OH A 192 h 59.3% 93.1% 15
9 Bf 45h 62.8% 98.0% 16
(-)-83
10 C 72h 62.6% 98.2% 24
11 D 48h 56.8% 94.9% 22
OH OBn
12 /k/l\/\ (1S,3S)-84 ce 72h 57.7% 99.0% 32
Ph Ph
OH OBn
13 /k/\/\ (1S5,3R)-85 ce 72h 53.0% 88.2% 24
Ph Ph
OH R
14 By (S)-86: R = CO,Me Bf 45h 62.5% 92.9% 11
15 O O (-)-87:R =C(OH)Me, Bf 45h 70.6% 99.9% 15
16 OH (-)-88:R=Ac A 14.5h 70.0% 97.0% 9.0
17 Ph*/\ NHR (—)'89 R =Boc A 24 h 57.5% 93.1% 18
OH
18 /k/\ (S)-90:R = Ac (o} 24 h 52.3% 82.1% 18
19 Ph H/ (S)-91. R =Boc C 24 h 57.5% 95.1% 21

OH
20 /'\ O (-)-92 D 60 h 53.8% 94.2% 33
Ph N

OH
CeHis (S)-93 c 122 h 55.4% 75.4% 9.0

o

21

z

*¢ See Table 3.2.1 footnotes. ¢ Conducted at 60 °C. ¢ Conducted at 40 °C. ' Conducted at 80 °C.

3.2.2 Allylic Alcohols
The broad utility of chiral allylic alcohols in organic synthesis led to an
investigation of this important class of molecules next. Conditions in chloroform are

particularly effective for these substrates, providing enhanced selectivity over the other
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methods (Table 3.2.3). These studies demonstrate the importance of steric factors in
determining catalyst selectivity. Cyclohexenols with relatively small substituents (entries
1-4) are oxidized rapidly but with low selectivity. However, the enantiomers of alcohols
with larger substituents (entries 5-7) are better distinguished by the catalyst, leading to
higher s factors. Cyclopentenols (entries 14-24) undergo faster oxidation with lower
selectivity than their cyclohexenol counterparts (entries 2-13). Of particular note are
vinyl bromides (entries 8-10, 18-20), which decompose rapidly with darkening of the
reaction mixture at elevated temperatures, indicating the formation of aggregated Pd(0).
Under conditions at 23 °C, on the other hand, little catalyst decomposition is observed
and reactions proceed to desirable (50-70%) conversion values. While cyclopentenol 101
is oxidized fast enough to allow moderate resolution at 60 °C with cesium carbonate and
tert-butyl alcohol (entry 19), cyclohexenol 97 is resolved successfully only at lower
temperatures (entries 9 and 10). Alkyl enol ethers are stable in the reactions and are
resolved to high enantiomeric excess (entries 11-13, 21-24), providing access to
enantioenriched a-hydroxyketone derivatives. The catalyst is also tolerant of a variety of
alkene substitution patterns (entries 25-40), again generally displaying higher enantiomer
preference in chloroform at 23 °C than in toluene at higher temperatures. Resolution of
acyclic allylic alcohols has proven more challenging, though Eric Ferreira and Jeffrey
Bagdanoff, graduate students in these laboratories, found that allylic alcohol 104 could be

obtained with good selectivity at 23 °C in chloroform (entries 31 and 32).



Table 3.2.3 Resolution of cyclic allylic alcohols.

OH Conditions OH o
X SRR
R'"" "R? R'"" “R? R'” "R?
entry alcohol, major enantiomer conditions? time conversion®  alcohol ee® s
1 OH (-)-94:R=H A 4h 63.5% 8.1% 1.2
2 R (-)-95: R = Me A 7h 59.1% 36.6% 2.3
3 B 8h 78.6% 95.8% 5.4
4 C 24 h 69.3% 84.5% 5.4
5 (-)-96: R = i-Pr A 28.5h 65.9% 95.9% 11
6 B 50 h 64.8% 84.2% 6.7
7 C 31h 51.2% 74.0% 13
8 (-)-97: R =Br A 73h 25.7% 30.0% 19
9 C 33h 63.9% 96.1% 12
10 D 25h 54.7% 86.3% 16
11 (S)-98:R=0i-Bu A 94 h 56.2% 73.1% 7.8
12 B 50 h 34.0% 34.5% 74
13 C 74h 52.2% 85.9% 23
14 OH (S5)-99.R =Me o} 8h 66.1% 65.8% 3.7
15 R\é (-)-100:R = j-Pr A 25h 66.6% 76.0% 4.8
16 B 21h 71.9% 93.0% 6.5
17 C 31h 76.0% 93.7% 5.5
18 (S)-101:R=Br A 24 h 42.5% 29.4% 3.0
19 B 4h 75.1% 97.2% 7.0
20 C 24 h 63.6% 75.6% 5.4
21 (S)-102:.R=0iBu A 69 h 68.3% 90.9% 7.1
22 B 50 h 69.8% 99.0% 11
23 C 45h 65.4% 99.0% 15
24 D 24 h 57.4% 96.9% 17
25 OH A 13h 45.5% 57.4% 9.5
26 B 7.5h 63.5% 74.1% 5.2
(-)-103 °
27 C 43 h 63.7% 96.5% 13
28 D 425h 60.5% 91.4% 12
29 OH A 120 h 70.4% 91.8% 6.6
30 - B 12h 65.1% 87.9% 7.5
Ph X (+)-104
31 C 48 h 62.6% 98.7% 18
32 D 44 h 64.7% 98.9% 16
33 OH A 25h 51.6% 69.1% 9.5
34 B 21h 57.0% 79.7% 9.5
TR (-)-105
35 C 45h 56.8% 90.9% 17
36 D 24 h 62.7% 98.4% 17
37 OH A 48 h 53.7% 80.9% 14
38 (+)-106 B 10h 62.3% 84.2% 7.7
39 C 75h 57.4% 93.8% 19
40 D 24 h 58.0% 78.0% 8.2

#¢ See Table 3.2.1 footnotes.

61



62

The successful resolution of benzylic alcohols prompted an exploration of aryl
substituents on cyclic allylic alcohols. These substrates are readily prepared via Suzuki
coupling of arylboronate esters and iodoenones’ followed by Luche reduction (Scheme
3.2.1)." Gratifyingly, subjection of these alcohols to any of our developed kinetic
resolution conditions affords highly enantioenriched allylic alcohols (Table 3.2.4)."" Both
electron-rich (entries 9-12) and electron-poor (entries 17-19) 2-aryl substituents lead to
excellent selectivity. The lack of a large electronic influence on these resolutions
suggests selectivity is primarily due to steric factors. Reactivity, on the other hand, is not
adversely affected by the arene substituent. In many cases, these alcohols are oxidized as
fast as 2-alkyl substituted alcohols (e.g., 95, 96, 99, and 100). Even heteroaromatic
substitution (entries 28-31) and a larger ring size (entries 32-34) are tolerated, in some
cases with exceptionally high selectivity (entry 32, s = 122), albeit with somewhat longer

reaction times.

Scheme 3.2.1 Synthesis of 2-arylcycloalkenols.

(o)

t n o NaBH, OH
O 108 7 \ CeCI3-7I§IzO 7 \
-\ S e\
Pd(PhCN),Cl, (3 mol%) o MeOH, 0 °C 7/
AsPhj (6 mol%) R )n R )n
Ag;0, THF, H,0 109 (x)-110
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Table 3.2.4 Resolution of 2-arylcycloalkenols.

OH conditions OH . o
—_—
R‘J\Rz R‘J\Rz R‘J\Rz

entry alcohol, major enantiomer conditions?® time conversion®  alcohol ee® s
1 R OH (+)-111:R=H A 7h 57.0% 99.7% 44
2 Q B 1.5h 52.8% 99.0% 85
3 ' C 12 h 57.4% 99.0% 33
4 D 10h 55.8% 99.0% 42
5 (+)-112R=Me A 10 h 54.8% 92.4% 24
6 B 3.5h 57.6% 98.8% 31
7 C 11h 58.8% 99.1% 28
8 D 10h 55.7% 98.5% 39
9 (+#)-113:R=0Me A 31h 58.0% 99.0% 30
10 B 1.5h 53.9% 97.3% 46
11 C 24 h 55.0% 92.1% 23
12 D 28.5h 55.5% 89.0% 17
13 (+#)-114:R=F A 10 h 57.4% 99.0% 33
14 B 3.5h 60.1% 99.0% 24
15 C 11h 57.9% 98.9% 30
16 D 10 h 58.2% 97.8% 25
17 (+)-115:R=CF; A 10h 59.2% 99.0% 26
18 B 1.5h 62.9% 99.0% 18
19 C 10 h 56.5% 93.6% 21
20 OH A 10 h 58.6% 99.0% 28
21 O (+)-116 B 1.5h 53.1% 93.6% 37
22 ' C 11h 60.8% 99.0% 22
23 D 10h 56.1% 99.0% 40
24 o OH A 24 h 54.1% 99.0% 59
25 Q (+)-117 B 1.5h 60.6% 98.8% 22
26 (o) ‘ C 10h 59.4% 98.9% 25
27 D 6h 56.8% 96.9% 27
28 OH A 49 h 54.0% 87.3% 19
29 [\ (+)-118 B 3h  51.6% 921% 45
30 o C 72h 57.0% 95.8% 23
31 D 425h 57.2% 97.6% 27
32 OH A 17 h 51.9% 99.0% 122
33 Ph (-)-119 B 3h 56.9% 97.1% 27
34 C 24 h 55.4% 96.8% 33

#¢ See Table 3.2.1 footnotes.

Substitution at the 3-position of cyclic allylic alcohols was also explored (Table
3.2.5). Again, allylic alcohols with 2-aryl substituents are oxidized rapidly and with

exceptionally high selectivity (entries 1-8). These resolutions have some of the highest
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selectivities seen with this catalyst system. 3-Substituted alcohols with 2-alkyl

substituents are resolved to high enantiomeric excess as well (entries 9-19). Interestingly,
analogous 2-alkyl allylic alcohols unsubstituted at the 3-position oxidize with poor

selectivity (cf. Table 3.2.5, entries 9-16 and Table 3.2.3, entries 2-4 and 14).

Table 3.2.5 Resolution of 3-substituted allylic alcohols.

OH conditions OH o
— 1., + N
R'" "R? R'" "R? R'" "R?
entry alcohol, major enantiomer conditions®  time  conversion® alcohol ee® s
1 OH A 4h 52.9% 99.0% 83
2 O 120 B 1h 53.0% 97.9% 64
3 = c 9h  57.9% 96.9% 23
4 D 6h 55.4% 94.3% 26
5 E OH A 4h 55.6% 99.5% 44
6 Q B 1h 55.5% 99.5% 45
7 ' (-)-121 c 9h  50.8% 94.7% 83
8 MeO,C D 20h 52.8% 98.1% 70
9 OH A 8h 73.3% 98.4% 8.6
10 B 1h 60.7% 85.2% 9.0
11 (-)-122 C 8h 74.8% 99.0% 87
12 MeO,C D 8h 67.6% 93.8% 8.4
13 OH (-)-123:R=Me A 15h 58.6% 88.4% 12
14 R B 75h 65.0% 99.0% 16
15 C 48 h 62.0% 95.1% 13
16 MeO,C D 425h 64.4% 96.9% 13
17 (-)-124:R=Bn A 24 h 59.5% 87.2% 11
18 C 72 h 61.0% 90.9% 11
19 D 72 h 62.1% 92.5% 11

#¢ See Table 3.2.1 footnotes.

3.2.3 Cyclopropylcarbinyl Alcohols

Other activated racemic alcohols were also explored, such as o-
cyclopropylcarbinyl alcohols. A number of substrates were exposed to our oxidative
kinetic resolution conditions (Table 3.2.6). Again, the chloroform conditions are

especially effective in providing highly selective oxidation (cf. entries 2 and 3, entries 6
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and 7). Even l-cyclopropylethanol (125, entries 1-4), with relatively little steric

differentiation between alcohol substituents, is able to be resolved to high enantiomeric
excess. From the appropriate diastereomerically pure racemates, these resolutions also
produce alcohols with three contiguous stereocenters (entries 5-15), including a
quaternary stereocenter adjacent to the alcohol (entries 9-11). Furthermore, for entries 5-
15, the product ketones are also enantioenriched (Figure 3.2.1). Importantly, these
molecules have the opposite configuration at C(3) and C(4) relative to the resolved

alcohol, opening the door to enantiodivergent opportunities in synthesis.

Table 3.2.6 Resolution of cyclopropylcarbinyl alcohols.

OH conditions OH o

N L.t A

R? R'" "R?
entry  alcohol, major enantiomer  conditions? time conversion®  alcohol ee® s

R'” "R? R!

1 OH A 48 h 69.0% 99.0% 12
2 v/k (+)-125 B 22h 76.4% 96.3% 6.1
3 C 72h 67.2% 99.0% 13
4 D 68 h 65.9% 95.5% 10
5 OH A 24 h 68.1% 99.0% 13
6 on /D/k (+)-126 B 3h 58.2% 90.5% 14
7 c 25 h 58.6% 99.0% 28
8 D 10.5 h 47.1% 67.4% 14
9 OH A 23h 61.5% 779% 65
10 on /><k (+#)-127 C 71h 55.4% 99.0% 45
11 D 38 h 57.3% 89.2% 15
12 OH A 17 h 65.5% 99.0% 15
13 on /\/k (-)-128 B 9h 71.4% 99.0% 10
14 - C 24 h 50.8% 76.3% 15
15 D 14.5h 46.5% 64.3% 13

#¢ See Table 3.2.1 footnotes.

Figure 3.2.1 Enantioenriched ketones obtained from the resolution.

o] 0 o]
4
Ph/_é>3)l\ Ph é\ > Ph/D)I\
(-)-129 (-)-130 (+)-129

up to 87% ee up to 85% ee up to 74% ee
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3.2.4 General Trends and Limitations

Though a broad range of secondary alcohols is successfully resolved with this
system, limitations to the methodology exist. A number of alcohols display limited rates
of oxidation, preventing their resolution (Figure 3.2.2). Benzylic alcohols with ortho-
substituents (e.g., (+)-78 and (+)-72) and sterically hindered alcohols such as (+)-131 and
(£)-132 have dramatically decreased reaction rates. The presence of vicinal heteroatoms
(e.g., (£)-133 and (x)-134) impedes the oxidation, presumably through catalyst
coordination and deactivation.'> Finally, unactivated alcohols (e.g., (+)-135 and (+)-136),
particularly primary alcohols, are slow to oxidize under any of our developed

conditions."

Figure 3.2.2 Alcohols of low reactivity in the oxidation.

(£)-78 (£)-72 (+)-131 (+)-132
OH OH OH OH
| N OPiv Ph\‘) Ph,,,
%
(+)-133 (£)-134 (£)-135 (£)-136

In addition to unreactive alcohols, certain classes of alcohols are resolved with
poor selectivity (Figure 3.2.3). In some cases, the steric difference between the two
alcohol substituents seems too small for the catalyst to adequately distinguish between
enantiomers (e.g., (£)-95, (£)-137, and (+)-138). Benzylic alcohols with electron-poor
aromatic substituents are much less selectively resolved than their electron-rich
counterparts (cf. (£)-139 and (+)-140 with Table 3.2.1, entries 5-8 and 19-21,

respectively). At least in the case of benzylic alcohols, steric effects alone do not fully
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account for these selectivity differences. Saturated alcohols, such as (+)-14 also tend to

display lower selectivity factors in the resolution.

Figure 3.2.3 Alcohols oxidized with low selectivity.

OH OH OH
T O
(%)-95 (x)-137 (x)-138
OH OH OH
OaN CF,
(£)-139 (2)-140 (£)-14

3.2.5 Selectivity Model

Theoretical calculations of the oxidative kinetic resolution by the Goddard group'
and X-ray crystallographic analysis of a number of palladium complexes by Raissa
Trend, a graduate student in these laboratories,’ have led to a better understanding of the
major factors involved in determining the preference of the catalyst for oxidation of one
enantiomer of alcohol over the other. Key to high selectivity is a substrate-counterion
interaction in the transition state for 3-hydride elimination (Scheme 3.2.2). For a racemic
mixture of alcohols (%)-111, poorly selective alcohol complexation forms a
diastereomeric mixture of palladium alkoxides (141 and 144). Complex 141 is able to
proceed through the p-hydride elimination transition state (142) by displacement of the
coordinated chloride ion into an apical position of the complex to subsequently generate
product ketone 143. Diastereomeric complex 144, on the other hand, develops an
unfavorable steric interaction in the transition state (145), increasing the energy barrier

for this process. Substrates such as cyclopentenol (+)-111 are conformationally restricted
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such that the projecting aryl ring is forced into the apical position of the resulting
palladium alkoxide. Thus, the S-enantiomer has a significantly higher barrier to -
hydride elimination than the R-enantiomer, leading to the observed high selectivity
factors. Similar steric effects can explain the observed selectivity for other classes of

secondary alcohols as well.

Scheme 3.2.2 Model for selectivity of the resolution.

I H Pd(spartelne)CIZ

B-hydride

~1yaria 0
elimination O
»

(-)-111 142 143
N\
Pd(spartenne)CIz N, N - OH
JPd — —_—
O
(+)-111 144 145 (+)-111

3.3 Applications
3.3.1 meso-Diol Desymmetrizations

In addition to kinetic resolution, the catalyst system is well suited for selective
oxidation of meso-diols to hydroxyketones. These reactions have the potential to provide
highly enantioenriched products in greater than 50% yield. Eric Ferreira has
demonstrated one example of this process with the initially developed resolution
conditions (Scheme 3.3.1). Selective oxidation of diol 146 provides hydroxyketone (+)-

147 in 72% yield and 95% ee.'
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Scheme 3.3.1 Desymmetrization of meso-diol 146.

OH OH
Pd(nbd)Cl, (5 mol%)
(-)-sparteine (28, 20 mol%)

’

0, (1 atm), MS3A
PhCHj3, 80 °C
OH o

146 (72% yield) (+)-147
95% ee

To further demonstrate the utility of the palladium-catalyzed enantioselective
alcohol oxidation, Jeffrey Bagdanoff investigated several meso-diol arrays. Exploiting a
bidirectional chain synthesis approach,"'® four diastereomerically pure meso-diols were
prepared in a small number of steps. Exposure of these meso-diols to catalytic quantities
of Pd(sparteine)Cl, (66) and (—)-sparteine (28) under a balloon of oxygen in chloroform
provides highly enantioenriched hydroxyketones in excellent yields (Scheme 3.3.2).
These reactions establish the absolute configuration of four stereocenters in a single
catalytic asymmetric operation, allowing the construction of stereodefined 1,2- and 1,3-

bis-ether arrays in high enantiomeric excesses.

Scheme 3.3.2 Desymmetrization of polyether meso-diols.

Pd(sparteine)Cl, (66, 10 mol%)

OH OH (-)-sparteine (28, 14 mol%) OH 0
ArAr 0, (1 atm), MS3A o ArAr
(meso) CHCI,, 35 °C (high ee)
OH o OH (o}
MeO OMe
O OBn OBn OBn O O OBn OBn OBn O
(-)-148 (-)-149
84% yield, 95% ee 88% yield, 99% ee
OH o OH (o)
O OBn OTBSOBn O MeO O OBn OTBSOBn Q oMe
(-)-150 (-)-151

83% yield, 95% ee 85% yield, 99% ee
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3.3.2 Kinetic Resolution / Claisen Sequence’

To further highlight the utility of the enantioselective alcohol oxidation, the
conversion of resolved alcohols into other synthetically useful building blocks was
explored. The Claisen rearrangement of 2-aryl allylic alcohols was pursued (Table
3.3.1)."" Both Ireland-Claisen'” and Johnson orthoester Claisen conditions'™ did not
provide the desired rearrangement products. However, the allylic alcohols can be
transformed into the corresponding vinyl ethers by a Hg-catalyzed vinylation procedure.
Although yields for this vinylation process are modest, the remainder of the mass balance
is predominantly recovered allylic alcohol. Modification of the protocol, including the
use of stoichiometric Hg(OAc), and variations in temperature and reaction time, do not

improve yields.

* This work was performed in collaboration with Dr. Zoltan Novak, a postdoctoral researcher in the Stoltz
group at California Institute of Technology.
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Table 3.3.1 Claisen rearrangement of allylic alcohols.

OH o
A A 0okt DIBAL-H Ar
r —_— Ar —>» HO )
) Hg(OAc), ) CH,Cl, =y /n
¥ n  40°C n -40°C R
R R!
entry vinyl ether vinyl ether Claisen product yield
yield
1 152.R=H 43% 161:R=H 36%

162:R = Me 77%
163:R=0Me 91%
164:R=CF, 82%

o
2 R Q 153:R = Me 42%
3 O 154.R=0Me  36%
4

155:R=CF,  37%

o
[o]
5 O 156 56% 165 76%
o )

o

6 OQ O 157 47% 166 86%
o

7 / \ 158 31% 167 87%

o
8 Ph 159 61% = 168 82%
Me
HO
o Ph
\('j 160 16% \/\\O 169 83%
HO :

Next, the Claisen rearrangement of these vinyl ethers was investigated. Thermal
conditions and treatment with a number of Lewis acids at low temperature lead to
competing Claisen and 1,3-rearrangement products. Gratifyingly, exposure of vinyl
ethers to DIBAL-H at low temperature induces Claisen rearrangement and subsequent
reduction to form the desired primary alcohols in good to excellent yields in most cases.

Importantly, because the kinetic resolution is able to produce the starting allylic alcohols
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in high enantiomeric excess, the product alcohols are also highly enantioenriched. Even
the Claisen rearrangement of vinyl ether 159 to form a quaternary carbon center proceeds
in good yield and high enantiomeric excess. Furthermore, alcohol 168 can undergo a
second palladium-catalyzed oxidative process developed in our laboratories' to form
highly enantioenriched tetrahydrofuran 170 containing vicinal, fully substituted

stereocenters in 85% yield (Scheme 3.3.3).

Scheme 3.3.3 Oxidative cyclization of a Claisen product.

Ph Pd(TFA), Ph

Py, 02, Na2003 [0 N
A _—
H MS3A, 80 °C </\E>
HO H
168 (85% yield) 170

3.3.3 Resolution of Pharmaceutical Intermediates

The wide use of enantioenriched alcohols in synthesis provides numerous
applications for the kinetic resolution. A number of alcohols successfully resolved are
intermediates in the synthesis of a variety of pharmaceuticals (Scheme 3.3.4).”* Daniel
Caspi, a graduate student in these laboratories, successfully resolved Boc-protected y-
aminoalcohol ()-89 and bromoarene (—)-87 to high enantiomeric excess with good
corresponding selectivity. Aminoalcohol (-)-89 can be transformed into an intermediate
in the synthesis of a number of antidepressants, including fluoxetinesHCI (Prozac, 171).*'
Bromoarene (—)-87 can be converted into a known intermediate in the synthesis of the
leukotriene receptor antagonist montelukast sodium (Singulair, 172).** Finally, allylic
alcohol (-)-121, resolved with an outstanding s factor of 83, is an intermediate in the

enantioselective synthesis of hNK-1 receptor antagonist 173.%
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Scheme 3.3.4 Resolved alcohols as pharmaceutical intermediates.

OH OAr

©/k/\NHBOC _>_> ©)\/\NHM9 « HCI
(-)-89 Ar = 4-CF;C4H,, Fluoxetine-HCI (Prozac, 171)
s=18

OH

(-)-87 Montelukast Sodium (Singulair, 172)

: CF
F 1 ’
O O
(O =
N
\
Me

MeO,C :ﬁ—\(\

N
(o} N’
H
(-)-121 Merck h-NK1 receptor antagonist (173)
s=83

3.3.4 Resolution of Intermediates in Natural Product Syntheses

The palladium-catalyzed oxidative kinetic resolution has also been applied to the
construction of enantioenriched secondary alcohols in the context of natural product total
synthesis. Michael Meyer, a graduate student in these laboratories, has prepared 2-
arylcyclopentenol (£)-175 en route to the complex gorgonian-derived diterpene
bielschowskysin (176).>* Oxidative kinetic resolution of this more functionalized
analogue of furan 118 proceeds with excellent selectivity (s = 23) to provide
enantioenriched ketone (5)-174 and resolved alcohol (1S, 4R)-175. The product ketone
maps onto the stereochemically rich cyclopentane and dihydrofuran of bielschowskysin,
potentially providing access to this anticancer natural product as a single enantiomer.

Furthermore, the alcohol obtained from the resolution has the opposite configuration at
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C(4), opening the door to stereodivergent approaches to both enantiomers of

bielschowskysin (176 and 177) from a single enantioselective oxidation.

Scheme 3.3.5 Enantioselective oxidations for natural product synthesis.

o
(1S,4R)-175

s=23
(-)-1 78 (—)-aurant:oclavme ((-)-179)
s=18
. .
Ph/'\\“‘ N Ph/'\‘“ N
Boc Me
(-)-92 (-)-sedamine ((-)-181)
+
LY =
:
_>
Ph N Ph N
Boc Me
(-)-180 (+)-sedamine ((+)-181)
s=33

OH O OH OH O 0
I p—— I |
Ph/'\“‘ N AN Ph Ph” SN e
Me Me

182 (-)-lobeline ((-)-183)

Efforts within these laboratories by postdoctoral researchers Dr. Yeeman

Ramtohul and Dr. Shyam Krishnan have demonstrated a successful oxidative kinetic
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resolution of indole (+)-178 using slightly modified conditions in fer#-butyl alcohol as

solvent. Highly enantioenriched indole (-)-178 has been advanced to the first
enantioselective total synthesis of the ergot alkaloid (—)-aurantioclavine ((-)-179).*
Jeffrey Bagdanoff has prepared piperidine (—)-92 by enantioselective oxidation of
the diastereomerically pure racemate. Boc group reduction affords the natural product
(-)-sedamine ((—)-181). Enantioenriched ketone (-)-180 is also obtained from the
oxidative kinetic resolution. Diastereoselective ketone reduction and subsequent Boc
group reduction provides (+)-sedamine ((+)-181). Finally, meso-diol 182 undergoes a
palladium-catalyzed oxidative desymmetrization to directly afford the nicotinic

acetylcholine receptor antagonist alkaloid (-)-lobeline ((-)-183).

3.4 Conclusion

Palladium-catalyzed aerobic oxidation is a powerful method for the preparation of
enantioenriched secondary alcohols. The development of a number of distinct reaction
protocols has allowed the kinetic resolution of a wide range of substrates under mild
conditions. Benzylic, allylic, and a-cyclopropyl alcohols can be resolved to high
enantiomeric excesses, in many cases with excellent selectivity. Extensive substrate
scope studies have revealed general trends in the reactivity and selectivity of the
oxidative kinetic resolution, providing a better understanding of this transformation.
When diastereomerically pure racemic alcohols are exposed to oxidative kinetic
resolution conditions, both enantioenriched alcohols and ketones can be obtained,
allowing for enantiodivergent synthetic strategies. These studies have also led to
numerous practical applications, including meso-diol desymmetrizations, subsequent

transformations via Claisen rearrangement, preparation of enantioenriched
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pharmaceutically-relevant structures, and intermediates in the total synthesis of a number
of natural products. Further efforts to utilize this enantioselective oxidation in complex

molecule synthesis are ongoing.
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3.5 Experimental Section

3.5.1 Materials and Methods

Pd(sparteine)Cl, (66) was prepared as previously reported.” Pd(PhCN),Cl, and
Pd(TFA), were purchased from Strem Chemicals, Inc., Newburyport, MA. (+)-2-
Methylcyclohex-2-enol ((x)-95) was prepared by the method of Minehan.” (%)-2-
Bromocyclohex-2-enol ((£)-97) and (%)-2-bromocyclopent-2-enol ((£)-101) were
prepared by the method of Murphy.® (%)-2-Methylcyclopent-2-enol (()-99) was
prepared by the method of Bunnelle.”” Authentic samples of ketones not commercially
available were prepared as for ketone 186 from the corresponding alcohol, unless
otherwise noted. Pyridine and Et;N were distilled over CaH,. Solvents were dried by
passage through an activated alumina column under argon. Powdered 3A molecular
sieves were stored in a 120 °C drying oven until immediately prior to use. Other
chemicals were prepared as described below or purchased from the Sigma-Aldrich
Chemical Company and used as received. Unless stated otherwise, reactions were
performed in flame-dried glassware sealed with rubber septa under a nitrogen atmosphere
using dry, deoxygenated solvents. Liquids and solutions were transferred via syringe.
Reaction temperatures were controlled using an IKAmag temperature modulator. Thin-
layer chromatography (TLC) and preparative TLC were conducted with E. Merck silica
gel 60 F254 pre-coated plates (0.25 mm) and visualized using a combination of UV at
254 nm, p-anisaldehyde, and potassium permanganate staining. ICN silica gel (particle
size 32-63 um) or SiliCycle SiliaFlash P60 Academic silica gel (particle size 40-63 um;
pore diameter 60 A) was used for flash column chromatography. Bulb-to-bulb

distillations were performed with a Buichi Glass Oven B-585 Kugelrohr. Analytical



78
achiral GC was performed on an Agilent 6850 GC with FID detector using an Agilent

DB-WAX (30.0 m x 0.25 mm) column at 1.0 mL/min He carrier gas flow. Chiral GC
was performed on an Agilent 6850 GC with FID detector using a Chiraldex GTA column
(30.0 m x 0.25 mm, purchased from Bodman Industries) at 1.0 mL/min He carrier gas
flow. Analytical chiral HPLC was performed with an Agilent 1100 Series HPLC
utilizing a Chiralpak AD, Chiralcel OD-H, Chiralcel OJ, Chiralpak AS, or Chiralcel OB-
H column (each is 4.6 mm x 25 cm) obtained from Daicel Chemical Industries, Ltd with
visualization at 254 nm at 1.0 mL/min mobile phase. 'H NMR spectra were recorded on
a Varian Mercury 300 instrument (at 300 MHz) and are reported relative to Me,Si (6 0.0).
Data for 'H NMR spectra are reported in terms of chemical shift (§ ppm), multiplicity,
coupling constant (Hz), and integration. “C NMR spectra were recorded on a Varian
Mercury 300 instrument (at 75 MHz) and are reported relative to Me,Si (6 0.0). Data for
“C NMR spectra are reported in terms of chemical shift (8 ppm), multiplicity, and
coupling constant (‘°F, Hz). 'F NMR spectra were recorded on a Varian Mercury 300
instrument (at 282 MHz) and are reported relative to external F;CCO,H standard (&
—76.53). Data for 'F NMR spectra are reported in terms of chemical shift (8§ ppm). IR
spectra were recorded on a Perkin Elmer Paragon 1000 or Spectrum BX II spectrometer
and are reported in terms of frequency of absorption (cm™). High resolution mass spectra
were obtained from the California Institute of Technology Mass Spectral Facility.
Optical rotations were measured with a Jasco P-1010 polarimeter at 589 nm using a 100
mm path-length cell. The absolute configurations of resolved alcohols were assigned

based on comparisons of optical rotations to literature values or by analogy.
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3.5.2 General Oxidative Kinetic Resolution Conditions

Pd(nbd)ClI, (5 mol%)

O OH (-)-sparteine (28, 20 mol%) Q o] OH
> +
‘ 0, (1 atm), PhCHj ' Q '
MS3A, 80 °C

(2)-111 143 (~)-111

Kinetic Resolution Conditions A." To an oven dried reaction tube with stir bar
was added 3A molecular sieves (250 mg). After cooling, Pd(nbd)Cl, (6.7 mg, 0.025
mmol, 0.05 equiv) followed by toluene (2.5 mL) and then (-)-sparteine (28, 23.0 L, 0.10
mmol, 0.20 equiv) were added.® The reaction tube was then cooled to —78 °C, then
vacuum evacuated and purged with O, (3x). Then, the tube was heated to 80 °C with
vigorous stirring under O, atmosphere (1 atm, balloon) for 20 min. A solution of (+)-111
(80.1 mg, 0.50 mmol, 1.0 equiv) and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in
toluene (2.5 mL) was added, and the reaction was allowed to proceed under O,
atmosphere at 80 °C. Aliquots were filtered through a small plug of silica gel (Et,O
eluent), evaporated, and analyzed by GC for conversion and chiral HPLC for alcohol ee.
Purification of ketone 143 and alcohol (-)-111 was accomplished by direct

chromatography of the crude reaction mixture.

Pd(nbd)Cl, (5 mol%)
—)-sparteine (28, 20 mol%)

oH | o] OH
Q Cs,CO0; (0.5 equiv) O Q
- +
O
0, (1 atm), PhCH,

(£)-111 MS3A, 60 °C 143 (-)-111

Kinetic Resolution Conditions B.> To an oven dried reaction tube with stir bar
was added 3A molecular sieves (500 mg). After cooling, Pd(nbd)Cl, (13.5 mg, 0.050
mmol, 0.05 equiv), followed by toluene (2 mL) and then (-)-sparteine (28, 46.0 uL., 0.20

mmol, 0.20 equiv) were added.”® The reaction tube was cooled to —78 °C, then vacuum
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evacuated and purged with O, (3x). The tube was heated to 60 °C with vigorous stirring
under O, atmosphere (1 atm, balloon) for 20 min. Finely powdered Cs,CO; (163 mg,
0.50 mmol, 0.50 equiv) was added, followed by a solution of (+)-111 (160 mg, 1.0 mmol,
1.0 equiv), anhydrous ~-BuOH (143 yL, 1.5 mmol, 1.5 equiv), and tridecane (73.2 uL,
0.30 mmol, 0.30 equiv) in toluene (2 mL). The reaction was allowed to proceed under O,
atmosphere at 60 °C. Aliquots were filtered through a small plug of silica gel (Et,O
eluent), evaporated, and analyzed by GC for conversion and chiral HPLC for alcohol ee.
Purification of ketone 143 and alcohol (-)-111 was accomplished by direct

chromatography of the crude reaction mixture.

Pd(nbd)CI, (5 mol%)

Q OH (-)-sparteine (28, 12 mol%) Q [0} OH
> + C&
‘ Cs,CO; (0.4 equiv) O O
0, (1 atm), CHCI3

(2)-111 MS33, 23 °C 143 (-)-111

Kinetic Resolution Conditions C.” To an oven dried reaction tube with stir bar
was added 3A molecular sieves (250 mg). After cooling, Pd(nbd)Cl, (6.7 mg, 0.025
mmol, 0.05 equiv), followed by CHCI, (1 mL)* and then (-)-sparteine (28, 13.8 uL, 0.06
mmol, 0.12 equiv) were added. The reaction tube was cooled to —78 °C, then vacuum
evacuated and purged with O, (3x). The reaction was allowed to warm to 23 °C and
stirred vigorously under O, atmosphere (1 atm, balloon) for 15 min. Finely powdered
Cs,CO; (65.2 mg, 0.20 mmol, 0.40 equiv) was added, followed by a solution of (+)-111
(80.1 mg, 0.5 mmol, 1.0 equiv) and tridecane (36.6 uL., 0.15 mmol, 0.30 equiv) in CHCl,
(1 mL). The reaction was allowed to proceed under O, atmosphere at 23 °C. Aliquots
were filtered through a small plug of silica gel (Et,O eluent), evaporated, and analyzed by

GC for conversion and chiral HPLC for alcohol ee. Purification of ketone 143 and
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alcohol (-)-111 was accomplished by direct chromatography of the crude reaction

mixture.

Pd(nbd)Cl, (5 mol%)

Q OH (-)-sparteine (28, 12 mol%) Q [0} OH
> + G&
O Cs,CO0;3 (0.4 equiv) ‘ '
Air (1 atm), CHCl;

(£)-111 MS3A, 23 °C 143 (-)-111

Kinetic Resolution Conditions D.’ To an oven dried reaction tube with stir bar
was added 3A molecular sieves (250 mg). After cooling, Pd(nbd)Cl, (6.7 mg, 0.025
mmol, 0.05 equiv), followed by CHCI, (1 mL)* and then (-)-sparteine (28, 13.8 L, 0.06
mmol, 0.12 equiv) were added.™ A short tube containing Drierite was attached to the
reaction tube. The reaction was stirred vigorously at 23 °C for 15 min. Finely powdered
Cs,CO; (65.2 mg, 0.20 mmol, 0.40 equiv) was added, followed by a solution of (+)-111
(80.1 mg, 0.5 mmol, 1.0 equiv) and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in
chloroform (1 mL). The reaction was allowed to proceed under an ambient air
atmosphere at 23 °C. Aliquots were filtered through a small plug of silica gel (Et,O
eluent), evaporated, and analyzed by GC for conversion and chiral HPLC for alcohol ee.
Purification of ketone 143 and alcohol (-)-111 was accomplished by direct

chromatography of the crude reaction mixture.
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3.5.3 Preparative Procedures

/ (o} (o} MeLi FO OH
0 I Et,0 o
—_—
-10°C
184 (2)-74

(£)-1-(Benzo[1,3]dioxol-4-yl)ethanol ((*)-74). A solution of 2,3-
(methylenedioxy)benzaldehyde (184, 500 mg, 3.05 mmol, 1.0 equiv) in Et,O (30 mL)
was cooled to —10 °C. A solution of methyllithium (1.6 M in Et,0O, 2.48 mL, 3.96 mmol,
1.3 equiv) was added dropwise and the reaction was allowed to warm to 23 °C. The
reaction was quenched by addition of crushed ice (10 g) and then saturated aq NH,C1 (20
mL). The phases were separated, and the aqueous phase was extracted with Et,O (2 x 30
mL). The combined organic extracts were washed with H,O (20 mL) and saturated aq
NaCl (20 mL), dried over MgSO,, and filtered. The filtrate was concentrated under
reduced pressure and purified by flash chromatography (9:1—4:1 hexanes:EtOAc) to
afford (£)-74 as an off-white solid: R, 0.39 (7:3 hexanes:EtOAc); '"H NMR (300 MHz,
CDCl,) 8 6.88 (dd, J = 7.9, 1.7 Hz, 1H), 6.82 (t, J = 7.5 Hz, 1H), 6.76 (dd, J = 7.2, 1.8
Hz, 1H), 5.97 (d, J = 1.6 Hz, 1H), 5.96 (d, J = 1.5 Hz, 1H), 5.00 (q, J = 6.5 Hz, 1H), 2.11
(br. s, 1H), 1.53 (d, J = 6.4 Hz, 3H); "C NMR (75 MHz, CDCl,) 6 147.4, 143.9, 127.3,
121.8, 118.7, 107.7, 100.9, 66.2, 23.3; IR (thin film/NaCl): 3369, 1460, 1250, 1044 cm™;
HRMS-FAB (m/z): [M]* caled for [C,H,,0,]*, 166.0630; found, 166.0630; [a],** —26.8°

(c 1.0, CDCl,; for S enantiomer at 99% ee).
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<|) OH
. MeMgBr g
t-Bu Et,0 t-Bu
R ——
0°C
+Bu (90% yield) +Bu
185 (2)-76

(£)-1-(3,5-Di-tert-butylphenyl)ethanol ((%)-76). A solution of 3,5-di-tert-
butylbenzaldehyde (185, 1.09 g, 5.0 mmol, 1.0 equiv) in Et,O (20 mL) was cooled to 0
°C. A solution of methylmagnesium bromide (3.0 M in Et,0, 2.5 mL, 7.5 mmol, 1.5
equiv) was added dropwise. The reaction was then quenched by slow addition of
saturated aq NH,C1 (20 mL) and H,O (10 mL). After warming to 23 °C, the mixture was
extracted with EtOAc (3 x 30 mL). The combined organic extracts were dried over
MgSO, and filtered. The filtrate was concentrated under reduced pressure and purified
by passage through a short plug of silica gel (2:1 hexanes:EtOAc) to afford (+)-76 (1.05
g, 90% yield) as a white solid: R;0.45 (4:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,)
0 7.36 (t,J=19 Hz, 1H), 7.24 (d,J = 1.9 Hz, 1H), 7.24 (d, J = 1.9 Hz, 1H), 4.90 (dq, J =
6.4, 3.2 Hz, 1H), 1.81 (d, J = 3.3 Hz, 1H), 1.52 (d, J = 6.5 Hz, 3H), 1.34 (s, 18H); °C
NMR (75 MHz, CDCL,) 6 151.0, 145.0, 121.7, 119.6, 71.2, 34.9, 31.5, 25.1; IR (thin
film/NaCl): 3335, 2965, 1600, 1363 cm™'; HRMS-FAB (m/z): [M]" calcd for [C,H,0]",

234.1984; found, 234.1989; [a],** —=30.6° (c 0.85, CHCI,; for S enantiomer at 98% ee).

OH o
t-Bu DMP t-Bu
CH,CI,
tBu (99% yield) tBu
()-76 186

General Procedure for the Non-Asymmetric Oxidation of Alcohols to

Ketones: 3’,5’-Di-tert-butylacetophenone (186). To a solution of alcohol (+)-76 (23.4
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mg, 0.10 mmol, 1.0 equiv) in CH,Cl, (1 mL) at 23 °C was added DMP*' (84.8 mg, 0.20

mmol, 2.0 equiv). After 1 h, the reaction was complete by TLC. The reaction mixture
was diluted with 4:1 hexanes:EtOAc (2 mL) and allowed to stir vigorously 20 min to
precipitate white solid. Filtration through a short plug of silica gel (4:1 hexanes:EtOAc)
afforded ketone 186 (22.9 mg, 99% yield) as a colorless oil. The characterization data

matched the data in the literature.*

0 OH "o
BuO FPrMgCl_ #BuO + iBuO
Et,0
187 (£)-98 (£)-188
(0% yield) (23% yield)

0
___Ho 1. H,SO,, THF
-BuO >
2. SOCly, Py, CH,Cl,
(2)-188 (56% yield, 2 steps) 189
(x)-2-Isobutoxycyclohex-2-enol ((%)-98) and 2-Isopropylcyclohex-2-enone
(189). To a solution of isopropylmagnesium chloride (2.0 M in Et,0, 35.7 mL, 71.3
mmol, 2.0 equiv) in Et,0 (95 mL) was added a solution of 2-isobutoxycyclohex-2-
enone™ (187, 6.0 g, 35.7 mmol, 1.0 equiv) in Et,0 (29 mL) over 10 min, such that a
gentle reflux was maintained. The reaction was allowed to stir for 45 min, after which it
was poured slowly into a mixture of saturated aq NH,Cl (50 mL), H,O (50 mL), and
crushed ice (50 g). After the ice melted, the phases were separated. The aqueous phase
was extracted with Et,O (3 x 100 mL). The combined organic extracts were dried over
MgSO, and filtered, and the filtrate was concentrated under reduced pressure.
Purification by flash chromatography (194:5:1 hexanes:EtOAc:Et;N) afforded 2-

isobutoxy-1-isopropylcyclohex-2-enol ((+)-188, 1.72 g, 23% yield) as a colorless oil,
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which was carried on immediately to the next step, and 2-isobutoxycyclohex-2-enol ((z)-
98, 2.45 g, 40% yield) as a colorless oil. The characterization data for (+)-98 matched the
data in the literature.™

To a solution of (+)-188 (1.13 g, 5.33 mmol, 1.0 equiv) in THF (53 mL) was
added conc. H,SO, (400 uL). After 30 min, the reaction was quenched by slow addition
of saturated ag NaHCO; (40 mL). The mixture was allowed to stir 20 min (until bubbling
ceased) and then was extracted with Et,O (3 x 40 mL). The combined organic extracts
were dried over MgSO, and filtered. The filtrate was concentrated under reduced
pressure. To this crude a-hydroxyketone in CH,Cl, (53 mL) was added pyridine (2.15
mL, 26.6 mmol, 5.0 equiv) and SOCL, (777 uL, 10.7 mmol, 2.0 equiv). The reaction was
allowed to stir at 23 °C for 7 h, after which it was quenched by addition of aq 1 N HCI
(40 mL) and allowed to stir a further 10 min. The phases were separated, and the
aqueous phase was extracted with Et,0 (3 x 50 mL). The combined organic extracts
were dried over MgSO, and filtered. Concentration of the filtrate under reduced pressure
followed by flash chromatography (49:1 hexanes:EtOAc) and bulb-to-bulb distillation
(25 torr, 160-164 °C) afforded 2-isopropylcyclohex-2-enone (189, 412 mg, 56% yield
from (+)-188) as a slightly yellow oil. The characterization data for 189 matched the data

in the literature.®

o NaBH, OH
CeCly-7H,0
—_——
MeOH, 0 °C
189 (45% yield) (2)-96

General Procedure for the Reduction of Enones: (+)-2-Isopropylcyclohex-2-

enol ((£)-96)."° To a solution of enone 189 (783 mg, 5.66 mmol, 1.0 equiv) in MeOH (57
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mL) at 0 °C was added CeCl;*7H,0 (2.32 g, 6.23 mmol, 1.1 equiv). After allowing the

solid to dissolve, NaBH, (643 mg, 17.0 mmol, 3.0 equiv) was added in small portions
over 5 min. After allowing the reaction mixture to warm to 23 °C, the solvent was
removed under reduced pressure. H,O (50 mL) was added, and the slurry was stirred
vigorously for 20 min. The mixture was then extracted with EtOAc (4 x 60 mL). The
combined organic layers were dried over MgSO, and filtered. The filtrate was
concentrated and purified by flash chromatography (37:3 hexanes:EtOAc) to afford (+)-
96 (356 mg, 45% yield) as a colorless oil: R, 0.40 (7:3 hexanes:EtOAc); '"H NMR (300
MHz, CDCl,) d 5.56 (t, J = 3.9 Hz, 1H), 4.15 (t, J = 3.6 Hz, 1H), 2.52-2.35 (m, 1H),
2.14-1.88 (comp. m, 2H), 1.85-1.50 (comp. m, 4H), 1.06 (d, J/ = 6.9 Hz, 3H), 1.03 (d, J =
6.9 Hz, 3H); "C NMR (75 MHz, CDCl,) § 145.3, 122.7, 66.0, 32.5, 31.4, 25.5, 23.0,
21.7, 17.8; IR (thin film/NaCl): 3340, 2936, 1461, 1382, 982 cm™; HRMS-FAB (m/z):
[M]* caled for [C,H,(O]*, 140.1201; found, 140.1198; [a],> —24.6° (c 1.8, CHCI,; for S

enantiomer at 96% ee).

OH

~0

(£)-100
(x)-2-Isopropylcyclopent-2-enol (()-100). Prepared as for (+£)-96 from 2-
isopropylcyclopent-2-enone® (190, 2.48 g, 20.0 mmol) to afford, after flash
chromatography (94:5:1 hexanes:EtOAc:Et;N), (£)-100 (1.08 g, 43% yield) as a slightly
yellow oil. The characterization data matched the data in the literature.” [a],** —27.5° (¢

0.48, CHCl,; for S enantiomer at 92% ee).
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(0} OH
NaBH,
i-BuO ————> iBuO
\é EtOH
191 (44% yield) (£)-102

(2)-2-Isobutoxycyclopent-2-enol ((x)-102). To a solution of 2-
isobutoxycyclopent-2-enone™ (191, 1.54 g, 10.0 mmol, 1.0 equiv) in EtOH (absolute, 100
mL) was added NaBH, (1.14 g, 30.0 mmol, 3.0 equiv). After 2.5 h at 23 °C, the solvent
was removed under reduced pressure and H,O (100 mL) was added. After stirring for 30
min, this mixture was extracted with EtOAc (3 x 100 mL). The combined organic
extracts were dried over Na,SO, and filtered. The filtrate was concentrated under
reduced pressure and purified by flash chromatography (96:3:1 hexanes:EtOAc:Et;N) to
afford (x)-102 (688 mg, 44% yield) as a colorless oil: R; 0.46 (7:3 hexanes:EtOAc); 'H
NMR (300 MHz, CDCl,) 6 4.70-4.62 (m, 1H), 4.59 (t, J = 2.4 Hz, 1H), 3.57-3.47 (comp.
m, 2H), 2.45-2.14 (comp. m, 3H), 2.08-1.93 (m, 1H), 1.79-1.68 (m, 1H), 0.96 (d, J = 6.7
Hz, 6H); "C NMR (75 MHz, CDCl,) § 159.9, 96.9, 76.2, 74.8, 31.2, 28.2, 26.0, 19.5,
19.4; IR (thin film/NaCl): 3392, 2958, 2909, 2871, 1648, 1055 cm™'; HRMS-FAB (m/z):

[M]" caled for [CoH 4O,]", 156.1150; found, 156.1152.

OH

o

(x)-103
(£)-1-Cyclohexenyl-1-ethanol ((£)-103). Prepared as for (+)-96 from 1-acetyl-1-
cyclohexene (192, 3.45 g, 27.8 mmol) to afford, after distillation (22 torr, 86-88 °C) (+)-
103 (2.69 g, 77% yield) as a colorless oil. The characterization data matched the data in
the literature.™ [a],” —12.1° (¢ 0.75, CHCl,; for S enantiomer at 91% ee) [lit.” [a],

—11.2° (¢ 0.36, CHCl,; S enantiomer)].
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OH
Ph/\é
(2)-105
(x)-(E)-2-Benzylidenecyclohexanol ((+)-105). Prepared as for (+)-96 from (E)-2-
benzylidenecyclohexanone® (5.03 g, 27.0 mmol) to afford, after flash chromatography
(9:1—=17:3—4:1 hexanes:EtOAc), (+)-105 (4.13 g, 81% yield) as a white solid. The

characterization data matched the data in the literature.*’ [a],” —36.0° (¢ 1.2, CHCl,; for

S enantiomer at 96% ee) [lit.** [a],” =35.2° (¢ 1.2, CHCl,; S enantiomer)].

o) o)
NaOH, H,0
—_—
O e OG0
193 (70% yield) 194
2-Cyclopentylidenecyclopentanone (194). Cyclopentanone (193, 10.0 mL, 113
mmol, 2.0 equiv) was added to ag 1 N NaOH (113 mL). The mixture was heated to
reflux for 7 h, then cooled to 23 °C and saturated with solid NaCl. After the NaCl
dissolved, the mixture was extracted with Et,O (3 x 100 mL). The combined organic
extracts were dried over MgSO, and filtered. The filtrate was concentrated under reduced

pressure. Distillation (30 torr, 140-142 °C) afforded 194 (5.92 g, 70% yield) as a

colorless oil. The characterization data matched the data in the literature.*
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OH

0

(x)-106
(x)-2-Cyclopentylidenecyclopentanol ((+)-106). Prepared as for (+)-96 from
194 (1.10 g, 7.32 mmol) to afford, after flash chromatography (9:1 hexanes:EtOAc), (£)-
106 (881 mg, 79% yield) as a white solid. The characterization data matched the data in

the literature.” [a],*® +85.3° (¢ 0.99, CHCI,; for S enantiomer at 94% ee).

(2)-111

(#)-2-Phenylcyclopent-2-enol ((%)-111). Prepared as for (+)-96 from 2-
phenylcyclopent-2-enone™* (143, 218 mg, 1.38 mmol) to afford, after flash
chromatography (9:1—4:1—7:3 hexanes:EtOAc), (x)-111 (196 mg, 89% yield) as a
white solid: R; 0.20 (4:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) 8§ 7.60-7.54
(comp. m, 2H), 7.39-7.22 (comp. m, 3H), 6.32 (t, J = 2.5 Hz, 1H), 5.29-5.21 (m, 1H),
2.74-2.60 (m, 1H), 2.51-2.34 (m, 2H), 2.02-1.90 (m, 1H); °C NMR (75 MHz, CDCl,)
O 144.8, 135.1, 130.2, 128.8, 127.8, 126.4, 77.4, 34.3, 30.7; IR (thin film/NaCl): 3220,
2883, 1496, 1322, 1050, 759, 691 cm'; HRMS-FAB (m/z): [M + H]" calcd for
[C,,H,;0]%, 160.0888; found, 160.0881; [a],> +14.0° (¢ 1.4, CHCl;; for S enantiomer at

99% ee).
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/
-PrO—B
\

195 o

1. BuLi, THF, -78 °C 0
Br B\
2- O:@ o

196
(99% yield)

General Procedure for the Preparation of Boronate Esters: 4-(4,4,5,5-
Tetramethyl-1,3,2-dioxaborolan-2-yl)toluene (197).” A solution of 4-bromotoluene
(195, 1.23 mL, 10.0 mmol, 1.0 equiv) in THF (67 mL) was cooled to —78 °C. A solution
of n-butyllithium (2.5 M in hexanes, 4.40 mL, 11.0 mmol, 1.1 equiv) was added
dropwise. After stirring 10 min at —78 °C, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (196, 2.65 mL, 13.0 mmol, 1.3 equiv) was added dropwise. After 10 min,
the reaction was quenched at —78 °C with saturated aq NH,ClI (35 mL) and H,O (10 mL).
After warming to 23 °C, the biphasic mixture was extracted with Et,O (3 x 60 mL). The
combined organic extracts were washed with saturated aq NaCl (30 mL), dried over
MgSO,, and filtered. The filtrate was concentrated under reduced pressure and purified
by flash chromatography (17:3:1 hexanes:EtOAc:Et;N) to afford 197 (2.17 g, 99% yield)
as a slightly yellow oil, which solidified on standing. The characterization data matched

the data in the literature.®

3 o)
197 _ Q
1 Y
Pd(PhCN),Cl, '
PhaAS, A920

198 THF, H,0
(93% yield)

General Procedure for the Arylation of 2-Iodoenones: 2-(4-Tolyl)cyclopent-2-

enone (199).” 2-Iodocyclopent-2-enone® (198, 1.46 g, 7.0 mmol, 1.0 equiv), boronic
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ester 197 (1.83 g, 8.4 mmol, 1.2 equiv), Ag,0 (2.60 g, 11.2 mmol, 1.6 equiv), Ph;As (129

mg, 0.42 mmol, 0.06 equiv), and Pd(PhCN),Cl, (81 mg, 0.21 mmol, 0.03 equiv) were
added to a solution of THF (18 mL) and H,O (2.3 mL). A vigorous exothermic reaction
occurred. Once the reaction was complete as determined by TLC, it was filtered through
Celite (140 mL EtOAc eluent). The filtrate was concentrated under reduced pressure and
purified by flash chromatography (9:1 hexanes:EtOAc) to afford enone 199 (1.12 g, 93%

yield) as a white solid. The characterization data matched the data in the literature.™

(2)-112

(£)-2-(4-Tolylcyclopent-2-enol ((£)-112). Prepared as for (+)-96 from 199 (1.07
g, 6.18 mmol) to afford, after flash chromatography (9:1—4:1 hexanes:EtOAc), (+)-112
(827 mg, 77% yield) as a white solid: R;0.35 (7:3 hexanes:EtOAc); '"H NMR (300 MHz,
CDCl,) 8 7.46 (d, J = 8.0 Hz, 2H), 7.16 (d, J = 8.1 Hz, 2H), 6.26 (t, J = 2.5 Hz, 1H), 5.22
(m, 1H), 2.73-2.59 (m, 1H), 2.49-2.32 (m, 2H), 2.34 (s, 3H), 2.01-1.88 (m, 1H); "C NMR
(75 MHz, CDCl,) 6 144.7, 137.3, 132.2, 129.5, 129.2, 126.3, 77.4, 34.2, 30.7, 21.4; IR
(thin film/NaCl): 3337, 2921, 1512, 1043, 813 cm’'; HRMS-FAB (m/z): [M + H]" calcd
for [C,,H,sO]", 174.1045; found, 174.1042; [a],> +4.5° (¢ 1.6, CHCI,; for S enantiomer

at 98.5% ee).
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\oi
200

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)anisole (200). Prepared as for
197 to afford, after flash chromatography (79:20:1 hexanes:EtOAc:Et;N), 200 (2.25 g,
80% yield) as a slightly yellow oil. The characterization data matched the data in the

literature.*®

MeO

201
2-(4-Methoxyphenyl)cyclopent-2-enone (201). Prepared as for 199 from 200 to
afford, after flash chromatography (4:1 hexanes:EtOAc), 201 (1.05 g, 93%) as a white

solid. The characterization data matched the data in the literature.*

MeO

(2)-113
(£)-2-(4-Methoxyphenyl)cyclopent-2-enol ((%£)-113). Prepared as for (+)-96
from 201 (840 mg, 4.46 mmol) to afford, after flash chromatography (9:1—4:1—3:1
hexanes:EtOAc), (£)-113 (685 mg, 81% yield) as a white solid: R, 0.30 (7:3
hexanes:EtOAc); '"H NMR (300 MHz, CDCI,) 8 7.51 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.8
Hz, 2H), 6.18 (t, J/ = 2.4 Hz, 1H), 5.19 (m, 1H), 3.81 (s, 3H), 2.72-2.56 (m, 1H), 2.48-
2.31 (m, 2H), 2.00-1.87 (m, 1H); "C NMR (75 MHz, CDCl;) § 159.1, 144.2, 128.1,

127.8, 127.6, 114.2, 77.5, 55.5, 34.3, 30.6; IR (thin film/NaCl): 3249, 2958, 2892, 2846,
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1052, 1033, 824 cm’'; HRMS-FAB (m/z): [M + H]" caled for [C,,H,,0,]", 190.0994;

found, 190.0995; [a],> +10.6° (¢ 1.9, CHCl,; for S enantiomer at 99% ee).

o: i

/

F—< >—B

\

0
202

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)fluorobenzene (202). Prepared
as for 197 to afford, after flash chromatography (17:3:1 hexanes:EtOAc:Et;N), 202 (2.24
g, 84% yield) as a colorless oil: R, 0.49 (4:1 hexanes:EtOAc); 'H NMR (300 MHz,
CDCl,) 8 7.93 (m, 2H), 6.78 (m, 2H), 1.05 (s, 12H); "C NMR (75 MHz, CDCl,) § 165.6
(d, J=250.2 Hz), 137.6 (d, J = 8.2 Hz), 115.2 (d, J = 20.2 Hz), 83.8, 24.9; ""F NMR (282
MHz, CDCl;) 8 —108.4; IR (thin film/NaCl): 2979, 1603, 1400, 1362, 1144, 1088 cm;

HRMS-EI (m/z): [M]" calcd for [C,,H,(BFO,]", 222.1227; found, 222.1236.

E 0

O

203 '
2-(4-Fluorophenyl)cyclopent-2-enone (203). Prepared as for 199 from 202 to
afford, after flash chromatography (9:1—4:1 hexanes:EtOAc), 203 (1.03 g, 90% yield) as
a white solid: R,0.30 (7:3 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) 8 7.79 (t, J = 2.9
Hz, 1H), 7.73-7.65 (m, 2H), 7.11-7.02 (m, 2H), 2.75-2.66 (m, 2H), 2.63-2.55 (m, 2H); °C
NMR (75 MHz, CDCl,) & 207.8, 163.0 (d,J = 247.8 Hz), 158.8 (d, J = 1.4 Hz), 142.6,
129.1 (d, J = 8.0 Hz), 128.0 (d, J = 3.2 Hz), 115.6 (d, J = 21.4 Hz), 35.9, 26.4; "F NMR

(282 MHz, CDCl;) 8 —114.1; IR (thin film/NaCl): 1701, 1507, 1224, 834 cm''; HRMS-

FAB (m/z): [M]" calcd for [C,,H,FO]", 176.0637; found, 176.0631.
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F\.

(2)-114

(£)-2-(4-Fluorophenyl)cyclopent-2-enol ((£)-114). Prepared as for (+)-96 from
203 (933 mg, 5.29 mmol) to afford, after flash chromatography (9:1—4:1
hexanes:EtOAc), (*)-114 (792 mg, 84% yield) as a white solid: R, 0.31 (7:3
hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) & 7.58-7.50 (m, 2H), 7.07-6.98 (m, 2H),
6.24 (t, J = 2.5 Hz, 1H), 5.20 (m, 1H), 2.73-2.59 (m, 1H), 2.50-2.34 (comp. m, 2H), 2.01-
1.88 (m, 1H); "C NMR (75 MHz, CDCl,) 6 162.4 (d, J = 246.6 Hz), 143.7, 131.3 (d, J =
3.1 Hz), 1299 (d, J = 1.8 Hz), 128.0 (d, J/ = 8.0 Hz), 115.6 (d, J = 21.5 Hz), 77.6, 34 .4,
30.6; "F NMR (282 MHz, CDCl,) 6 —115.8; IR (thin film/NaCl): 3218, 1510, 1237,

1050, 834 cm’'; HRMS-FAB (m/z): [M]" calcd for [C,H,FO]*, 178.0794; found,

178.0786; [a],” +12.8° (¢ 2.2, CHCl,; for S enantiomer at 99% ee).

(o]
/
O
o
204

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzotrifluoride (204).
Prepared as for 197 to afford, after flash chromatography (17:3:1 hexanes:EtOAc:Et;N),
204 (3.13 g, 96% yield) as an off-white solid. The characterization data matched the data

in the literature.”!
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Fo- . |

205

2-(4-Trifluoromethylphenyl)cyclopent-2-enone (205). Prepared as for 199
from 204 to afford, after flash chromatography (9:1 hexanes:EtOAc), 205 (1.14 g, 84%
yield) as a white solid: R;0.37 (7:3 hexanes:EtOAc); '"H NMR (300 MHz, CDCI,) & 7.92
(t, J=2.9 Hz, 1H), 7.81 (d, J = 8.0 Hz, 2H), 7.62 (d, J = 7.9 Hz, 2H), 2.79-2.72 (m, 2H),
2.66-2.60 (m, 2H); "C NMR (75 MHz, CDCl;) § 207.0, 160.5, 142.4, 135.1, 130.2 (q, J =
32.5 Hz), 127.3, 125.3 (q, J = 3.8 Hz), 124.1 (q, J = 272.1 Hz), 35.7, 26.4; ’F NMR (282
MHz, CDCl;) 8 —63.7; IR (thin film/NaCl): 3066, 1692, 1332, 1112, 847 cm''; HRMS-

FAB (m/z): [M]" calcd for [C,,H,F;0]*, 226.0606; found, 226.0608.

FaCw . ‘“

()-115

(2)-2-(4-Trifluoromethylphenyl)cyclopent-2-enol ((+)-115). Prepared as for
(£)-96 from 205 (1.14 g, 5.00 mmol) to afford, after flash chromatography (9:1—4:1
hexanes:EtOAc), (£)-115 (887 mg, 77% yield) as a white solid: R, 0.34 (7:3
hexanes:EtOAc); '"H NMR (300 MHz, CDCL,) 8 7.67 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 8.5
Hz, 2H), 6.43 (t, J = 2.6 Hz, 1H), 5.24 (m, 1H), 2.77-2.62 (m, 1H), 2.54-2.37 (m, 2H),
2.02-1.86 (m, 1H); "C NMR (75 MHz, CDCL,) § 143.4, 138.4, 132.6, 127.7, 126.3, 125.4
(g, J = 3.8 Hz), 77.1, 34.1, 30.5; "F NMR (282 MHz, CDCL,) & -63.5; IR (thin
film/NaCl): 3239, 1326, 1112, 827 cm'; HRMS-FAB (m/z): [M + H]" calcd for
[C,,H,,OF,]", 228.0762; found, 228.0752; [a],” +16.0° (c 2.5, CHCl;; for S enantiomer

at 99% ee).
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0L

2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalene (206). Prepared
as for 197 to afford, after flash chromatography (17:3:1 hexanes:EtOAc:Et;N), 206 (2.87
g, 94% yield) as an off-white solid. The characterization data matched the data in the

literature.*®

2-(2-Naphthyl)cyclopent-2-enone (207). Prepared as for 199 from 206 to afford,
after flash chromatography (9:1 hexanes:EtOAc), 207 (180 mg, 86% yield) as an off-
white solid: R, 0.33 (7:3 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) 6 8.37 (s, 1H),
7.96 (t, J = 3.0 Hz, 1H), 7.93-7.78 (comp. m, 3H), 7.71 (dd, J = 8.6, 1.7 Hz, 1H), 7.52-
7.44 (comp. m, 2H), 2.80-2.73 (m, 2H), 2.69-2.63 (m, 2H); "C NMR (75 MHz, CDCl,)
0 208.0, 159.4, 143.3, 133.5, 133.4, 129.2, 128.8, 128.3, 127.8, 126.6, 126.5, 126.4,
125.0, 36.2, 26.5; IR (thin film/NaCl): 1690, 1311, 748, 475 cm’'; HRMS-FAB (m/z):

[M]"* caled for [C,sH,,0], 208.0888; found, 208.0889.
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OQ OH

(2)-116 '
(£)-2-(2-Naphthyl)cyclopent-2-enol ((x)-116). Prepared as for (+)-96 from 207
(1.90 g, 9.14 mmol) to afford, after flash chromatography (9:1—4:1 hexanes:EtOAc),
(£)-116 (1.67 g, 87% yield) as a white solid: R,;0.37 (7:3 hexanes:EtOAc); "H NMR (300
MHz, CDCl,) 8 8.00 (s, 1H), 7.87-7.67 (comp. m, 4H), 7.50-7.40 (comp. m, 2H), 6.45 (t,
J =2.5 Hz, 1H), 5.37 (m, 1H), 2.80-2.65 (m, 1H), 2.56-2.38 (m, 2H), 2.07-1.95 (m, 1H);
“C NMR (75 MHz, CDCl;) & 144.7, 133.9, 133.0, 132.4, 130.9, 128.5, 128.4, 127.9,
126.4, 126.1, 125.0, 124.8, 77.4, 34.4, 30.9; IR (thin film/NaCl): 3385, 1044, 819, 476
cm’'; HRMS-FAB (m/z): [M + H]" caled for [C,sH,s0O]", 210.1045; found, 210.1043;

[a]p” +46.4° (¢ 2.0, CHCl,; for S enantiomer at 99% ee).

o
/
o B,
L o
o
208

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1,3-benzodioxole (208).
Prepared as for 197 to afford, after flash chromatography (17:3:1 hexanes:EtOAc:Et;N),
208 (2.43 g, 99% yield) as an off-white solid. The characterization data matched the data

in the literature.”

SO

209
2-(Benzo[1,3]dioxol-5-yl)cyclopent-2-enone (209). Prepared as for 199 from

208 to afford, after flash chromatography (17:3—4:1—7:3 hexanes:EtOAc), 209 (1.37 g,
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90% yield) as a white solid: R;0.30 (7:3 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) §

7.71 (t, J =2.9 Hz, 1H), 7.27-7.19 (comp. m, 2H), 6.82 (d, J = 8.0 Hz, 1H), 5.96 (s, 2H),
2.71-2.65 (m, 2H), 2.61-2.55 (m, 2H); "C NMR (75 MHz, CDCl,) & 207.8, 157.8, 147.8,
143.0, 125.8, 121.1, 108.5, 107.6, 101.2, 36.0, 26.2; IR (thin film/NaCl): 1695, 1488,
1240, 1035, 806 cm™; HRMS-FAB (m/z): [M]" calcd for [C,H,,0;]", 202.0630; found,

202.0623.

SO

(2)-117

(£)-2-(Benzo[1,3]dioxol-5-yl)cyclopent-2-enol ((%)-117). Prepared as for (+)-
(£)-96 from 209 (1.21 g, 6.00 mmol) to afford, after flash chromatography
(9:1—=17:3—4:1 hexanes:EtOAc), (x)-117 (1.03 g, 84% yield) as a white solid: R, 0.27
(7:3 hexanes:EtOAc); 'H NMR (300 MHz, CDCI,) 8 7.08-7.03 (comp. m, 2H), 6.82-6.76
(m, 1H), 6.16 (t, J = 2.5, 1H), 5.95 (s, 2H), 5.15 (m, 1H), 2.71-2.57 (m, 1H), 2.47-2.30
(m, 2H), 1.99-1.87 (m, 1H); "C NMR (75 MHz, CDCl,) & 148.1, 147.1, 144.3, 129.5,
128.8, 120.0, 108.5, 106.8, 101.2, 77.5, 34.3, 30.6; IR (thin film/NaCl): 3354, 2894,
1490, 1503, 1226, 1041, 937 cm’'; HRMS-FAB (m/z): [M + H]J' calcd for [C,H,;0;]",

204.0787; found, 204.0793; [a],” +9.6° (¢ 1.6, CHCl,; for S enantiomer at 99% ee).
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i-PrO—Bi
210 o

uli . 0
196
(82% yield)
2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-furan (211). A solution of
furan (210, 1.75 mL, 24.0 mmol, 1.2 equiv) in THF (120 mL) was cooled to 0 °C. A
solution of n-butyllithium (2.26 M in hexanes, 8.84 mL, 20.0 mmol, 1.0 equiv) was
added dropwise. The reaction was allowed to stir 30 min at 0 °C and 30 min at 23 °C,
after which it was cooled to —78 °C. Borolane 196 (6.36 mL, 31.2 mmol, 1.3 equiv) was
added dropwise. After stirring 10 min, the reaction was allowed to warm to 23 °C and
was quenched by addition of saturated aq NH,Cl (50 mL) and H,O (10 mL). The mixture
was extracted with Et,O (3 x 100 mL). The combined organic layers were dried over
MgSO, and filtered, and the filtrate was concentrated under reduced pressure. Bulb-to-
bulb distillation (0.1 torr, 90-95 °C) afforded 211 (3.17 g, 82% yield) as a colorless oil.

The characterization data matched the data in the literature.>

|\
o

212
2-(2-Furyl)cyclopent-2-enone (212). Prepared as for 199 from 211 to afford,
after flash chromatography (19:1—17:3 hexanes:EtOAc), 212 (1.09 g, 55% yield) as an
off-white solid: R;0.51 (7:3 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) 8 7.79 (t, J =
3.1 Hz, 1H), 7.41 (d, J = 1.7 Hz, 1H), 7.04 (d, J = 3.5 Hz, 1H), 6.44 (dd, J = 3.5, 1.7 Hz,

1H), 2.77-2.71 (m, 2H), 2.56-2.51 (m, 2H); °C NMR (75 MHz, CDCl,) § 205.8, 154.2,
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147.1, 142.5, 134.9, 111.6, 109.4, 35.5, 26.9; IR (thin film/NaCl): 1706, 1326, 1132, 747

cm’'; HRMS-FAB (m/z): [M]" calcd for [Co,H,O,]", 148.0524; found, 148.0521.

OH
I\

(o)

(2)-118

(£)-2-(2-Furyl)cyclopent-2-enol ((x)-118). Prepared as for (+)-96 from 212 (961
mg, 6.49 mmol) to afford, after flash chromatography (19:1—9:1—4:1 hexanes:EtOAc),
(+)-118 (793 mg, 81% yield) as an off-white solid: R, 0.26 (7:3 hexanes:EtOAc); 'H
NMR (300 MHz, CDCl,) 6 7.38 (d, J = 1.6 Hz, 1H), 6.43 (d, J = 3.4 Hz, 1H), 6.40 (dd, J
= 3.3, 1.7 Hz, 1H), 5.11 (m, 1H), 2.74-2.60 (m, 1H), 2.49-2.30 (m, 2H), 1.95-1.84 (m,
1H); "C NMR (75 MHz, CDCl,) § 151.2, 142.0, 135.7, 128.4, 111.4, 106.8, 77.3, 55.9,
30.8; IR (thin film/NaCl): 3344, 2934, 2849, 1044, 928, 733 cm™'; HRMS-FAB (m/z): [M
+ HJ' caled for [C,H,,0,]*, 150.0681; found, 150.0680; [a.],> +30.9° (¢ 1.1, CHCl,; for S

enantiomer at 99% ee).

<~

(%)-119
(#)-2-Phenylcyclohex-2-enol ((*)-119). Prepared as for (+)-96 from 2-
phenylcyclohex-2-enone® (213, 2.70 g, 15.7 mmol) to afford, after filtration through a
short plug of silica gel (1:1 hexanes:EtOAc), (+)-119 (2.22 g, 81% yield) as an off-white
solid. The characterization data matched the data in the literature. [o],” —109.5° (¢ 1.3,

CHCl,; for S enantiomer at 99% ee) [lit.” [a], +114.5° (¢ 1.6, CHCl,; R enantiomer)].



101

O
O
(2)-120

(£)-2-Phenyl-3-methylcyclopent-2-enol ((x)-120). Prepared as for (+)-96 from
2-phenyl-3-methylcyclopent-2-enone™ (214, 3.82 g, 22.2 mmol) to afford, after flash
chromatography (9:1—4:1 hexanes:EtOAc), (x)-120 (3.25 g, 84% yield) as a slightly
yellow oil, which solidified to a white solid on standing: R;0.24 (4:1 hexanes:EtOAc); 'H
NMR (300 MHz, CDCl,) 6 7.41-7.22 (comp. m, 5H), 5.16 (br. d, J = 5.5 Hz, 1H), 2.74-
2.58 (m, 1H), 2.44-2.30 (m, 2H), 1.87-1.75 (m, 1H), 1.85 (d, J = 1.1 Hz, 3H); "C NMR
(75 MHz, CDCl;) 6 139.8, 138.5, 136.7, 128.6, 128.5, 126.9, 80.5, 36.9, 32.7, 15.9; IR
(thin film/NaCl): 3370, 2930, 1442, 699 cm'; HRMS-FAB (m/z): [M + H]" calcd for

[C,,H,s0]*, 174.1045; found, 174.1037; [a],> —2.4° (¢ 1.2, CHCI,; for S enantiomer at

99% ee).

E OH

“

MeOZC

(2)-121

Fluorophenylcarboxylate (%)-121. Prepared as for (+)-96 from methyl 2-(4-
fluorophenyl)-3-oxocyclopent-1-enecarboxylate** (215, 125 mg, 0.53 mmol) to afford,
after flash chromatography (4:1 hexanes:EtOAc), (+)-121 (103 mg, 82% yield) as a
slightly yellow oil: R, 0.11 (4:1 hexanes:EtOAc). The characterization data matched the

data in the literature.” [a.],** =37.2° (¢ 0.1, MeOH; for S enantiomer at 99% ee) [lit.”**

[a]p —186.6° (¢ 0.01, MeOH; S enantiomer)].
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M902C
216

Methyl 2-Methyl-3-oxocyclopent-1-enecarboxylate (216). Prepared according
to the procedure of Kuethe:** R, 0.26 (4:1 hexanes:EtOAc); 'H NMR (300 MHz, CDCl,)
8 3.90 (s, 3H), 2.84-2.76 (m, 2H), 2.55-2.48 (m, 2H), 2.09 (t, J = 2.2 Hz, 3H); “C NMR
(75 MHz, CDCI;) 8 209.9, 166.1, 154.4, 147.7, 52.3, 34.1, 26.6, 10.0; IR (thin
film/NaCl): 1713, 1438, 1226, 1076 cm™'; HRMS-FAB (m/z): [M]" calcd for [CH,,05]",

154.0630; found, 154.0626.

OH
MeO,C
(2)-122

(x)-Methyl 3-Hydroxy-2-methylcyclopent-1-enecarboxylate ((+)-122).
Prepared as for (£)-96 from 216 (2.35 g, 15.2 mmol) to afford, after flash
chromatography (7:3 hexanes:EtOAc), (x)-122 (2.06 g, 87% yield) as a colorless oil: R,
0.10 (4:1 hexanes:EtOAc); 'H NMR (300 MHz, CDCl,) § 4.66 (t, J = 6.9 Hz, 1H), 3.75
(s, 3H), 2.75-2.62 (m, 1H), 2.53-2.25 (comp. m, 2H), 2.13 (s, 3H), 1.71-1.59 (m, 1H); B
NMR (75 MHz, CDCl,) 6 167.0, 155.2, 128.9, 81.2, 51.4, 32.2, 30.4, 36.9, 13.5; IR (thin
film/NaCl): 3419, 2951, 1715, 1436, 1220, 1054 cm'; HRMS-FAB (m/z): [M]* calcd for
[C4H,,0,]*, 156.0787; found, 156.0780; [a],> —57.0° (¢ 0.82, CHCI,; for S enantiomer at

99% ee).
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MeoZ(Iﬁ

217
Methyl 2-Methyl-3-oxocyclohex-1-enecarboxylate (217). Prepared according
to the procedure of Kuethe:** R, 0.24 (4:1 hexanes:EtOAc); 'H NMR (300 MHz, CDCl,)
0 3.82 (s, 3H), 2.61-2.53 (m, 2H), 2.51-2.44 (m, 2H), 2.07-1.97 (m, 2H), 1.94 (t, J = 2.1
Hz, 3H); *C NMR (75 MHz, CDCI,) § 199.6, 169.0, 144.4, 137.4, 52.2, 38.0, 27.5, 22.4,
12.8; IR (thin film/NaCl): 2954, 1727, 1682, 1435, 1232, 1052 cm™'; HRMS-FAB (m/z7):

[M]* calcd for [CoH,,0,], 168.0787; found, 168.0786.

OH

MeO,C i

(x)-123

(x)-Methyl 3-Hydroxy-2-methylcyclohex-1-enecarboxylate ((x)-123).
Prepared as for (£)-96 from 217 (4.66 g, 27.7 mmol) to afford, after filtration through a
short plug of silica gel (1:1 hexanes:EtOAc), (£)-123 (4.71 g, 99% yield) as a colorless
oil: R;0.12 (4:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) 8 4.06 (t, J = 4.5 Hz, 1H),
3.74 (s, 3H), 2.41-2.12 (comp. m, 2H), 2.07 (t, J = 2.1 Hz, 3H), 1.82-1.60 (comp. m, 4H);
“C NMR (75 MHz, CDCl) § 169.8, 144.0, 127.8, 69.8, 51.6, 31.6, 27.0, 18.7, 18.1; IR
(thin film/NaCl): 3424, 2945, 1718, 1435, 1215, 1061 cm'; HRMS-FAB (m/z): [M]*
caled for [CoH,,05]%, 170.0943; found, 170.0938; [a],> =72.3° (¢ 0.95, CHCI,; for S

enantiomer at 97% ee).
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Q BnBr Q
EtONa, EtOH
—_—
78°C
0 (32% yield) 0
218 219

2-Benzylcyclohexane-1,3-dione (219). Prepared by modification of a procedure
from Hewett.”” Na (3.45 g, 150 mmol, 1.5 equiv) was added to EtOH (absolute, 200 mL).
After all of the metal dissolved, cyclohexane-1,3-dione (218, 11.2 g, 100 mmol, 1.0
equiv) was added, followed by benzyl bromide (23.8 mL, 200 mmol, 2.0 equiv). The
reaction was heated to reflux for 13 h. After cooling to 23 °C, the volatiles were removed
under reduced pressure. Et,O (100 mL) was added, and the mixture was extracted with 1
N NaOH (2 x 100 mL). The combined aqueous extracts were cooled to 0 °C and
acidified to pH 1.5 by dropwise addition of conc. H,SO,. After addition of saturated aq
NaCl (50 mL), the mixture was allowed to stand at O °C for 5 min. The solid was filtered
to afford 219 (6.51 g, 32% yield) as a tan solid. The characterization data matched the

data in the literature.®

POBr, Pd(PPh3)20I2 o
Na2HP04

Ph
65°C Br MeO,C

221
(58% yield, 2 steps)

Methyl 2-Benzyl-3-oxocyclohex-1-enecarboxylate (221). Prepared according to
the procedure of Kuethe.” To a mixture of 219 (2.02 g, 10.0 mmol, 1.0 equiv) and
Na,HPO, (710 mg, 5.0 mmol, 0.5 equiv) in CH;CN (15 mL) was added a solution of
POBr; (2.15 g, 7.5 mmol, 0.75 equiv) in CH;CN (5 mL). The reaction was heated to 65
°C for 24 h. After cooling to 23 °C, H,O (6 mL) was added slowly to quench the

reaction. After evaporation of CH,;CN under reduced pressure, H,O (40 mL) and
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saturated aq NaCl (20 mL) were added. The mixture was extracted with EtOAc (4 x 50

mL). The combined organic extracts were dried over MgSO, and filtered. The filtrate
was concentrated under reduced pressure and purified by flash chromatography
(9:1—17:3 hexanes:Et,0) to afford 2-benzyl-3-bromocyclohex-2-enone (220), which was
used directly in the next step.

To a solution of this bromide in MeOH (12.5 mL) was added Pd(PPh,),Cl, (132
mg, 0.19 mmol, 0.03 equiv) followed by Et;N (1.75 mL, 1.27 g, 12.5 mmol, 2.0 equiv) in
a steel bomb. The reaction was pressurized with carbon monoxide (100 psi) and heated
to 80 °C behind a blast shield for 21 h. After cooling to 23 °C and venting the carbon
monoxide, the reaction was diluted with Et,O (70 mL) and filtered through a short plug
of Celite (Et,O eluent). The filtrate was concentrated under reduced pressure and purified
by flash chromatography (17:3 hexanes:Et,O) to afford 221 (1.42 g, 58% yield from 219)
of an off-white solid: R, 0.45 (7:3 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) & 7.25-
7.10 (comp. m, SH), 3.81 (br. s, 2H), 3.78 (s, 3H), 2.63 (t, J = 6.0 Hz, 2H), 2.47 (app. t, J
= 6.7 Hz, 2H), 2.04 (tt, J = 6.7, 6.1 Hz, 2H); "C NMR (75 MHz, CDCl,) & 198.7, 168.7,
145.6, 139.4, 129.6, 128.7, 128.2, 126.0, 52.2, 38.0, 31.9, 27.7, 22.0; IR (thin film/NaCl):
2951, 1726, 1681, 1255, 1238 cm’'; HRMS-FAB (m/z): [M]" calcd for [C,sH,(O,]",

244.1100; found, 244.1100.

OH
Ph/jé
MeO,C
(2)-124
(£)-Methyl 3-Hydroxy-2-benzylcyclohex-1-enecarboxylate ((+)-124). Prepared

as for (+)-96 from 221 (2.02 g, 8.3 mmol) to afford, after flash chromatography (3:2
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hexanes:Et,0), (x)-124 (1.42 g, 70% yield) as a colorless oil: R, 0.29 (7:3

hexanes:EtOAc); 'H NMR (300 MHz, CDCl,) 8 7.33-7.17 (comp. m, 5H), 4.03 (br. s,
1H), 4.00 (d, J = 14.3 Hz, 1H), 3.75 (s, 3H), 3.69 (dt, J = 14.4, 2.0 Hz, 1H), 2.50-2.38 (m,
1H), 2.34-2.20 (m, 1H), 1.81-1.57 (comp. m, 4H); "C NMR (75 MHz, CDCl;) § 169.8,
143.9, 139.4, 129.7, 128.9, 128.5, 126.2, 66.2, 51.7, 36.9, 31.2, 27.1, 17.5; IR (thin
film/NaCl): 3412, 2943, 1715, 1234 cm™'; HRMS-FAB (m/z): [M]" calcd for [CsH,;0;]",

246.1256; found, 246.1251; [a],** —226.3° (c 1.83, CHCI,; for S enantiomer at 96% ee).

OH

Lt

(+)-126
(®)-syn,trans-1-(2-Phenylcyclopropyl)ethanol ((%)-126). Prepared by the
method of Charette.”® The characterization data matched the data in the literature.®

o]y +44.1° (¢ 1.1, CHCL,; for (18, 1°S, 2°S) enantiomer at 90% ee).

o]

>

(2)-129
(%)-trans-1-(2-Phenylcyclopropyl)ethanone ((x)-129). Prepared as for 186 from
(£)-126 (16.5 mg, 0.10 mmol) to afford (£)-129 (15.9 mg, 97% yield) as a colorless oil.
The characterization data matched the data in the literature.”" [a],* —275.5° (¢ 0.59,
CHCl;; for (1’R, 2’R) enantiomer at 57% ee) [lit."" [a],* +116.2° (¢ 0.785, CHCl;; for

(1’S, 2°S) enantiomer)].
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OH

Ll

(x)-127
(£)-syn,trans-1-(1-Methyl-2-phenylcyclopropyl)ethanol ((x)-127). Prepared by
the method of Charette.” The characterization data matched the data in the literature.

[a]p™ +2.1° (¢ 1.5, CHCly; for (1S, 1°S, 2°R) enantiomer at 89% ee).

o]

>

(£)-130
(£)-trans-1-(1-Methyl-2-phenylcyclopropyl)ethanone ((x)-130). Prepared as
for 186 from (+)-127 (17.6 mg, 0.10 mmol) to afford (+)-130 (6.2 mg, 36% yield) as a
colorless oil. The characterization data matched the data in the literature.®® [a],> —152.1°
(c 1.59, abs. EtOH; for (1’R, 2°S) enantiomer at 74% ee) [lit.** [a],> +173.3° (c 2, abs.

EtOH; for (1’S, 2’R) enantiomer)].

OH

(£)-128
(%)-anti,trans-1-(2-Phenylcyclopropyl)ethanol ((x)-128). Prepared by the

method of Charette.”” The characterization data matched the data in the literature.*

[a]p* —60.1° (¢ 1.0, CHCI,; for (1S, 1’R, 2°R) enantiomer at 94% ee) [lit.** [a], +64.2° (c

1.0, CHCl,; for (1R, 1°S, 2°S) enantiomer)].
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OH /\OEt

Hg(OAc)z

(+)-111 (43% yield)
General Procedure for the Vinylation of Allylic Alcohols: Vinyl Ether 152. To
a solution of cyclopentenol (+)-111 (36.5 mg, 0.23 mmol, 1.0 equiv) in freshly distilled
ethyl vinyl ether (3 mL) was added Hg(OAc), (20.3 mg, 0.064 mmol, 0.28 equiv). The
reaction was sealed with a teflon cap and heated to 40 °C for 120 h. The reaction was
cooled to 23 °C, and K,CO; (anhydrous, 173 mg, 1.25 mmol, 5.5 equiv) was added. The
suspension was stirred for 30 min then filtered. The filtrate was concentrated under
reduced pressure and purified by flash chromatography (250:7—10:1 hexanes:EtOAc) to
afford recovered cyclopentenol (+)-111 (20.1 mg, 55% yield) and vinyl ether 152 (18.5
mg, 43% yield) as a colorless oil: R, 0.55 (10:1 hexanes:EtOAc); '"H NMR (300 MHz,
CDCl,) 6 7.49-7.46 (comp. m, 2H), 7.35-7.22 (comp. m, 3H), 6.50-6.43 (m, 2H), 5.37
(dt, J =6.9,2.4 Hz, 1H), 4.35 (dd, J = 144, 1.8 Hz, 1H), 4.11 (dd, J = 6.6, 1.5 Hz, 1H),
2.76-2.64 (m, 1H), 2.54-2.26 (m, 2H), 2.15-2.12 (m, 1H); "C NMR (75 MHz, CDCl,) §
150.1, 141.1, 134.6, 132.0, 128.4, 127.3, 125.9, 88.3, 83.1, 31.0, 30.1; IR (thin
film/NaCl): 3057, 2934, 2846, 1632, 1610, 1496, 1447, 1358, 1318, 1188, 1048, 1032,
962, 822 cm’'; HRMS-ES (m/z): [M]" calcd for [C,5H,,0]", 186.1045; found, 186.1042;

[a],2 +32.5° (¢ 0.38, CH,CL,).
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0L

153

Vinyl Ether 153. Prepared as for 152 from (+)-112 (100 mg, 0.57 mmol) to
afford, after flash chromatography (125:2—10:1 hexanes:EtOAc), cyclopentenol (+)-112
(48 mg, 48% yield) and 153 (48 mg, 42% yield) as a colorless oil: R, 0.57 (10:1
hexanes:EtOAc); '"H NMR (300 MHz, CDCL,) § 7.41 (d, J = 6.3 Hz, 2H), 7.17 (d, J = 8.1
Hz, 2H), 6.52 (dd, J = 14.4, 6.9 Hz, 1H), 6.42 (t, J = 2.4 Hz, 1H), 5.37 (dt, J =7.2, 2.4
Hz, 1H), 4.37 (dd, J = 14.4, 1.8 Hz, 1H), 4.12 (dd, J = 6.6, 1.8 Hz, 1H), 2.74-2.65 (m,
1H), 2.54-2.43 (m, 1H), 2.36 (s, 3H), 2.39-2.27 (m, 1H), 2.16-2.09 (m, 1H); "C NMR (75
MHz, CDCl,) 6 150.1, 141.0, 137.0, 131.8, 131.0, 129.1, 125.9, 88.3, 83.1, 31.0, 30.1,
21.2; IR (thin film/NaCl): 2921, 2849, 1631, 1609, 1513, 1449, 1352, 1317, 1187, 1048,
1030, 963, 813 cm™'; HRMS-ES (m/z): [M]" caled for [C,H,,0]", 200.1201; found,

200.1201; o], +20.8° (¢ 0.16, CH,CL,).

Meo/\

Vinyl Ether 154. Prepared as for 152 from (+)-113 (100 mg, 0.53 mmol) to
afford, after flash chromatography (60:1—10:1 hexanes:EtOAc), cyclopentenol (+)-113
(61 mg, 61% yield) and 154 (41 mg, 36% yield) as a colorless oil: R, 0.52 (10:1
hexanes:EtOAc); '"H NMR (300 MHz, CDCL,) 8 7.44 (d, J = 8.7 Hz, 2H). 6.89 (d, J = 9.0
Hz, 2H), 6.51 (dd, J = 14.4, 6.9 Hz, 1H), 6.33 (t, J/ = 2.7 Hz, 1H), 5.37 (dt, J = 7.2, 2.1

Hz, 1H), 436 (dd, J = 14.4, 2.1 Hz, 1H), 4.11 (dd, J = 6.6, 1.8 Hz, 1H), 3.81 (s, 3H),
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2.75-2.62 (m, 1H), 2.52-2.42 (m, 1H), 2.38-2.56 (m, 1H), 2.14-2.05 (m, 1H); "C NMR

(75 MHz, CDCl;) 8 158.9, 150.1, 140.5, 129.9, 127.4, 127.2, 113.8, 88.3, 83.3, 55.2,
30.9, 30.1; IR (thin film/NaCl): 2918, 2848, 2359, 2340, 1632, 1609, 1512, 1463, 1353,
1317, 1269, 1257, 1180, 1112, 1036, 963, 891, 824 cm™'; HRMS-ES (m/z): [M]* calcd for

[C,,H,.0,]%, 216.1150; found, 216.1155; [o],* +18.8° (c 0.43, CH,CL).

o

Fsc

155

Vinyl Ether 155. Prepared as for 152 from (+)-115 (100 mg, 0.44 mmol) to
afford, after preparative TLC (10:1 hexanes:EtOAc), cyclopentenol (+)-115 (57 mg, 57%
yield) and 155 (41.7 mg, 37% yield) as a colorless oil: R;0.59 (10:1 hexanes:EtOAc); 'H
NMR (300 MHz, CDCl,) 8 7.58 (m, 4H), 6.58 (t, J = 2.7 Hz, 1H), 6.50 (dd, J = 14.4, 6.6
Hz, 1H), 5.37 (dt, J = 7.2, 2.1 Hz, 1H), 4.37 (dd, J = 14.1, 1.8 Hz, 1H), 4.15 (dd, J = 6.6,
1.8 Hz, 1H), 2.80-2.67 (m, 1H), 2.58-2.47 (m, 1H), 2.42-2.30 (m, 1H), 2.17-2.08 (m, 1H);
"C NMR (75 MHz, CDCL;) & 149.9, 140.2, 134.6, 126.2, 125.5, 125.4, 125.3, 125.3,
88.8, 82.9, 31.2, 30.0; IR (thin film/NaCl): 2917, 2846, 2141, 1731, 1660, 1633, 1614,
1507, 1414, 1365, 1317, 1246, 1190, 1164, 1122, 1071, 1033, 1016, 963, 829, 733 cm'';
HRMS-ES (m/z): [M]" caled for [C,,H;OF,]*, 254.0919; found, 254.0913; [a],*® +31.0°

(c 0.32, CH,CL,).
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156

Vinyl Ether 156. Prepared as for 152 from (+)-117 (100 mg, 0.49 mmol) to
afford, after flash chromatography (125:2—10:1 hexanes:EtOAc), cyclopentenol (+)-117
(36.6 mg, 37% yield) and 156 (63.3 mg, 56% yield) as a colorless oil: R, 0.61 (10:1
hexanes:EtOAc); '"H NMR (300 MHz, CDCI,) § 7.00 (d, J = 1.8 Hz, 1H), 6.97 (dd, J =
13.8, 1.5 Hz, 1H), 6.79 (d, J = 7.8 Hz, 1H), 6.49 (q, J = 6.9 Hz, 1H), 6.30 (t, J/ = 2.4 Hz,
1H), 5.94 (s, 2H), 5.29 (dt,J =7.2, 2.4 Hz, 1H), 4.35 (dd, J = 14.4, 2.1 Hz, 1H), 4.11 (dd,
J =69, 1.8 Hz, 1H), 2.73-2.61 (m, 1H), 2.51-2.40 (m, 1H), 2.37-2.25 (m, 1H), 2.13-2.04
(m, 1H); "C NMR (75 MHz, CDCI,) § 150.0, 147.7, 146.9, 140.6, 130.6, 119.7, 108.2,
106.4, 100.9, 88.4, 83.2, 30.9, 30.0; IR (thin film/NaCl): 2898, 2849, 2359, 2340, 1632,
1610, 1503, 1490, 1447, 1366, 1317, 1227, 1187, 1106, 1040, 969, 936, 889, 808 cm™;
HRMS-ES (m/z): [M]* calcd for [C,,H,,05]*, 230.0943; found, 230.0933. [a],> +20.8° (¢

0.075, CH,CL).

&

157
Vinyl Ether 157. Prepared as for 152 from (+)-116 (100 mg, 0.48 mmol) to
afford, after preparative TLC (10:1 hexanes:EtOAc), cyclopentenol (+)-116 (47.5 mg,
48% yield) and 157 (53 mg, 47% yield) as a colorless oil: R;0.71 (10:1 hexanes:EtOAc);
'H NMR (300 MHz, CDCl,) & 7.87-7.80 (comp. m, 4H), 7.70-7.67 (m, 1H), 7.51-7.43

(comp. m, 2H), 6.61 (t, J = 2.7 Hz, 1H), 6.58 (dd, J = 14.4, 6.9 Hz, 1H), 5.51 (dt, J = 7.2,
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2.7 Hz, 1H), 4.43 (dd, J = 14.1, 1.8 Hz, 1H), 4.18 (dd, J = 6.9, 1.8 Hz, 1H), 2.83-2.71 (m,

1H), 2.60-2.49 (m, 1H), 2.44-2.32 (m, 1H), 2.23-2.13 (m, 1H); "C NMR (75 MHz,
CDCly) 6 150.1, 141.1, 133.5, 1327, 131.9, 128.3, 127.9, 127.5, 126.0, 125.8, 124.7,
124.3, 88.5, 83.1, 31.2, 30.1; IR (thin film/NaCl): 3282, 3055, 2929, 2848, 1632, 1610,
1507, 1449, 1317, 1187, 1048, 1030, 963, 947, 894, 815, 746, 665 cm™'; HRMS-ES (m/z):

[M]" calcd for [C,;H,,0]*, 236.1201; found, 236.1207; [a.],*® +48.7° (¢ 0.53, CH,CL,).

158

Vinyl Ether 158. Prepared as for 152 from (+)-118 (82.3 mg, 0.55 mmol) to
afford, after flash chromatography (125:2—10:1 hexanes:EtOAc), cyclopentenol (+)-118
(53.2 mg, 65% yield) and 158 (30.3 mg, 31% yield) as a colorless oil: R, 0.72 (10:1
hexanes:EtOAc); 'H NMR (300 MHz, CDCL,) & 7.38 (d, J = 1.8 Hz, 1H), 6.49 (q, J = 6.6
Hz, 1H), 6.39 (dd, J = 3.6, 2.1 Hz, 1H), 6.36 (t, J = 3.0 Hz, 1H), 6.30 (d, J = 3.3 Hz, 1H),
5.23 (dt,J =7.2,2.7 Hz, 1H), 4.34 (dd, J = 14.4, 1.8 Hz, 1H), 4.10 (dd, J = 6.9, 1.8 Hz,
1H), 2.75-2.63 (m, 1H), 2.53-2.42 (m, 1H), 2.37-2.25 (m, 1H), 2.09-1.99 (m, 1H). “C
NMR (75 MHz, CDCl,) 6 150.5, 150.2, 141.9, 132.2, 130.1, 111.1, 106.9, 88.5, 83.3,
31.1, 30.1; IR (thin film/NaCl): 2924, 2850, 1633, 1611, 1487, 1349, 1317, 1189, 1153,
1051, 1028, 962, 916, 884, 806 cm™'; HRMS-ES (m/z): [M]" caled for [C,,H,,0,]",

176.0837; found, 176.0842; [o], +39.1° (¢ 0.35, CH,CL).
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159

Vinyl Ether 159. Prepared as for 152 from (-)-120 (428 mg, 2.47 mmol) to
afford, after flash chromatography (200:1—100:1—10:1 hexanes:EtOAc), cyclopentenol
(-)-120 (140 mg, 33% yield) and 159 (301 mg, 61% yield) as a colorless oil: R, 0.69
(10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) § 7.38-7.36 (comp. m, 4H), 7.31-
7.24 (m, 1H), 6.45 (dd, J = 13.8, 6.3 Hz, 1H), 5.25 (br. d, J = 6.9 Hz, 1H), 4.31 (dd, J =
14.4, 1.8 Hz, 1H), 4.04 (dd, J = 6.6, 1.5 Hz, 1H), 2.79-2.68 (m, 1H), 2.48-2.22 (m, 2H),
2.06-1.97 (m, 1H); "C NMR (75 MHz, CDCL,) § 150.5, 142.3, 136.4, 134.7, 128.2,
128.1, 126.6, 88.0, 87.1, 37.1, 28.9, 15.7; IR (thin film/NaCl): 3055, 3029, 2975, 2938,
2912, 2845, 1631, 1608, 1492, 1444, 1379, 1350, 1317, 1189, 1099, 1058, 1016, 989,
964, 872, 816 cm’'. HRMS-ES (m/z): [M]" caled for [C,H,O]", 200.1201; found,

200.1213; [a] > +6.1° (¢ 0.80, CH,CL,).

Vinyl Ether 160. Prepared as for 152 from (—)-119 (174.1 mg, 1.00 mmol) to
afford, after flash chromatography (125:2—10:1 hexanes:EtOAc), cyclopentenol (-)-119
(98 mg, 56% yield) and 160 (31 mg, 16% yield) as a colorless oil: R, 0.72 (10:1
hexanes:EtOAc); '"H NMR (300 MHz, CDCL,) § 7.43-7.22 (comp. m, 5H), 6.43 (dd, J =
14.1, 6.6 Hz, 1H), 6.35 (t, / = 3.3 Hz, 1H), 4.78 (t, /= 3.0 Hz, 1H), 4.41 (dd, J=14.1, 1.5

Hz, 1H), 4.08 (dd, J = 6.6, 1.8 Hz, 1H), 2.40-2.30 (m, 1H), 2.25-2.14 (m, 2H), 1.91-1.64
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(comp. m, 3H); "C NMR (75 MHz, CDCl,) & 150.5, 140.4, 135.6, 130.6, 128.3, 126.9,
P

125.6, 88.5, 72.5, 27.6, 25.9, 16.8; IR (thin film/NaCl): 3023, 2933, 2865, 2829, 2359,
2340, 1632, 1610, 1496, 1445, 1376, 1355, 1330, 1312, 1260, 1185, 1094, 1062, 1011,
977, 946, 917, 870, 813, 756, 695 cm™; HRMS-ES (m/z): [M]" caled for [C,,H,O1",

200.1201; found, 200.1207; [a],> —115.8° (¢ 0.17, CH,Cl,).

N DIBAL-H

Q o CH,Cl,
—>
O =

36% yield HO
152 (36% yield) 161

General Procedure for Claisen Rearrangement: Primary Alcohol 161. To a
solution of vinyl ether 152 (7.6 mg, 0.041 mmol, 1.0 equiv) in CH,Cl, (0.5 mL) at —40 °C
was added DIBAL-H (1 M in PhCH,, 45 uL, 0.045 mmol, 1.1 equiv) dropwise. The
reaction mixture was allowed to warm to 23 °C and to stir 2 h, after which it was
quenched with excess Na,SO,*10H,0O. The suspension was stirred 30 min and filtered,
and the filtrate was concentrated under reduced pressure. Purification by preparative
TLC (9:2 hexanes:EtOAc) to afford primary alcohol 161 (2.8 mg, 36% yield): R, 0.16
(10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCI,) § 7.35-7.20 (comp. m, 5H), 5.80 (t, J
= 2.4 Hz, 1H), 3.75-3.58 (m, 2H), 2.42-2.35 (m, 2H), 2.10-2.01 (m, 1H), 1.89-1.77
(comp. m, 3H), 1.34 (s, 1H), 1.25 (s, 3H); "C NMR (75 MHz, CDCl,) & 150.6, 137.9,
128.9, 128.1, 127.3, 126.6, 60.7, 48.7, 48.5, 39.2, 30.1, 26.8; IR (thin film/NaCl): 3369,
3054, 2951, 2866, 1598, 1492, 1453, 1376, 1099, 1054, 1020, 759, 700 cm™'; HRMS-ES
(m/z): [M]* caled for [C,,H,;O]", 202.1358; found, 202.1355; [a],> +27.5° (c 0.66,

CH,Cl,; for S enantiomer at 87% ee).
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Primary Alcohol 162. Prepared as for 161 from 153 (40.9 mg, 0.21 mmol) to
afford, after preparative TLC (9:2 hexanes:EtOAc), primary alcohol 162 (32 mg, 77%
yield) as a colorless oil: R;0.15 (10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) 6
7.32 (d, J=7.8 Hz, 2H), 7.14 (d, J = 8.1 Hz, 2H), 6.02-6.00 (m, 1H), 3.73-3.65 (m, 2H),
3.26 (m, 1H), 2.52-2.44 (m, 2H), 2.34 (s, 3H), 2.26-2.13 (m, 1H), 1.94-1.74 (m, 2H),
1.55-1.43 (m, 1H), 1.34 (s, 1H); "C NMR (75 MHz, CDCl;) § 146.1, 136.6, 129.1, 126.0,
125.8, 61.7, 41.5, 36.5, 31.5, 29.8, 21.1; IR (thin film/NaCl): 3337, 3048, 3023, 2936,
2844, 1901, 1617, 1566, 1511, 1437, 1379, 1335, 1307, 1185, 1111, 1056, 1019, 981,
879, 803 cm™'; HRMS-ES (m/z): [M]" caled for [C,,H,;0]*, 202.1358; found, 202.1353;

[a]p™ +51.5° (¢ 0.075, CH,Cl,; for S enantiomer at 96.8% ee).

Primary Alcohol 163. Prepared as for 161 from 154 (38.5 mg, 0.18 mmol) to
afford, after preparative TLC (9:2 hexanes:EtOAc), primary alcohol 163 (35.2 mg, 91%
yield) as a colorless oil: R, 0.15 (10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) §
7.36 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 5.94 (s, 1H), 3.80 (s, 3H), 3.72-3.64
(m, 2H), 3.26 (br. s, 1H), 2.50-2.44 (m, 2H), 2.24-2.11 (m, 1H), 1.92-1.73 (m, 2H), 1.54-
1.42 (m, 1H), 1.44 (s, 1H); "C NMR (75 MHz, CDCIl,) 6 158.5, 145.6, 128.9, 127.2,

124.7, 113.7, 61.7, 55.2, 41.6, 36.4, 31.4, 29.8; IR (thin film/NaCl): 3392, 2934, 2836,
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1607, 1510, 1462, 1441, 1294, 1252, 1178, 1037, 804 cm™'; HRMS-ES (m/z): [M]* calcd

for [C,H,:O,]", 218.1307; found, 218.1299; [a],” +66.9° (¢ 0.27, CH,CL,; for S

enantiomer at 98.6% ee).

Primary Alcohol 164. Prepared as for 161 from 155 (41.1 mg, 0.16 mmol) to
afford, after preparative TLC (9:2 hexanes:EtOAc), primary alcohol 164 (34.0 mg, 82%
yield) as a colorless oil: R;0.18 (10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) §
7.58 (dd, J = 8.4, 21.6 Hz, 4H), 6.17 (s, 1H), 3.72-3.67 (m, 2H), 3.30 (br. s, 1H), 2.52-
2.50 (m, 2H), 2.29-2.16 (m, 1H), 1.90-1.78 (m, 2H), 1.52-1.42 (m, 1H), 1.37 (s, 1H); °C
NMR (75 MHz, CDCl,) 6 145.3, 139.8, 129.4, 126.3, 125.4, 125.4, 125.3, 61.5, 41.5,
36.3, 31.6, 29.7; IR (thin film/NaCl): 3368, 2937, 2846, 1615, 1412, 1326, 1164, 1123,
1110, 1069, 1015, 850, 831, 815 cm™; HRMS-ES (m/z): [M]* caled for [C,,H,;OF;]",

256.1075; found, 256.1073; [a],”® +48.5° (¢ 0.20, CH,Cl,; for S enantiomer at 97.1% ee).

Primary Alcohol 165. Prepared as for 161 from 156 (63.4 mg, 0.28 mmol) to
afford, after preparative TLC (9:2 hexanes:EtOAc), primary alcohol 165 (49 mg, 76%

yield) as a colorless oil: R;0.22 (10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) §

6.92 (s, 1H), 6.89 (dd, J = 8.4, 1.2 Hz, 1H), 6.78 (d, J = 8.4 Hz), 5.94 (s, 2H), 5.93 (s,
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1H), 3.72-3.64 (m, 2H), 3.32 (br. s, 1H), 2.49-2.43 (m, 2H), 2.23-2.11 (m, 1H), 1.92-1.73

(m, 2H), 1.54-1.42 (m, 1H), 1.49 (s, 1H); "C NMR (75 MHz, CDCL,) § 147.7, 146.5,
145.8, 130.6, 125.4, 119.6, 108.1, 106.6, 100.9, 61.6, 41.7, 36.3, 31.3, 29.7; IR (thin
film/NaCl): 3350, 3041, 2935, 2888, 2777, 2063, 1850, 1604, 1503, 1489, 1443, 1356,
1223, 1126, 1104, 1040, 986, 937, 862, 806 cm™; HRMS-ES (m/z): [M]* caled for
[C,.H,,0,]", 232.1100; found, 232.1091; [a],** +62.2° (¢ 0.27, CH,Cl,; for S enantiomer

at 93.1% ee).

Primary Alcohol 166. Prepared as for 161 from 157 (45.3 mg, 0.19 mmol) to
afford, after preparative TLC (9:2 hexanes:EtOAc), primary alcohol 166 (39.0 mg, 86%
yield) as a colorless oil: R; 0.24 (10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) 6
7.83-7.78 (comp. m, 4H), 7.63 (d, J = 8.7 Hz, 1H), 7.49-7.41 (m, 1H), 6.22 (s, 1H), 3.80
(s, 3H), 3.72 (t, J = 5.1 Hz, 2H), 3.41 (br. s, 1H), 2.62-2.46 (m, 2H), 2.31-2.18 (m, 1H),
2.10-1.81 (m, 2H), 1.61-1.49 (m, 1H), 1.44 (s, 1H); "C NMR (75 MHz, CDCl,) § 146.2,
133.6, 133.5, 132.5, 128.0, 127.9, 127.52, 127.46, 126.1, 125.6, 124.8, 124.5, 61.7, 41.5,
36.4, 31.6, 29.8; IR (thin film/NaCl): 3369, 3055, 2933, 2847, 1627, 1595, 1505, 1435,
1354, 1273, 1197, 1145, 1128, 1056, 989, 962, 946, 893, 858, 812, 747 cm™'; HRMS-ES
(m/z): [M]" caled for [C,,H,;O]", 238.1358; found, 238.1354; [a],> +25.4° (c 0.47,

CH,Cl,; for S enantiomer at 98.8% ee).



118

|\
0

HO
167

Primary Alcohol 167. Prepared as for 161 from 158 (27.0 mg, 0.15 mmol) to
afford, after preparative TLC (9:2 hexanes:EtOAc), primary alcohol 167 (23.8 mg, 87%
yield) as a colorless oil: R, 0.21 (10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) §
7.35 (d, J = 1.5 Hz), 6.38 (dd, J = 3.3, 1.8 Hz, 1H), 6.26 (d, J = 3.3 Hz), 6.07 (s, 2H),
3.77-3.67 (m, 2H), 3.09 (br. s, 1H), 2.60-2.37 (m, 2H), 2.19-2.09 (m, 1H), 2.02-1.91 (m,
1H), 1.83-1.74 (m, 1H), 1.68-1.54 (m, 2H), 1.49 (s, 1H); "C NMR (75 MHz, CDCL,) §
151.9, 141.4, 136.6, 125.4, 110.9, 105.8, 61.6, 41.6, 36.7, 31.3, 29.8; IR (thin film/NaCl):
3368, 2938, 2873, 1654, 1487, 1459, 1329, 1056, 1008, 920, 885, 800, 733, 681 cm™;
HRMS-ES (m/z): [M]* caled for [C,,H,,0,]*, 178.0994; found, 178.0995; [a.],** +23.4° (¢

0.29, CH,Cl,; for S enantiomer at 48.6% ee).”

168

Primary Alcohol 168. Prepared as for 161 from 159 (39.9 mg, 0.20 mmol) to
afford, after preparative TLC (4:1 hexanes:EtOAc), primary alcohol 168 (32.9 mg, 82%
yield) as a colorless oil: R;0.12 (10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) §
7.35-7.20 (comp. m, 5H), 5.80 (t, /= 2.4 Hz, 1H), 3.75-3.58 (m, 2H), 2.42-2.35 (m, 2H),
2.10-2.01 (m, 1H), 1.89-1.77 (comp. m, 3H), 1.34 (s, 1H), 1.25 (s, 3H); "C NMR (75
MHz, CDCl,) 6 150.6, 137.9, 128.9, 128.1, 127.3, 126.6, 60.7, 48.7, 48.5, 39.2, 30.1,

26.8; IR (thin film/NaCl): 3369, 3054, 2951, 2866, 1598, 1492, 1453, 1376, 1099, 1054,
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1020, 759, 700 cm™'; HRMS-ES (m/z): [M]" caled for [C,H,;O]", 202.1358; found,

202.1355; [a]p” +27.5° (¢ 0.66, CH,Cl,; for S enantiomer at 87% ee).

169

Primary Alcohol 169. Prepared as for 161 from 160 (32.4 mg, 0.16 mmol) to
afford, after preparative TLC (9:2 hexanes:EtOAc), primary alcohol 169 (27.1 mg, 83%
yield) as a colorless oil: R; 0.29 (10:1 hexanes:EtOAc); '"H NMR (300 MHz, CDCl,) 6
7.32-7.21 (comp. m, SH), 5.92 (t, / = 4.2 Hz, 1H), 3.59 (t, J = 6.0 Hz, 2H), 2.89 (br. s,
1H), 2.21-2.15 (m, 2H), 1.87-1.43 (comp. m, 7H); °C NMR (75 MHz, CDCl,) § 142.6,
141.7, 128.3, 126.5, 126.5, 126.2, 61.2, 36.5, 30.0, 27.3, 26.0, 18.5; IR (thin film/NaCl):
3351, 3021, 2930, 2861, 2832, 1639, 1598, 1493, 1443, 1430, 1058, 1032, 1013, 986,
757, 698 cm™'; HRMS-ES (m/z): [M]" calcd for [C,,H,;O]*, 202.1358; found, 202.1358;

[a]p” +107.2° (¢ 0.050, CH,Cl,; for S enantiomer at 97.0% ee).

Pd(TFA),, Py ©
0,, Na,CO,3, MS3A

> [
PhCHj, 80 °C <J:>

(85% vyield) Me
168 170

Tetrahydrofuran 170. To an oven-dried reaction tube with stir bar was added
oven-dried powdered 3 A molecular sieves (120 mg). After cooling, Pd(TFA), (4.1 mg,
0.012 mmol, 0.10 equiv), anhydrous Na,CO, (52.6 mg, 0.50 mmol, 4.0 equiv), followed

by PhCH; (2.5 mL), pyridine (4.0 xL, 0.050 mmol, 0.40 equiv), and alcohol 168 (25.1
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mg, 0.12 mmol, 1.0 equiv). The reaction vessel was then cooled to —78 °C, vacuum
evacuated, and purged with O, (3 x). The reaction was then heated to 80 °C with
vigorous stirring under O, (1 atm). After 15.5 h, the reaction was complete by TLC
analysis. The reaction was cooled to 23 °C, filtered through a short plug of silica gel
(EtOAc eluent), and concentrated under reduced pressure to afford tetrahydrofuran 170
(21.0 mg, 85% yield) as a colorless oil. Further purification by preparative TLC (4:1
hexanes:EtOAc) afforded an analytically pure sample: R, 0.62 (4:1 hexanes:EtOAc); 'H
NMR (300 MHz, CDCl,) 8 7.34-7.20 (comp. m, 5H), 6.07 (ddd, J = 5.8, 2.4, 2.4 Hz, 1H),
5.65 (ddd, J =5.8, 2.1, 2,1 Hz, 1H), 4.07 (ddd, J = 8.6, 6.8, 4.3 Hz, 1H), 3.82 (ddd, J =
8.6, 8,6, 6.2 Hz, 1H), 2.53 (ddd, J = 17.3, 2.2, 2.2 Hz, 1H), 2.34 (ddd, J = 17.3,2.2,2.2
Hz, 1H), 1.96 (ddd, J = 12.0, 6.1, 4.4 Hz, 1H), 1.89 (ddd, J=11.9, 8.6, 6.8 Hz, 1H), 0.69
(s, 3H); "C NMR (75 MHz, CDCl,) § 142.7, 134.6, 133.4, 128.0, 127.0, 126.2, 100.0,
65.9, 51.4, 47.6, 43.6, 25.5; IR (thin film/NaCl): 2956, 1722, 1492, 1448, 1047 cm™;
HRMS-EI (m/z): [M]* calcd for [C,,H,O]", 200.1201; found, 200.1203; [a],** —16.1° (¢

1.6, CH,Cl,; for (S, S) enantiomer at 86% ee).
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3.5.4 Methods for Determination of Conversion

Conversion values for 105, 113, 114, and 124 were determined by '"H NMR of a
reaction aliquot after filtration through a short plug of silica gel. All other conversions
were determined by GC (Table 3.5.1 or Chapter 2) relative to internal standard

(tridecane).

Table 3.5.1 Methods for determination of conversion.

alcohol ketone
entry alcohol ketone GC conditions retention retention
time (min) time (min)
OMe OH OMe O
100 °C, 5 min;
! ©)\ ©)\ Ramp 13 °C/min 135 12.7
()73 222
OH (o}
t-Bu t-Bu 100 OC 5 .
: [ :] , 5 min;
2 Ramp 13 °C/min 133 126
t+Bu t-Bu
()-76 186
OH (o}
70 °C, 15 min;
3 C b Ramp 7 °C/min 218 204
(£)-94 223
OH o]
70 °C, 15 min;
4 \C \é Ramp 7 Catin 23.4 20.5
(£)-95 224
OH o]
100 °C, 5 min;
3 )\G )\é Ramp 13 °C/min 20 78
(2)-96 189
OH [0}
Br Br. 70 °C, 15 min;
6 \C \b Ramp 7 °C/min 28.7 312
(£)-97 225
OH o
iBuO. iBuO. 100 OC’ 5 mln;
7 \C \b Ramp 13 °C/min 10.6 12.2
(2)-98 187
OH [0}
70 °C, 15 min;
8 \© \é Ramp 7 °C/min 19.8 17.8
()-99 226
OH o
100 °C, 5 min;
? )\é Ramp 13 °C/min 8.0 74
(+)-100 190
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alcohol ketone
entry alcohol ketone GC conditions retention retention
time (min) time (min)
OH [o}
B Br 70 °C, 15 min;
10 \© \é Ramp 7 °C/min 28.6 30.6
(2)-101 227
OH (o}
LBUO £BuO 100 °C, 5 min;
1 \é Ramp 13 °C/min 10.3 1.8
(2)-102 191
OH o
100 °C, 5 min;
12 O)\ O)\ Ramp 13 °C/min 93 8.7
(2)-103 192
OH [o}
70 °C, 15 min;
13 % % Ramp 7 °C/min 29.5 29.7
()-106 194
100 °C, 5 min;
OH [o} 2 ’
Ramp 13 °C/min
14 0o 15.8 16.1
i " 240 °C, 5 min
OH o
Q 70 °C, 15 min;
15 Ramp 7 °C/min 37.2 37.7
(2)-112 199
OS| TO |
70 °C, 15 min;
16 ' Ramp 7 °C/min 35.8 35.3
(2)-115 205
Q o o 70 °C, 15 min;
Ramp 7 °C/min
17 | O~ OO O e e 533 55.4
(116 27 240 °C, 20 min
70 °C, 15 min;
OH o ’ ’
[0} [o] 1
Ramp 7 °C/min
18 4 < (0240 °C 169 80
(117 209 240 °C, 20 min
OH (o}
I\ 7\ 70 °C, 15 min;
19 o o Ramp 7 °C/min 334 32.8
(2)-118 212
O oH O o 100 °C, 5 min;
Ramp 13 °C/min
20 ‘ ‘ 0240 °C: 15.8 16.1
(2)-119 213 240 °C, 5 min
Q OH Q 0 100 °C, 5 min;
Ramp 13 °C/min
21 C ﬁ C * P 0 C 15.1 16.6
(2)-120 214 240 °C, 5 min
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alcohol ketone
entry alcohol ketone GC conditions retention retention
time (min) time (min)
F OH Q 70 °C, 15 min;
” Q' Ramp 7 °C/min 493 403
MeO,C MeO,C to 240 OC;
(2121 215 240 °C, 20 min
OH (o}
100 °C, 5 min;
23 Meoz\cﬁ Me;ﬁ Ramp 13 *Clmin 14.0 12.0
(+)-122 216
OH (o]
100 °C, 5 min;
24 Meozcjij Meog;@ Ramp 13 °C/min 15.1 13.2
(2)-123 217
i i 50 °C;
25 o T R 3 *Clmin 74 5.0
(x)-125 228
OH o
100 °C, 5 min;
26 Ph/D/'\ Ph o ] 14.2 13.1
(59126 (59129 Ramp 13 °C/min
OH (o]
70 °C, 15 min;
27 Ph Ph/DQK Ramp 7 °C/min 33.2 31.3
(x)-127 (£)-130
OH o .
28 |=h/;5>/k Ph/D)J\ 100°°C, 2 S 14.1 13.1
Ramp 13 °C/min
(+)-128 (2)-129




3.5.5 Methods for Determination of Enantiomeric Excess

Table 3.5.2 Methods for determination of enantiomeric excess.

124

com d ) (R)
poun ) .
. ee assay assay enantiomer | enantiomer
entry (major . . .
. and column conditions retention retention
enantiomer) . . . .
time (min) | time (min)
OMe OH
HPLC 3%
I OB-H EtOH/hexanes 1.5 214
(-)-73
OH
"B”Q/k HPLC 0.25%
. ()
2 . AD iPrOH/hexanes 16.8 15.1
t+Bu
(-)-76
OH
A HPLC 2%
3 @ OJ EtOH/hexanes 14.0 122
(-)}-94
OH
. HPLC 1%
4 \© AD EtOH/hexanes 2.7 8.9
(-)-95
OH o
GC 50 °C
5 Ramp 1 34.6 37.0
GTA o }
(~)-96 C/min
OH
a Br HPLC 1%
6 \C AD EtOH/hexanes 167 153
(-)-97
OH
FBuo GC 80 °C
7 \© GTA isothermal 53.4 52.5
(S)-98
OH
A HPLC 1%
8 \é OJ EtOH/hexanes 12.0 13.2
(5)-99
' 70 °C
9 GC Ramp 1 15.8 17.8
GTA o :
(-)-100 C/min
OH
a Br HPLC 1%
10 \é 0OJ EtOH/hexanes 26.2 28.8
(S)-101
OH
i-BuO GC 80 OC
1 GTA isothermal 21.6 25.7
(S)-102
OH o
GC 50 °C
12 Ramp 3 18.7 19.0
GTA o :
(-)-103 C/ min

* Assayed as the p-NBz derivative by treatment of the aliquot with p-NBzCl and DMAP in CH,Cl,.
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compound S) ( R)
t P . €e assay assay enantiomer | enantiomer
entry (mfljor and column conditions retention retention
enantiomer) time (min) | time (min)
OH
N OD-H EtOH/hexanes 12.4 10.3
(-)-105
OH GC 70 OC
i é Ramp 1 36.3 35.7
GTA 3 ‘
(+)-100 C/min
OH
.\‘ HPLC 3%
i ) 11 OD-H EtOH/hexanes 23.3 18.5
OH
.\‘ HPLC 8%
N (+) 112 OB-H EtOH/hexanes 14.4 7.5
MeO O OH
.\‘ HPLC 4%
i (+)-113 & AS EtOH/hexanes 115 15.9
F. Q OH
.\‘ HPLC 4%
’ (+) 114 OB-H EtOH/hexanes 11.0 9.1
FsC Q OH
.\‘ HPLC 20
N (+) ‘ OD-H EtOH/hexanes 15.3 14.0
+)-115
OH
Q HPLC 3%
" ( )-116 ' AS EtOH/hexanes 11.4 13.2
OH
¢ N HPLC 10%
. <o Q O OB-H EtOH/hexanes 26.8 11.0
(+)-117
OH
22 - HPLC 4% i —
’ AD EtOH/hexanes : .
(+)-118
OH
O HPLC 3%
. ‘ AD EtOH/hexanes 21.9 16.4
(—)-1190
H
' * HPLC 3%
- S OB-H EtOH/hexanes 9.6 7.9
(-)-120 .
F O H
' * HPLC 5%
. 2.3
” O OB-H EtOH/hexanes 18.2 2
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Table 3.5.2 continued

compound &) (R)
poun . |
' ce assay assay enantiomer | enantiomer
entry (major a : ‘
: and column conditions retention retention
enantiomer) ! ‘ ! )
time (min) | time (min)
OH
HPLC 3%
2 MeO,C AD EtOH/hexanes 23.0 26.0
(-)-122
OH
HPLC 2%
77 MeO,C OB-H iPrOH/hexanes 20.8 229
(-)-123
OH
Ph” I j HPLC 4%
28 MeO,C OD-H EtOH/hexanes 10.2 11.5
(-)-124
OH
GC 40 °C
> Yi; GTA isothermal 10.8 11.3
OH
HPLC 2% .
o Phﬁi\ OD-H | EtOH/exanes | 1 17.8
(o}
~AN HPLC 2% C
! i (_-1)\:'129 OD-H EtOH/hexanes 7.9 8.5
OH
HPLC 3% )
2 Phﬁi\ OD-H EtOH/hexanes 8.8 10.1
[o]
> HPLC 39 e
» Ph?)“_‘g,j\ OD-H EtOH/hexanes 6.9 1.5
OH
PPN HPLC 2% f
" e OD-H | EtOH/exanes | 207 14.6
./ ’ HPLC 2%
» W oJ EtOH/hexanes 32.6 22.8
He 161
Q ) HPLC 2%
¥ I oJ EtOH/hexanes 13.4 15.3
Hc.162
MeO
37 ) ¢y | HPLC 4% e o
HO K 0J EtOH/hexanes . .
163

® Retention time for the (1S, 1°S, 2°S) enantiomer (shown). © Retention time for the (1’R, 2’R) enantiomer
(shown). ¢ Retention time for the (1S, 1°S, 2°R) enantiomer (shown). ¢ Retention time for the (1°’R, 2°S)
enantiomer (shown). " Retention time for the (1S, I’R, 2’R) enantiomer (shown).
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compound ($) R)
entr (major €e assay assay enantiomer | enantiomer
Y ena nticj)mer) and column conditions retention retention
time (min) | time (min)
F;C
38 ./ ’ HPLC 2% L6 185
HO K oJ iPrOH/hexanes : :
164
[0}
" < HPLC 4% . -
o K oJ EtOH/hexanes : :
H
165
OO ’ HPLC 4%
0 £ 0OJ EtOH/hexanes 12.7 14.1
166
° HPLC 4%
H % oJ EtOH/hexanes 12.3 10.9
167
Q HPLC 3%
2 wo OD-H EtOH/hexanes 13.1 10.7
168
HPLC 2%
? oo 0OJ EtOH/hexanes 14.2 19.2
03 100 °C
44 <I> (?F(i Ramp 1 28.8¢ 29.2
170 °C/min

¢ Retention time for the (S, S) enantiomer (shown).
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(65) The decreased enantiomeric excess for this substrate is presumably due to

competing 1,3-rearrangement, leading to partial racemization.
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Spectra Relevant to Chapter 3
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Figure Al.2 Infrared spectrum (thin film/NaCl) of compound (-)-74.
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Figure Al.3 C NMR (75 MHz, CDCI,) of compound (-)-74.
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Figure Al.5 Infrared spectrum (thin film/NaCl) of compound (-)-76.

] L‘

180 160 140 120 100 80 60 40 20 ppm

Figure Al1.6 C NMR (75 MHz, CDCI,) of compound (-)-76.
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Figure Al.8 Infrared spectrum (thin film/NaCl) of compound (-)-96.
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Figure Al.11 Infrared spectrum (thin film/NaCl) of compound (S)-
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Figure Al.17 Infrared spectrum (thin film/NaCl) of compound (+)-
112.
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Figure A1.18 “C NMR (75 MHz, CDCl,) of compound (+)-112.
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Figure A1.20 Infrared spectrum (thin film/NaCl) of compound (+)-
113.
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Figure A1.21 “C NMR (75 MHz, CDCI,) of compound (+)-113.
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Figure Al1.24 “C NMR (75 MHz, C,D;) of compound 202.
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Figure Al1.26 Infrared spectrum (thin film/NaCl) of compound 203.
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Figure A1.27 "C NMR (75 MHz, CDCI,) of compound 203.
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Figure A1.29 Infrared spectrum (thin film/NaCl) of compound (+)-
114.
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Figure Al.32 Infrared spectrum (thin film/NaCl) of compound 205.
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Figure A1.33 C NMR (75 MHz, CDCI,) of compound 205.
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Figure Al.38 Infrared spectrum (thin film/NaCl) of compound 207.
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Figure A1.39 C NMR (75 MHz, CDCI,) of compound 207.
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Figure Al.44 Infrared spectrum (thin film/NaCl) of compound 209.
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Figure A1.45 “C NMR (75 MHz, CDCI,) of compound 209.
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Figure Al1.50 Infrared spectrum (thin film/NaCl) of compound 212.
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Figure A1.51 “C NMR (75 MHz, CDCI,) of compound 212.
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Figure A1.66 “C NMR (75 MHz, CDCI,) of compound 217.
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Figure A1.69 "“C NMR (75 MHz, CDCI,) of compound (-)-123.
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Figure Al.71 Infrared spectrum (thin film/NaCl) of compound 221.
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Figure A1.72 C NMR (75 MHz, CDCI,) of compound 221.
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Figure Al.77 Infrared spectrum (thin film/NaCl) of compound 152.
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Figure Al1.83 Infrared spectrum (thin film/NaCl) of compound 154.
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Figure A1.84 C NMR (75 MHz, CDCI,) of compound 154.
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Figure A1.86 Infrared spectrum (thin film/NaCl) of compound 155.

MMMMW P,

180 160 140 120 100 80 60 40 20 ppm

Figure A1.87 C NMR (75 MHz, CDCI,) of compound 155.
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Figure Al1.89 Infrared spectrum (thin film/NaCl) of compound 156.
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Figure A1.90 “C NMR (75 MHz, CDCI,) of compound 156.
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Figure A1.92 Infrared spectrum (thin film/NaCl) of compound 157.
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Figure A1.93 C NMR (75 MHz, CDCI,) of compound 157.
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Figure Al1.95 Infrared spectrum (thin film/NaCl) of compound 158.
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Figure A1.96 “C NMR (75 MHz, CDCI,) of compound 158.
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Figure Al1.98 Infrared spectrum (thin film/NaCl) of compound 159.
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Figure Al1.101 Infrared spectrum (thin film/NaCl) of compound 160.

m

180 160 140 120 100 80 60 40 20 ppm

Figure A1.102 "C NMR (75 MHz, CDCI,) of compound 160.
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Figure Al.104 Infrared spectrum (thin film/NaCl) of compound 161.
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Figure A1.105 "“C NMR (75 MHz, CDCI,) of compound 161.
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Figure Al1.107 Infrared spectrum (thin film/NaCl) of compound 162.
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Figure A1.108 C NMR (75 MHz, CDCl,) of compound 162.
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Figure Al.110 Infrared spectrum (thin film/NaCl) of compound 163.
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Figure Al1.111 “C NMR (75 MHz, CDCl,) of compound 163.
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Figure Al.113 Infrared spectrum (thin film/NaCl) of compound 164.
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Figure Al.114 “C NMR (75 MHz, CDCl,) of compound 164.
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Figure Al.116 Infrared spectrum (thin film/NaCl) of compound 165.
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Figure Al1.117 “C NMR (75 MHz, CDCI,) of compound 165.
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Figure Al.119 Infrared spectrum (thin film/NaCl) of compound 166.
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Figure A1.120 “C NMR (75 MHz, CDCI,) of compound 166.
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Figure Al.122 Infrared spectrum (thin film/NaCl) of compound 167.
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Figure A1.123 "C NMR (75 MHz, CDCI,) of compound 167.
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Figure Al.125 Infrared spectrum (thin film/NaCl) of compound 168.

|

1 Ly

220

g L L

"

'“ ‘I‘L

180

160 140 120 100 80

60

40

20

Figure A1.126 C NMR (75 MHz, CDCI,) of compound 168.

ppm



221

wdd

— o

'691 punodwod jo ([DAD ‘ZHIN 00€) IINN H, 21TV 24n81,]

€ 1%

S
,

9
,

L
,

S

—

7




894 _
88 ]

86

84

82 ]

80

78

76|

74

72 |

%T

70|

68 ]

66

64

62

60 |

58]

56
55.0

222

T
4000.0 3000

1
700.0

Figure Al.128 Infrared spectrum (thin film/NaCl) of compound 169.

V

o iniapn

180 160 140

20 ppm

Figure A1.129 "“C NMR (75 MHz, CDCI,) of compound 169.



223

"0LT punodwod jo ([DAD ‘ZHIN 00€) IINN H, 0£1°[V 24n81,]

I € 1% S 9 L

L




224

106.6_

104 |
102 |
100 |
98 |
96 |
94
92

90 ]

88 ]
%t 86
84

82 ]

80

78 |

76 |

74

72 |

70|

68.0

T T T T 1
4000.0 3000 2000 1500 1000 700.0
em-1

Figure Al.131 Infrared spectrum (thin film/NaCl) of compound 170.

180 160 140 120 100 80 60 40 20 ppm

Figure A1.132 C NMR (75 MHz, CDCI,) of compound 170.



225
CHAPTER 4

Advanced Catalyst Design in the Oxidative Kinetic Resolution

4.1 Background and Introduction

The development of improved catalysts for the oxidative kinetic resolution of
secondary alcohols is critical to the enhanced utility of this process. Better catalysts
provide more selective oxidations of a broader range of substrates in shorter reaction
times, while maximizing the operational simplicity and safety of the transformation.
Thus, the exploration of alternative systems for the aerobic enantioselective oxidation of
secondary alcohols is of great value.'

Initial efforts in the area of enantioselective alcohol oxidation were based on the
mild aerobic oxidation reported by Uemura.” Eric Ferreira, a graduate student in these
laboratories, discovered that the use of the commercially available diamine (—)-sparteine
(28) as a chiral additive with Pd(OAc), under an atmosphere of molecular oxygen could
provide kinetic resolution of (+)-1-phenylethanol ((x)-25), albeit in low conversion and

with modest selectivity (Scheme 4.1.1).**

Scheme 4.1.1 Resolution with (-)-sparteine and Pd(OAc),.

N\
OH [0} OH
28 (20 mol%)
> +
Pd(OAc), (5 mol%)
MS3A, PhCH; (0.1 M)
(2)-25 80°C,24h 26 (-)-25
(15.1% conversion) 13.7% ee, s =8.8

Catalyst modification was aided by an investigation of the mechanism for the
oxidation, as proposed by Uemura (Scheme 4.1.2).> Throughout the catalytic cycle,

from initial alcohol coordination to form palladium alkoxide 228, to subsequent f3-
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hydride elimination to form palladium hydride 229, and to reaction with molecular

oxygen to generate palladium peroxide 230, counterion X is coordinated to the metal
center. It was proposed that varying this counterion by changing the palladium catalyst

precursor would have a marked effect on the reactivity and the selectivity of the system.

Scheme 4.1.2 Proposed mechanistic role of counterion.

OH
R1J\R2
()22 HX R2
X o
LnPd:X andf _<n1 H,0, —» 1/20, + H,0
X

IJLRZ JO\H

23 R "R
M OOH  (¢)-22

Indeed, this reaction displays a strong catalyst counterion dependence (Table
4.1.1). A palladium(0) precursor (entry 2), in which the counterion in presumed
palladium(Il) intermediates 228, 229, and 230 are not clear, provided reasonable levels of
oxidation but decreased selectivity. Palladium precursors with chloride counterions
(entries 3 and 4) led to more reactive and selective catalyst systems than those with
acetate (entry 1), with Pd(nbd)Cl, emerging as the most effective palladium source.
Interestingly, the use of a palladium bromide source (entry 5) led to rapid palladium

aggregation and little oxidation.’
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Table 4.1.1 Palladium source screen in toluene.

OH Pd source (5 mol%) o OH
(-)-sparteine (28, 20 mol%) _ .
©)\ 0,(1atm), MS3A ©)J\ ©/'\
PhCHj (0.1 M), 80 °C
(%)-25 26 (-)-25
entry Pd source time conversion? alcohol ee® s
1 Pd(OAc), 24 h 15.1% 13.7% 8.8
2 Pd,(dba)s 55 h 66.2% 81.5% 5.7
3 PdCl, 96 h 62.6% 98.0% 16
4 Pd(nbd)Cl, 96 h 59.9% 98.7% 23
5¢ PdBr, 60 h 5.4% 5.0% 16

“ Measured by GC. ® Measured by chiral HPLC. ¢ Pd black observed.

Theoretical calculations by the Goddard group confirmed the importance of the
counterion for selectivity in the resolution.” The rate-limiting step in the catalytic cycle
was found to be B-hydride elimination from the palladium alkoxide intermediate.” The
counterion has a critical role imparting stereoselectivity to the process by occupying an
open apical position in the B-hydride elimination transition state (Figure 4.1.1).
Calculations correctly predicted the observed selectivity difference between larger
chloride and smaller acetate counterions. Additionally, little selectivity (s = 1.5) was

anticipated in the absence of a counterion.
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Figure 4.1.1 Theoretical calculations on the enantioselective oxidation.
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Further evidence demonstrating the key interaction between the counterion and
sparteine ligand in imparting selectivity and reactivity was found in X-ray
crystallographic analyses of palladium complexes relevant to the kinetic resolution.
Crystallographic analysis of Pd(sparteine)Cl, (66), a catalyst precursor performing
identically in the resolution to Pd(nbd)Cl, and 5 mol% (-)-sparteine (28), revealed a
significant distortion in the square plane about the metal center (Figure 4.1.2).*® The sum
of the six angles around the metal center is only 705.99°, compared to 720° in an ideal
square planar geometry. The majority of this deviation from planarity is due to chloride
Cl2. Near the projecting N2 piperidine ring of the sterically crowded C, symmetric (-)-

sparteine ligand, chloride CI2 is deflected about 9.9° out of the plane of the metal
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complex (180° — ZN1-Pd—Cl2). This deformation is substantially larger than that for the

less active kinetic resolution catalyst Pd(sparteine)(OAc), (231, Figure 4.1.3), in which

the sum of the six angles about the palladium center and acetate deflection are 711.36°

and 5.4°, respectively.’

Figure 4.1.2 Structure of Pd(sparteine)Cl,.

P— L ) N\
N1 N2 \
Select bond lengths (A) and angles (°) I
P-N1  2.127(3) N1-Pd-N2  87.51(10)° = Pd
Pd-N2 2.096(2) CHH-Pd-Cl2  83.09(3)° \
Pd—-CI1  2.3161(9) N2-Pd-ClH 176.24(7)°
Pd-Cl2 2.3150(8) N1-Pd-CI2  170.06(8)° .
N1-Pd-Cl1  95.65(8)°
)

N2-Pd-Cl2  93.44(7
X/ 705.99°
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Figure 4.1.3 Structure of Pd(sparteine)(OAc),.

I
/“FjL 23
¢

)
\ N1 AZ\ \\
JPd
Select bond lengths (A) and angles (°)
Pd-N1 2.096(2) N1-Pd-N2  88.41(8)°
02

Pd-N2  2.066(3) O1-Pd-02  82.58(9)° '01 L
Pd-O1 2.021(2) N2—Pd-0O1 176.83(10)° /
Pd-02  2.030(2) N1-Pd-02  174.65(9)° \

N1-Pd-O1  94.22(8)°
N2-Pd-02  94.67(9)°
s 711.36°

Raissa Trend, a graduate student in these laboratories, synthesized a number of
palladium complexes to better understand the structural features and reactivity of
Pd(sparteine)Cl, (66). Utilizing a trifluoromethyl derivative of (R)-1-phenylethanol ((+)-
25), which is the faster reacting enantiomer in the oxidative kinetic resolution, she was
able to prepare alkoxide 232 (Figure 4.1.4).® This complex is even more distorted from
an ideal square plane than Pd(sparteine)Cl,. The sum of the six bond angles around the
metal center is 701.58°, and the chloride deflection is 15.4°. Interestingly, the benzylic
C-H bond of the alkoxide aligned with the Pd-Cl bond. This orientation is expected to be
similar to that required to displace the chloride ligand and form a f3-agostic interaction
between the benzylic C—H bond and the palladium center in the calculated transition state
for B-hydride elimination. Presumably, $-hydride elimination does not occur because the
electron-withdrawing trifluoromethyl group disfavors the formation of an actual 3-

agostic interaction in this complex.
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Figure 4.1.4 Structure of palladium alkoxide 232.

| N
™ Pd / T~
LN
O\//\ X ®Cl
Select bond lengths (A) and angles (°) \ \

Pd-N1  2.1243(17) N1-Pd-N2  88.07(6)° Q\ C} <\ ; ™~
Pd-N2 2.0925(16) O-Pd-Cl  87.71(4)° % )
Pd-O 2.0012(14) N2-Pd-O 176.27(6)° \
Pd-Cl 2.3316(5) N1-Pd-Cl  164.59(5)° -

N1-Pd-O  89.78(6)°
N2-Pd-Cl  95.16(4)°
S, 701.58°

Based on crystallographic studies, as well as kinetic” and theoretical® work in this
area, a model for reactivity and selectivity in the oxidative kinetic resolution was
developed (Scheme 4.1.3, R" = large substituent, R® = small substituent).® When a
racemic alcohol mixture is exposed to Pd(sparteine)Cl, (66), a diastereomeric mixture of
palladium alkoxides 233 and 235 are formed. Complex 233, formed with the faster
reacting enantiomer of alcohol, proceeds through a [-hydride elimination transition state
(234) similar to trifluoromethyl alkoxide 232, in which the chloride counterion has been
fully displaced into the apical position of the palladium complex. Subsequent 3-hydride
elimination leads to product ketone. Diastereomeric complex 235, on the other hand, is
unable to proceed through an intermediate similar to alkoxide 232 without destabilizing

steric interactions between R" and the chloride counterion. This unfavorable interaction



232

is even greater in transition state 238. Alternatively for complex 235, the C—H bond
could approach the palladium center from the opposite side of the square plane, as in
complex 237. However, this geometry would be expected to lead to destabilizing
interactions between R" and one of the piperidine rings of the sparteine framework, as
well as deflecting the chloride counterion into the other piperidine ring, which projects
over the square plane of the complex. Thus, diastereomer 235 is reprotonated to form the

resolved alcohol.

Scheme 4.1.3 Model for selectivity of the resolution.
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4.2 Counterion Studies in the Kinetic Resolution
4.2.1 Phenoxides

The previous computational and crystallographic studies have demonstrated the
importance of the counterion for selectivity in the oxidation. However, the observed

counterion distortion in a number of palladium complexes is intriguing. The greater the
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counterion deflection in the complex, the more the geometry of the complex resembles
that of the -hydride elimination transition state. We reasoned that a complex with a
greater counterion distortion might have a lower energy barrier to the rate-limiting f3-
hydride elimination, leading to increased rates of alcohol oxidation. Therefore, the
interaction between the (—)-sparteine ligand and the counterion could be important for
both selectivity and reactivity in the kinetic resolution. This hypothesis could explain
why Pd(sparteine)Cl, (66) is both more selective and more reactive as a catalyst than
Pd(sparteine)(OAc), (231). Because of the critical role of counterion in the resolution,
this area has been explored further to potentially provide even better catalysts for this
useful transformation.

Jeffrey Bagdanoff, a graduate student in these laboratories, initiated a project
utilizing salts of alcohols either resistant to B-hydride elimination or lacking B-hydrides
completely as counterions in the resolution.” These counterions were expected to be
easily modifiable, allowing for greater control of steric and electronic properties of the
resulting palladium complex. Indeed, Jeffrey Bagdanoff was able to prepare and
crystallize Pd(sparteine)(OCFs), (239) by simply stirring dichloride complex 66 with two
equivalents of the sodium salt of pentafluorophenol (Figure 4.2.1). This complex
exhibits a distorted square planar geometry, with the sum of the six bond angles around
the palladium center and N1-Pd—O2 deflection of 710.98° and 7.5°, respectively. Based
on our hypothesis, the bond angles observed suggested that this palladium complex

would be less active in the oxidative kinetic resolution than Pd(sparteine)Cl, (66).



Figure 4.2.1 Structure of Pd(sparteine)(OCFs),.
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When generated in situ, Jeffrey Bagdanoff found that complex 239 was a poor

catalyst for the enantioselective aerobic oxidation of (+)-1-phenylpropanol ((+)-83) (entry

3, Table 4.2.1). Indeed, use of the sodium salt of trifluoroethanol as the counterion also

led to little oxidation (entry 2). Modest reactivity and selectivity was observed with

sodium phenoxide (entry 4), although the control reaction without alkoxide was better

(entry 1). Electron-rich phenoxides, however, provided much more promising results.

Increased oxidation rates and selectivity were observed, leading to high enantiomeric

excess of alcohol (—)-83 (entries 5 and 6).



235
Table 4.2.1 Phenoxide screen with (+)-1-phenylpropanol.

OH Pd(sparteine)Cl, (66, 5 mol%) o OH
(-)-sparteine (28, 7 mol%)
. +
alkoxide?
0, (1 atm), MS3A
(2)-83 CHCl,, 35°C, 24 h 240 (-)-83
entry alkoxideP conversion® alcohol eed s
1 none 36.5% 53.1% 27
2 NaOCH,CF, 1.2% 0.0% -
3 NaOCqFs 3.1% 1.8% 3.6
4 NaOPh 22.8% 25.1% 16
OMe
5 56.4% 97.3% 30
NaO OMe

NaO O OMe
6 Q 48.2% 83.6% 49

 Pd(sparteine)Cl, (66), (—)-sparteine (28), and alkoxide were sonicated in CHCl; 1 h prior to addition of
(+)-83. " Prepared by treatment of the corresponding alcohol with Na (1 equiv) in toluene followed by
concentration under reduced pressure. © Measured by GC. ¢ Measured by chiral HPLC.

Further efforts in this area sought to build upon Jeffrey Bagdanoff’s results with
electron-rich phenoxides. Many of the corresponding phenols are commercially
available. Furthermore, the sodium alkoxides are readily prepared by treatment of the
phenol with metallic sodium in toluene, so a large number of phenoxides can be screened
quickly. Generally, the more electron-rich phenoxides provide higher oxidation rates in
the kinetic resolution of alcohol (+)-25 (Table 4.2.2, entries 3-5) as compared to the
previously reported conditions with cesium carbonate (entry 1)."" Phenoxides with ortho
substituents produce less active catalyst systems (entry 7), though these reactions still
proceed to high alcohol enantiomeric excesses at prolonged reaction times. Addition of
naphthoxides can lead to faster oxidation rates (entries 8 and 9) or slower rates with

somewhat higher selectivity (entry 10).
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Table 4.2.2 Phenoxide screen with (+)-1-phenylethanol.

OH  Pd(sparteine)Cl, (66, 5 mol%) o OH
(-)-sparteine (28, 7 mol%)
- +
phenoxide®
0, (1 atm), MS3A
(x)-25 CHCl,, 23 °C 26 (-)-25
entry phenoxide® time conversion® alcohol ee? s
1¢ none 24 h 58.3% 97.8% 24
2 NaO—@—OMe 24 h 50.4% 85.7% 32
OMe
3 16 h 55.4% 94.0% 25
NaO OMe
OMe
4 Nao—Q 16h 51.6% 87.6% 29
OMe
OMe
5 NaOQOMe 16h 60.0% 99.5% 28
OMe
MeO OMe
6 24 h 54.6% 93.5% 27
NaO
MeO
7 NaO@ 98 h 62.5% 98.1% 17
MeO
NaO.
8 24 h 66.7% >99.5% >15
OMe
NaO
9 16 h 55.5% 95.0% 27
MeO
10 24 h 42.2% 64.8% 32

s

* Pd(sparteine)Cl, (66), (-)-sparteine (28), and alkoxide were stirred in CHCI; 1 h prior to addition of (+)-
25. " Prepared by treatment of the corresponding phenol with Na (1 equiv) in toluene followed by
concentration under reduced pressure. ¢ Measured by GC. ¢ Measured by chiral HPLC. ¢ Cs,CO; (40 mol%)
was added.
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While (£)-1-phenylethanol ((£)-25) was able to be resolved with a number of

added phenoxides, a more challenging substrate for the enantioselective oxidation was
sought in order to highlight the beneficial role of these additives. Alcohol (+)-73 was a
problematic substrate for the previously developed conditions, generally being resolved
only at extended reaction times and with modest selectivity. Thus, phenoxides were
explored in order to improve this resolution (Table 4.2.3). Many of the previously
investigated phenoxides (entries 2-4, 6-8, 13, 14, and 18) lead to results that are not
substantially different than those with cesium carbonate (entry 1). A number of other
phenoxides (entries 5, 9-11, and 15) provide decreased oxidation rates. However, several
naphthoxides (entries 12, 16, and 17) result in promising improvements in the selectivity

of the kinetic resolution of this alcohol.
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Table 4.2.3 Phenoxide screen with secondary alcohol (+)-73.

OMe OH Pd(spartein.e)CIz (66, 5 mol%) OMe O OMe OH
(-)-sparteine (28, 7 mol%)
> +
phenoxide?
0, (1 atm), MS3A
(%)-73 CHClj3, 23 °C 222 (-)-73
entry phenoxide® time conversion® alcohol eed s
18 none 46 h 48.3% 66.0% 11
2 NaO—@—OMe 46h 42.7% 523% 95

3 46 h 55.6% 82.6% 12
4 NaO OMe 114 h 69.8% 99.1% 12
R
5 R =Me 114 h 45.2% 54.8% 8.5
NaO
6 R = OMe 46 h 50.4% 72.3% 13
R

OMe
7 NaoQ—OMe 46h 46.8% 63.6% 12
OMe
8 R R =Me 46 h 48.8% 65.7% 11
9 R=Cl 118h 39.3% 49.3% 12
NaO
10 R = OMe 118h 46.8% 61.9% 11
NMe,
11 118h 62.1% 92.8% 12
NaO
12 NaO R=H 62 h 56.8% 88.8% 15
13 o R=OMe  46h 46.9% 65.1% 13
NaO
14 46h 42.6% 56.7% 13
MeO
15 NaO O r R=H 115h 49.8% 67.8% 11
16 R=cCl 115h 36.7% 50.2% 23
17 O R=OMe  114h 47.5% 73.9% 22

NaO
18 \©:) 46h 45.7% 58.6% 10

* Pd(sparteine)Cl, (66), (-)-sparteine (28), and alkoxide were stirred in CHCI; 1 h prior to addition of (+)-
73. " Prepared by treatment of the corresponding phenol with Na (1 equiv) in toluene followed by
concentration under reduced pressure. © Measured by GC. ¢ Measured by chiral HPLC. ¢ Cs,CO; (40 mol%)
was added.
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The similar results for a wide range of phenoxides as additives in the kinetic
resolution imply that instead of forming a discrete palladium phenoxide complex, the
electron-rich phenoxides could just be acting as soluble bases. Some evidence indicating
that palladium phenoxides are forming in situ include the isolation and crystallographic
analysis of Pd(sparteine)(OCF;), (239) and the impact of steric effects on the rates of
oxidation with some phenoxides (Table 4.2.3, entries 9, 10, and 15-17). Unfortunately,
the isolation of palladium complexes with more electron-rich phenoxides that are active
precatalysts in the oxidative kinetic resolution has been unsuccessful to date.

For further studies, two enantiomeric BINOL-derived phenoxides were prepared'
and used as additives in the kinetic resolution (Table 4.2.4). While there is a difference
in the initial oxidation rates of the resolutions, the outcomes of the resolutions are nearly
identical, with selectivity factors of 20-21 in both cases. Either no palladium phenoxide
complexes are formed in these reactions and the phenoxides are acting as soluble non-
enantioselective bases, or the enantiomeric BINOL-derived phenoxides impart no chiral
influence on the reaction when the two diastereomeric palladium phenoxide complexes

are formed in situ.
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Table 4.2.4 BINOL-derived phenoxides as additives.

OH  Pd(sparteine)Cl, (66, 5 mol%) o OH
(-)-sparteine (28, 7 mol%)
. +
phenoxide?
0, (1 atm), MS3A
(£)-25 CHClj, 23 °C 26 (-)-25
entry phenoxide® time conversion® alcohol eed s

1 OO ome 19N 37.7% 51.3% 20
2 O O ONa 43 62.7% >99% >21
3 OO ome  19h 50.4% 80.4% 21
4 O O ONa 43, 61.4% >99% >21

* Pd(sparteine)Cl, (66), (-)-sparteine (28), and alkoxide were stirred in CHCI; 1 h prior to addition of (+)-
25. " Prepared by treatment of the corresponding phenol with Na (1 equiv) in toluene followed by
concentration under reduced pressure. © Measured by GC. ¢ Measured by chiral HPLC.

If a palladium bis-phenoxide complex is forming in situ, then the catalyst
precursor should have little influence on the outcome of the resolution. To test this
hypothesis, the sodium salt of 6-methoxy-2-naphthol was added to resolutions with a
number of palladium precursors (Table 4.2.5). As described previously, reaction rate and
selectivity are similar with Pd(sparteine)Cl, (66) and cesium carbonate or the
naphthoxide (entries 1 and 2). However, in the case of Pd(sparteine)(OAc), (231) or
Pd(sparteine)(TFA), (241),"” which both display decreased selectivity with cesium
carbonate (entries 3 and 5, respectively), a substantial improvement in the s factors is
observed on addition of naphthoxide (entries 4 and 6). While the catalysts in these
systems are still not as active as in the case of dichloride complex 66, these results still
demonstrate that phenoxides can have a large impact on the selectivity of the kinetic

resolution. Because the selectivity is dictated by [-hydride elimination from a palladium
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alkoxide complex, these results present strong evidence for the formation of palladium

phenoxide complexes in situ.

Table 4.2.5 Counterion variation with phenoxides.

OH Pd(sparteine)X, (5 mol%) (o] OH
(-)-sparteine (28, 7 mol%)
= +
additive?
0, (1 atm), MS3A
(2)-25 CHCl3, 23 °C 26 (—)-25
entry X additive® time  conversion®  alcohol ee? s
1 cl Cs,CO03 (40 MoI%) 24 h 58.3% 97.8% 24
NaO
2 (¢]] (10 mol%) 24 h 56.7% 97.6% 30
OMe
3 OAc Cs,CO;3 (40 mol%) 48 h 54.4% 72.8% 8.8
NaO
4 OAc (10 mol%) 48 h 35.8% 50.2% 31
OMe
5 TFA Cs,C03 (40 mol%) 48 h 60.4% 85.0% 9.1

NaO
6 TFA (10mol%)  48h 50.4% 95.0% 17
OMe

* Pd(sparteine)X,, (—)-sparteine (28), and alkoxide were stirred in CHCl, 1 h prior to addition of ()-25. °
Phenoxide prepared by treatment of the phenol with Na (1 equiv) in toluene followed by concentration
under reduced pressure. ¢ Measured by GC. ¢ Measured by chiral HPLC.

4.2.2 Bromide as Counterion in the Resolution

While phenoxides show promise in the oxidative kinetic resolution, other
counterions have also been explored. Eric Ferreira had previously shown that PdBr, was
not a good catalyst for alcohol oxidation at 80 °C (Table 4.1.1). The reaction rapidly
darkened, indicating the aggregation of palladium(0). However, a crystal structure of
Pd(sparteine)Br, (242) obtained by Raissa Trend led to a reinvestigation of bromide as a

4

counterion."'* As shown in Figure 4.2.2, the square plane of this complex is quite

distorted. The sum of the six bond angles around the palladium center is 699.22°, largely
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due to the 14.0° deflection of Br2 out of the plane. This much larger counterion
distortion suggests that dibromide complex 242 could be a more active catalyst for the

oxidative kinetic resolution than dichloride complex 66.

Figure 4.2.2 Structure of Pd(sparteine)Br,.

Br1 / ]\
N1 Pd N2 . ‘
\ —_ / S
| @ Br2 & VAN
S — ( \ N1 N2 { ~
Select bond lengths (A) and angles (°) ! ‘
Pd-N1 2.1510(18) | N1-Pd-N2 87.43(7)° 9= Pd
Pd-N2 2.1184(16) | Bri-Pd-Br2  84.155(10)°
Pd-Bri  2.4560(3) N2-Pd-Bri  171.20(5)° Br2
Pd-Br2 2.4474(3) N1-Pd-Br2  165.96(5)° Bri
N1-Pd-Br1  96.25(5)°
N2-Pd-Br2  94.22(5)°
S, 699.22°

To more easily distinguish between the oxidation rates and selectivities of various
catalysts, oxidations with the faster reacting enantiomer of 1-phenylethanol ((+)-25) were
conducted (Table 4.2.6). In reactions conducted in chloroform at 23 °C, Pd(sparteine)Br,
(242, entry 2) displays the highest reactivity, achieving 72.0% conversion to
acetophenone (26) in only 4 h. Pd(sparteine)Cl, (66, entry 1) is significantly less active,
providing 38.9% conversion. Several other palladium complexes (entries 3-5) have even

lower rates of oxidation.
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Table 4.2.6 Rate of oxidation of various palladium precatalysts.

OH Pd source (5 mol%) (o]
: (-)-sparteine (28, 7 mol%)
©/\ 0, (1 atm), MS3A o
CHCI3, 23°C,4 h
(+)-25 26
entry Pd source conversion?
1 Pd(sparteine)Cl, (66) 38.9%
2 Pd(sparteine)Br, (242) 72.0%
3 Pd(sparteine)l, (243) 17.5%
4 Pd(sparteine)(OAc), (231) 7.8%
5 Pd(sparteine)(TFA), (241) 30.3%

* Measured by GC.

In situ generation of the active catalyst with a number of palladium bromide
sources and 12 mol% (—)-sparteine (28) was investigated (Table 4.2.7). PdBr, leads to a
slower rate of oxidation (entry 1). The lower solubility of PdBr, may result in incomplete
formation of Pd(sparteine)Br, in situ and therefore less of the active catalyst in solution.
On the other hand, more soluble palladium bromide sources (entries 2-4) are viable as
catalyst precursors and provide similar rates and only slightly decreased selectivity

relative to the preformed complex (entry 5).

Table 4.2.7 Various dibromide precursors in the resolution.

OH Pd source (5 mol%) (o) OH
(-)-sparteine (28, 12 mol%)
> +
Cs,C0; (40 mol%), O, (1 atm)
CHCIj; (0.25 M), MS3A, 23 °C
(2)-25 26 (-)-25
entry Pd source time conversion? alcohol ee® s
1 PdBr, 24 h 52.1% 88.1% 27
2 Pd(CHCN).Br, (244)  45h 59.0% 97.6% 22
3 Pd(COD)Br, (245) 45h 59.0% 97.3% 21
4 Pd(nbd)Br, (246) 45h 48.2% 76.4% 23
5¢ Pd(sparteine)Br, (242) 4h 55.6% 95.6% 28

* Measured by GC. ® Measured by chiral HPLC. ¢ 7 mol% (-)-sparteine (28) added.
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The optimal solvent for reactions with Pd(sparteine)Cl, (66) was chloroform,' so
this solvent was chosen for the previous screens. However, a more thorough solvent
investigation was undertaken at 23 °C (Table 4.2.8). Chlorinated solvents lead to the
most rapid oxidations (entries 1-3). Dichloromethane has proven to be an even better
solvent for high reaction rates. However, selectivity is decreased slightly with this
solvent. Reactions in both acetone and 2-butanone (entries 5 and 6) display reasonable
reaction rates and maintain the selectivity of reactions conducted in chloroform.
Resolutions in tetrahydrofuran, fert-butyl alcohol, p-dioxane, and ethyl acetate (entries 9-
12) exhibit excellent selectivity, but at the cost of prohibitively long reaction times.
Toluene, a solvent successfully used previously in conditions with Pd(sparteine)Cl, (66),
also performs well with Pd(sparteine)Br, (242). Though much slower than in chlorinated
solvents or in acetone, oxidations are highly selective in toluene. Interestingly, N,N-
dimethylformamide and acetonitrile (entries 4 and 7) support oxidations at comparable
rates to acetone, but with substantially decreased selectivity. By and large, s factors are
higher for solvents with lower dielectric constants. The more polar solvents could
stabilize a larger counterion separation in the (-hydride elimination transition state,
resulting in the observed decreased selectivity. The general trends in reactivity are harder
to understand. Dielectric constants do not seem to account for the differences.” Catalyst
solubility could be an important factor, as Pd(sparteine)Br, (242) is poorly soluble in

most non-chlorinated solvents.
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Table 4.2.8 Solvent screen with Pd(sparteine)Br,.

OH Pd(sparteine)Br, (242, 5 mol%) 0 OH
(-)-sparteine (28, 7 mol%)
0, (1 atm), MS3A, 23 °C o "
MeO Solvent (0.25 M) MeO MeO
()-67 68 (-)-67

entry solvent dielectric constant  time  conversion® alcohol ee® s
1 CH,Cl, 8.93 2h 61.5% 96.4% 15
2 DCE 10.42 4h 56.6% 90.9% 17
3 CHCI; 4.81 4h 55.2% 91.9% 22
4 DMF 38.25 20 h 57.7% 73.0% 6.9
5 acetone 21.01 30h 55.9% 94.1% 23
6 2-butanone 18.56 30h 55.2% 91.6% 21
7 CH3CN 36.64 30h 54.7% 75.9% 10
8 PhCH;3 2.38 50h 52.1% 92.5% 41
9 THF 7.52 144 h 54.8% 97.8% 41
10 +-BuOH 12.47 195 h 55.2% 96.8% 34
11 p-dioxane 2.22 120 h 38.1% 59.3% 98
12 EtOAc 6.08 144 h 39.3% 61.6% 76
13 HyO:acetone (1:1) 80.10/21.01 72 h 19.8% 20.4% 13
14 MeNO, 37.27 120 h 10.6% - -
15 pinacolone 12.73 48 h 2.8% - -
16 MTBE - 48 h 1.3% - -

“ Measured by GC. ® Measured by chiral HPLC.

Optimization of conditions in toluene led to a number of useful resolution
conditions (Table 4.2.9). Added cesium carbonate has a beneficial effect on oxidation
rate in most resolutions with Pd(sparteine)Br, (242) in toluene (entries 3-5), as is the case
with Pd(sparteine)Cl, (66) as catalyst. However, this exogenous base is slightly
detrimental to the rate and selectivity of resolutions with dibromide complex 242
conducted at 23 °C (cf. entries 1 and 2). Presumably, the initial rate increase with added
exogenous base is offset by formation of Pd(sparteine)(CO;) (69), previously shown to be

an inactive palladium complex generated under kinetic resolution conditions with



246
Pd(sparteine)Cl, (66)."° Kinetic resolutions with dibromide complex 242 conducted at 60

°C under an atmosphere of molecular oxygen have exceptional rates (entry 3). As seen
previously by Eric Ferreira (Table 4.1.1, entry 5), reactions conducted above 60 °C with
Pd(sparteine)Br, (242) rapidly lose catalytic activity and become black, indicating
palladium(0) aggregation. This system is also viable under ambient air atmosphere
(entries 4 and 5). However, resolutions under ambient air in toluene must be conducted

below 60 °C to prevent catalyst decomposition.

Table 4.2.9 Pd(sparteine)Br, conditions in toluene.

OH Pd(sparteine)Br;, (242, 5 mol%) 0 OH
(-)-sparteine (28, 7 mol%)
: +
Cs,CO0; (40 mol%)
MeO PhCHj (0.25 M), MS3A MeO MeO
()-67 68 (-)-67
entry  temperature oxidant (1 atm) time conversion?  alcohol ee? s
1¢ 23 °C 0O, 50 h 52.1% 92.5% 41
2 23°C 0O, 72h 52.9% 88.6% 25
3 60 °C 0O, 3h 52.4% 92.7% 39
49 50 °C air 45h 57.0% 96.9% 26
5d 23°C air 50 h 54.8% 98.3% 44

* Measured by GC. ® Measured by chiral HPLC. © No Cs,CO;. ¢ Conducted with 15 mol% (-)-sparteine
(28).

Conditions with Pd(sparteine)Br, (242) as catalyst in either toluene at 60 °C or
chloroform at 23 °C are much more active in the oxidation of secondary alcohols than
similar conditions with Pd(sparteine)Cl, (66). Thus, we looked to apply these more
reactive systems to the kinetic resolution of alcohols that had proven challenging for our
previous systems.'” Table 4.2.10 displays a variety of secondary alcohols that require
prolonged reaction times to reach even modest enantiomeric excesses. Several hindered

benzylic alcohols (entries 1-3), enol ether 98 (entry 4), and non-activated alkyl alcohol
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136 (entry 5) are slow to oxidize under conditions with Pd(sparteine)Cl, (66) in

chloroform.

Table 4.2.10 Slow substrates with Pd(sparteine)Cl,.

Pd(sparteine)Cl, (66, 5 mol%)
OH (-)-sparteine (28, 7 mol%) (o} OH

- A, A
R'" "R?2  Cs,COj3 (0.4 equiv), O, (1 atm) R'" "R? R'" "R?
MS3A, CHCI; (0.25 M), 23 °C
entry alcohol, major enantiomer time conversion? alcohol ee® s

OH
1 @/'\ (-)-72 63 h 40.1% 49.2% 11
OH
2 O (-)-78 97h 51.2% 65.9% 8.5
H

o
3 O (—)-247 48h 21.8% -c -

OH
4 )\/0 (S)-98 74n 52.2% 85.9% 23

OH
Ph, 9 0
5 - (+)-136 93h 38.2% 46.9% 12

“ Measured by GC. ® Measured by chiral HPLC. ¢ Not determined.

When these alcohols are exposed to conditions with Pd(sparteine)Br, (242) in
chloroform, on the other hand, successful resolutions are achieved (Table 4.2.11).
Hindered benzylic alcohols (entries 6-10) are able to be resolved in reasonable times with
increased selectivity relative to conditions with dichloride complex 66. Even alkyl
alcohol 136 (entries 12 and 13), which lacks an adjacent activating group such as an

aromatic ring or alkene, can be resolved to high enantiomeric excess. Substrates that are
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successfully resolved with Pd(sparteine)Cl, (66) can also be selectively oxidized with
Pd(sparteine)Br, (242) (entries 1-5), but with substantially shorter reaction times. This
catalyst system is sufficiently active to perform oxidations at temperatures below 23 °C
too (entries 4 and 5). Finally, ambient air is competent as the terminal oxidant in these
resolutions (entries 2, 7, 9, and 13), providing comparable rates and selectivities to

reactions conducted under an atmosphere of molecular oxygen (entries 1, 6, 8, and 12).



Table 4.2.11 Substrate scope with Pd(sparteine)Br,.

Pd(sparteine)Br, (242, 5 mol%)

OH (-)-sparteine (28, 7 mol%) (0} OH
i UL
R'” YR2  Cs,COj; (0.4 equiv), O, (1 atm) R'” “R? R'” "R?
MS3A, CHCI; (0.25 M), 23 °C
entry alcohol, major enantiomer time conversion? (yield)? alcohol ee® s
1 OH 4h 55.6% (43%) 95.6% 28
)\ (-)-25
2d Ph 5h 55.3% 94.7% 27
OH
3 4h 59.4% (41%) 95.4% 17
(-)-67
48 8h 59.3% 96.9% 20
MeO
OH
5f /k/ (-)-83 24 h 59.9% 97.8% 20
Ph
OH
6 41h 63.5% (35%) 97.1% 14
(-)-72
7d 30 h 63.4% 96.2% 13
OH
8 O 24 h 59.6% (40%) 92.5% 14
(-)-78
9d 21 h 64.9% 98.5% 15
O
10 O (-)-247 15h 60.0% 91.2% 12
OH
11 )\/O\C (S)-98 48h 61.6% 97.0% 16
OH
12 Ph 49 h 58.0% (40%) 90.6% 15
. (+)-136
134 45 h 57.7% 91.0% 15
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* Measured by GC or '"H NMR. * Isolated yield of enantioenriched alcohol. ¢ Measured by chiral HPLC or

GC. ¢ Performed under ambient air. ¢ Performed at 10 °C. f Performed at 4 °C.

4.3 Neutral Ligand Studies

4.3.1 Background and Early Results

In addition to exploring the counterion ligand for the palladium catalyst, we have

also investigated the neutral ligand in the oxidative kinetic resolution. (—)-Sparteine (28)
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emerged as the sole successful ligand in early studies by Eric Ferreira.’ While the

commercial availability of this diamine made it an attractive ligand for this process, the
scarcity of its enantiomer (ent-(+)-28) was a major limitation to the broad utility of the
method."”™ Thus, we sought an alternative chiral ligand for the resolution."

Eric Ferreira and Jeffrey Bagdanoff explored a large number of potential ligands
for the oxidative kinetic resolution (Figure 4.3.1). A range of bisoxazolines, bispidines,
diamines, monoamines, and phosphines were examined. None of these compounds

promoted significant enantioselective oxidation of secondary alcohols."

Figure 4.3.1 Previously examined unsuccessful ligands.

o]

Ph

t-Bu

N™"pp

Our efforts built upon the lessons learned in these early experiments. Many

common ligands, such as electron-rich phosphines, are unstable to the aerobic conditions
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of the resolution. However, the system requires a sufficiently electron-rich ligand to
strongly coordinate to the palladium center, promote enantioselective oxidation, and
suppress palladium(0) aggregation. Monodentate ligands were anticipated to be too
labile and unable to impart enough of a chiral influence on the kinetic resolution to be
successful ligands.” Thus, diamines were targeted as oxidatively stable, bidentate
ligands for the resolution. As seen in Figure 4.3.2, a variety of diamine motifs were
investigated with Pd(nbd)Cl,. Not only was there no kinetic resolution under aerobic
conditions with any of the diamines, little non-enantioselective oxidation of secondary

alcohols was observed.

Figure 4.3.2 Ligands not promoting oxidative kinetic resolution.

Inspiration for additional research was taken from rate studies performed by
Jeffrey Bagdanoff (Table 4.3.1)."° He evaluated a variety of diamines in the oxidation of
(+)-1-phenylethanol ((+)-25). (—)-Sparteine (28) was a superior ligand for this reaction

(entry 1). A number of linear diamines were largely ineffective (entries 2-4), as were
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aromatic diamines (entries 7 and 8). Notably, only a diamine with a bispidine core

similar to (—)-sparteine (28) promoted substantial alcohol oxidation (entry 9).

Table 4.3.1 Oxidation rates with various diamines.

OH diamine (40 mol%) o
: Pd(nbd)Cl, (10 mol%)
©/\ 0, (1 atm), MS3A
PhCHj3, 80 °C, 22 h
(+)-25 26
entry diamine conversion? entry diamine conversion?
1 —)-sparteine (2 94.2% /\
C)-sp (28 6 —N N— 2.6%
\/
2 MezN/\/NMEZ 0.7%
7 74 A\ 2.2%
3 Me,N” " NMe, 8.8% —N N=
NMe 8 7 N\ 7 N\ 1.5%
4 M92N/\/\/ 2 3.8% =N N=
MeO
NMe, NMe, P%h
9 / 48.2%
5 Qe 3.0% \
“ SN

* Measured by GC.

The successful oxidation with a bispidine led us to diamine 248. O’Brien has
demonstrated the ability of this diamine to act as a (+)-sparteine mimic in a number of
processes (Scheme 4.3.1).”' The enantioselective deprotonation of Boc-pyrrolidine (249)
was accomplished by treatment with sec-butyllithium and diamine 248. Subsequent
trapping with chlorotrimethylsilane afforded silylpyrrolidine 250 in 90% ee.”> The
enantioselective deprotonation of cyclooctene oxide (251) provided alcohol 252 in 70%
yield and a modest 62% ee. Finally, the deracemization of (+)-BINOL ((+)-253) was
accomplished utilizing diamine 248 as a chiral promoter. Coordination of the diamine to

copper(I) chloride, oxidation to a copper(Il) species, coordination of diol (+)-253, thermal
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equilibration, and treatment with concentrated hydrochloric acid liberated

enantioenriched (+)-BINOL ((+)-253) in good yield and excellent enantiomeric excess.”'

Scheme 4.3.1 Diamine 248 in asymmetric transformations.

N N<pe

! 5 248 (1.3 equiv) &
> TMS

N : N N
B s-Buli (1.3 equiv) B
¢ Et,0, —78 °C °°
249 then TMSCI 250
(84% yield) 90% ee
248 (2.4 equiv) H _QH
s-BuLi (2.4 equiv) \
(o] .
Et,0, -78 °C
A H
251 (70% yield) 252

62% ee

OO 1. CuCl, 248 (2.8 equiv), air, sonicate, MeOH OO

OH 2. Ar, sonicate OH
OH 3. (£)-253, CH,Cl,, MeOH OH

O‘ 4. -25 °C, then conc. HCI (aq) OO

(86% yield)
(2)-253 (+)-253

98% ee

4.3.2 (-)-Cytisine-Based Diamines in the Oxidative Kinetic Resolution with PdCl,

We anticipated that this diamine framework would be excellent for the kinetic
resolution. Diamine 248 contains two coordinating, electron-rich tertiary amines that are
stable to oxidation. Furthermore, as in the case of (-)-sparteine (28), this diamine
contains a rigid bispidine core, which could provide a good chiral framework when
coordinated to the palladium center.

A variety of potential ligands related to diamine 248 are readily prepared from
(-)-cytisine (254). Substantial quantities of this alkaloid can be extracted from the seeds

23

of the common decorative tree Laburnum anagyroides, the Golden Chain Tree.” From
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this alkaloid, a number of known procedures can be followed to prepare diamines with a
range of N-substitution. Acylation of the secondary amine of alkaloid 254 generates a
number of amides in good to excellent yields (Scheme 4.3.2). Pyridone reduction with
Adams’ catalyst followed by exhaustive reduction with lithium aluminum hydride affords
diamines 248 and 260-263, with a variety of alkyl substituents.”** Alternatively,
reductive amination of (—)-cytisine (254) with acetone provides pyridone 264 in 95%

yield. Two-step reduction yields diamine 265.%

Scheme 4.3.2 Known syntheses of (—)-cytisine-based diamines.

o)

R 1.H,, PtO,, MeOH or EtOH

y

2. LiAlH,4, THF, 67 °C

(-)-cytisine (254) R = OMe, 255: 100% yield R' = Me, 248: 72% yield

1.2% w/w from Me, 256: 87% yleld Et, 260: 78% yield
Laburnum Anagyroides seeds Ph, 257: 91% yield Bn, 261: 83% yield
n-Pr, 258: 72% yield n-Bu, 262: 63% yield

t-Bu, 259: 95% yield Neopentyl, 263: 74% yield

(o]

<, “NH J\

\/ )J\ o N 1. H,, PtO,, AcOH
NaBH(OAc), \/ 2. LiAlH,, THF, 67 °C

AcOH, CH,Cl,

(68% yield, 2 steps)
()-cytisine (254)  (95% yield) 264 265

We also prepared several novel diamines (Scheme 4.3.3). Alkylation of (-)-
cytisine (254) with isobutene oxide produces tertiary alcohol 266.° Exhaustive reduction
with hydrogen over Adams’ catalyst and lithium aluminum hydride provides diamine

267. Finally, hydrogenolysis of benzyl diamine 261 affords secondary amine 268.
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Scheme 4.3.3 Syntheses of novel diamines.

< NH O . /\P
\'y l>< o N 1. H,, PtO,, AcOH
p — > i
LiClO,, Et,0

OH >
2. LiAlH,, THF, 67 °C
89% yield
(-)-cytisine (254) ( yield) 266

(53% yield, 2 steps)

H,, Pd/C
EtOH
—_—

(70% yield)

In order to assess the coordination of this structural framework to palladium salts,
diamines 248 and 260 were exposed to Pd(nbd)Cl,. Ligand exchange produces palladium

complexes 269 and 270 in 83% and quantitative yields, respectively.

Scheme 4.3.4 Synthesis of dichloride complexes of diamines.

/

Pd(nbd)Cl, »
CH20I2 N\Pd/N\R

c’ c
R = Me, 269: 83% yield
R = Et, 270: 100% yield

These metal complexes are readily crystallized by slow diffusion of heptane into a
saturated chloroform solution. Subsequent X-ray crystallographic analysis confirms the
structure of these dichloride complexes. The N-methyl derivative (269) is shown in
Figure 4.3.3. This complex, like palladium complexes with (-)-sparteine (28), has a
distorted square planar geometry, and the sum of the six bond angles around the
palladium center is 704.67°. While (-)-sparteine complexes display a decreased
N1-Pd—Cl2 angle, the projecting N1 piperidine ring of pseudo-enantiomeric diamine 248

results in a deflection of Cl1 of 11.9°. Because of the distortion of Cl1 instead of CI2, we
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predicted that this complex would have the opposite selectivity in the kinetic resolution,
providing alcohols in the other enantiomeric series to those generated with (—)-sparteine

(28).

Figure 4.3.3 Structure of N-methyl complex 269.

A

I?lz N1

Select bond lengths (A) and angles (°) // -
Pd-N1  2.1116(14) N1-Pd-N2  86.67(6)° i

Pd
Pd-N2 2.1038(14) | Cli-Pd-Cl2  84.895(18)° g
Pd-Cl1  2.3197(4) N2-Pd-Cl1  168.14(4)°
Pd-Cl2  2.3262(4) N1-Pd-Cl2  175.64(4)° CH cI2
N1-Pd-Cl1  94.80(4)° =

N2-Pd-Cl2  94.52(4)°
I, 704.67°

The structure of N-ethyl complex 270, however, is contrary to what would be
expected (Figure 4.3.4). It does still have a distorted square planar geometry about the
metal center (sum of the six bond angles around the palladium center is 707.01°).
However, CI2 is deflected out of the plane by 8.8°, similar to Pd(sparteine)Cl, (66, see
Figure 4.1.2), instead of displaying a Cl1 deformation as would be expected by a
complex with a pseudo-enantiomeric diamine to (—)-sparteine. The cause of this

geometric abnormality is still under investigation.



Figure 4.3.4 Structure of N-ethyl complex 270.
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Next, these diamines were explored in oxidative kinetic resolutions (Table 4.3.2).

For a variety of alkyl group substitutions, selectivity appears to decrease as the N-alkyl

substituent increases in size (entries 2-6). Notably, N-ethyl diamine 260 (entry 3), whose

palladium complex (270) exhibits the unexpected halide distortion, still provides the

same major enantiomer of alcohol as N-methyl diamine 248 (entry 2). Both benzyl

diamine 261 and secondary amine 268 were completely inactive (entries 7 and 8).

Pentadeuterated diamine 271,” a derivative of N-methyl diamine 248 postulated to be

less prone to oxidation by B-hydride elimination, performs similarly to the undeuterated

diamine (cf. entries 2 and 9).

Interestingly, tertiary alcohol 267 gives the highest

selectivity in the resolution of (+)-1-phenylethanol ((+)-25), though oxidations conducted

with this ligand are extremely slow.



Table 4.3.2 Diamine substituent screen in the resolution.

OH Pd(nbd)Cl; (5 mol%)

diamine (20 mol%) I
> +
0, (1 atm), PhCH; (0.1 M) ©/\
MS3A, 80 °C

(*)-25 26 (+)-25
entry diamine time  conversion?® alcohol ee® s
1 R = CH,C(OH)(CHg),: 267 76 h 27.3% 33.1% 22
2 =Me: 248 98 h 45.1% 53.8% 9.6
3 = Et: 260 29h 61.2% 76.2% 7.0
4 R = n-Bu: 262 48 h 54.8% 51.3% 4.0
5 = i-Pr: 265 145 h 28.4% 18.8% 34
6 = Neopentyl: 263 24 h 0.6% - -
7 =Bn: 261 24 h 0.0% - -
8 =H: 268 76 h 0.0% - -
~CDy
9 271 115h 52.4% 69.9% 9.1
10 (-)-sparteine (28) 96 h 59.9% -98.7% 23

“ Measured by GC. ® Measured by chiral HPLC.
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Further investigations with this class of ligands were pursued with diamines 248

and 260. The increased reactivity of catalytic systems with the N-ethyl diamine (260)

were useful for kinetic resolutions of a collection of alcohols in toluene (Table 4.3.3).

Cyclohexenol (+)-119 and cyclopentenol (+)-111 are able to be resolved with a similar

rate and selectivity with diamine 248 (entries 1 and 3) as with (-)-sparteine (entries 2 and

4). Methylcyclopentenol (+)-120, on the other hand, is not as efficiently resolved with

this (+)-sparteine mimic. Generally, other secondary alcohols studied with this system

have poor reactivity and selectivity compared to similar resolutions conducted with (—)-

sparteine (28).
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Table 4.3.3 N-Ethyl diamine resolution in toluene with Pd(nbd)Cl,.

N N<Et
260 (20 mol%)
OH or (—)-sparteine (28, 20 mol%) (o} OH OH
T + : or J\
R? R2 Pd(nbd)Cl, (5 mol%) R! R2 Fﬂ/\R2 R! R?
0O, (1 atm), PhCH3 (0.1 M)
MS3A, 80 °C
entry alcohol, major enantiomer diamine time conversion? alcohol ee® s
OH
1 Ph (R)-(+)-119 N-Etdiamine (260) 23 h 59.2% 98.2% 23
2 (S)-(-)-119  (-)-sparteine (28) 23 h 60.0% 99.3% 26
OH I
3 (R)-(-)-111 N-Etdiamine (260) 23 h 60.8% 99.4% 24
Ph
4 (S)-(+)-111  (-)-sparteine (28) 21h 57.4% 99.0% 33
OH
5 Ph (R)-(+)-120 N-Et diamine (260) 10 h 62.3% 98.8% 19
6 (S)-(-)-120  (-)-sparteine (28) 4h 52.9% 99.0% 83

“ Measured by GC. ® Measured by chiral HPLC.

As is the case with resolutions involving (-)-sparteine, chloroform is an excellent
solvent for enantioselective oxidations with N-methyl diamine 248. In addition to the
substrates able to be resolved with N-ethyl diamine 260 above (entries 1, 3, and 5), a
benzylic alcohol (entry 7), and a cyclopropylcarbinyl alcohol (entry 9) are successfully
resolved to high enantiomeric excesses. Somewhat lower selectivity is observed with this
system compared to the analogous conditions with (—)-sparteine. More disconcerting is
the substantially decreased reactivity seen with diamine 248. Additional research

involved improving the reactivity of catalysts derived from these diamines.



Table 4.3.4 N-Methyl diamine resolution in chloroform with Pd(nbd)Cl,.

N

N<me

248 (12 mol%)

OH or (-)-sparteine (28, 12 mol%) OH OH
- + : or /L
R R2 Pd(nbd)Cl, (5 mol%) R'” “R2 R OR? R!” R?
0, (1 atm), Cs,CO; (40 mol%)
CHCIj3 (0.25 M), MS3A, 23 °C
entry alcohol, major enantiomer diamine time conversion? alcohol ee® s
OH
1 Ph (R)-(+)-119  N-Me diamine (248) 60 h 59.3% 94.7% 17
2 (S)-(-)-119  (-)-sparteine (28) 24 h 55.4% 96.8% 33
OH -
3 (R)-(-)-111  N-Me diamine (248) 36h 59.1% 99.0% 27
Ph
4 \é (S)-(+)-111  (-)-sparteine (28) 11h 58.4% 98.8% 28
OH
5 Ph (R)-(+)-120  N-Me diamine (248) 24 h 68.1% 99.5% 14
6 (S)-(-)-120 (-)-sparteine (28) 9h 57.9% 96.9% 23
OH
7 (R)-(-)-82  N-Mediamine (248)  48h 61.8% 99.5% 23
8 (S)-(+)-82 (-)-sparteine (28) 24 h 58.0% 98.4% 28
9 OH (-)-126 N-Me diamine (248) 107 h 50.3% 71.4% 12
/E\/.\ f o, )
10 Ph™ i3 (+)-126 (-)-sparteine (28) 25h 58.6% 99.0% 28

“* Measured by GC. ® Measured by chiral HPLC.

260

The selectivity observed with diamine 248 is in line with the selectivity model

proposed for the oxidative kinetic resolution with (-)-sparteine (Scheme 4.3.5).® For

Pd(sparteine)Cl, (66), faster reacting alcohol (—)-111 proceeds through intermediate 141

to undergo B-hydride elimination via transition state 142 to provide ketone 143.

Conversely for N-methyl complex 269, alcohol (+)-111 is the faster reacting enantiomer.

Alcohol coordination generates intermediate palladium alkoxide 272, which undergoes f3-

hydride elimination via transition state 273 to provide ketone 143 as well.
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Scheme 4.3.5 Comparison of selectivity with different diamine ligands.

)
W ] pd N2 //
l o /r/ ) ci2
OH — s Q
o (66) -
© M paz
(-)-111 141

(269) _
Ph - H
O L

—
CI/ 0
(+)-111 272

273

4.3.3 Alternative Diamine with PdBr, in the Oxidative Kinetic Resolution

The decreased reactivity of catalytic systems with the (-)-cytisine-based diamines
led us to apply insights gained from the previous counterion studies to improve oxidation
rates. Thus, dibromide complex 274 was prepared by treatment of dibromide precursor
244 with diamine 248 in dichloromethane (Scheme 4.3.6). This complex was
recrystallized to provide crystals suitable for X-ray analysis (Figure 4.3.5), which reveals
a distorted square planar geometry (sum of the six bond angles around palladium is
701.69°). The Brl deflection is large (14.2°), but comparable with the deformation of
Br2 of Pd(sparteine)Br, (242, 14.0°). Based on this larger deflection relative to
dichloride complex 66 (11.9°), we anticipated that dibromide complex 274 would be a

highly active catalyst for the oxidative kinetic resolution.
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Scheme 4.3.6 Synthesis of dibromide complex 274.

/7
N N-wye
248 4
Pd(CH;CN),Br, - N N
CH,Cl, “pd” Me
o/ vi Br/ \Br
244 (53% yield) 274

Figure 4.3.5 Structure of dibromide complex 274.

Select bond lengths (A) and angles (°) ]/ -

Pd-N1  2.126(2) N1-Pd-N2  86.46(8)°
Pd-N2 2.117(2) Br1—Pd-Br2  84.449(12)°
Pd-Bri  2.4463(3) N2-Pd-Br1  165.81(6)°
Pd-Br2 2.4513(3) N1-Pd-Br2  174.56(6)° Br1
N1-Pd-Bri  95.17(6)°
N2-Pd-Br2  95.24(6)°

S/ 701.69°

Br2

Diamine 248 was then explored in enantioselective oxidations of (+)-1-
phenylethanol ((£)-25) with Pd(CH,CN),Br, (244) as the dibromide catalyst precursor
(Table 4.3.5). Analogous to the (—)-sparteine complexes, the catalyst derived from
dibromide 244 is substantially more active than those derived from dichloride salts, while
maintaining similar selectivity factors (cf. entries 1 and 4). An excess of diamine 248 is
required to maintain viable catalysts (entries 4-7), though a large excess leads to some
catalyst deactivation (entries 2 and 3). Use of the preformed dibromide complex (274)

provides similar rates and selectivity (cf. entries 5 and 8). For operational simplicity, in
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situ catalyst generation is preferred. Reactions maintained at 20 °C (entry 9) provide

slightly improved selectivity and more consistent results than those at 23 °C (entry 5).

Table 4.3.5 Optimization of with N-methyl diamine and PdBr, sources.

OH

/

N

248

N<me

@I)\ 0, (1 atm), Cs,CO3 (40 mol%)

Pd source (5 mol%)

()-25 CHCI, (0.25 M), MS3A 26 (+)-25
entry Pd source temperature mol% diamine 248 time  conversion?  alcohol ee® s
1 Pd(nbd)Cl, 23°C 12 41h 29.9% 37.0% 20
2 Pd(CH3CN),.Br, (244) 23°C 20 45h 31.0% 38.9% 20
3 Pd(CH5CN),Br, (244) 23°C 15 35h 39.9% 56.2% 21
4 Pd(CH3CN),Br, (244) 23°C 12 32h 58.0% 96.1% 21
5 Pd(CH3CN),.Br, (244) 23°C 10 35h 55.5% 92.5% 22
6°  Pd(CH3CN),Br, (244) 23°C 7 24 h 41.6% 61.0% 24
7¢  Pd(CH3CN),Br, (244) 23°C 5 35h 19.3% 21.6% 24
8 Pd(diamine)Br, (274) 23°C 5 41 h 56.1% 93.6% 22
9 Pd(CH3CN),Br, (244) 20 °C 10 30h 57.6% 97.1% 25

 Measured by GC. ® Measured by chiral HPLC. ¢ Pd black observed.

With optimized conditions in hand, we examined the scope of this transformation

(Table 4.2.11).

A number of benzylic alcohols are able to be resolved with good

selectivity with this method (entries 1-5). Furthermore, allylic alcohols (entries 6-10),

including several alcohols not successfully resolved with diamine 248 and Pd(nbd)Cl,

(entries 9 and 10), are obtained with high enantiomeric excesses in shorter times.

Cyclopropylcarbinyl alcohols containing three contiguous stereocenters are also resolved

to high ee (entries 11 and 12). To further improve the practicality of the method, several

resolutions were conducted under an atmosphere of ambient air. As seen in entries 2 and

4, kinetic resolutions under air perform nearly identically to those under an atmosphere of

molecular oxygen (entries 1 and 3).
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Table 4.3.6 Scope with dibromide catalysts of N-methyl diamine.

N N‘Me
OH 248 (10 mol%) Jo]\ OH
> +
R R2  Pd(CH5CN),Br, (244, 5 mol%) R “R2 R R2

0, (1 atm), Cs,CO3 (40 mol%)
MS3A, CHCI3 (0.25 M), 20 °C

entry  alcohol, major enantiomer time  conversion? (yield)®  alcohol ee® s

1 OH 30h 57.6% (40%) 97.1% 25
: (+)-25
20 Ph” N 34h 57.9% 96.4% 22

30 h 60.4% 97.7% 19

OH
(+)-67
49 34h 61.2% 98.1% 19
MeO
OH
5 ©:) (-)-82 24h 60.9% (38%) 90.2% 11
OH
Ph \O

(+)-119  46h 56.8% (43%) 90.7% 17

OH
7 Ph\© (-)-111  12h 55.0% 94.1% 27
OH

8 Php (+)-120 18h 63.2% 94.4% 12

OH

9 ph/\o (+)-105  46h 59.3% (39%) 90.6% 13
OH
10 A —) .6% 0%
Ph/Y\ (-)-104 35h 62.6% 92.0% 11
OH

11 : ~)-126  32h 59.0% (40%) 90.2% 13

2o /D/\ (+)-128 35h 62.3% 90.0% 10

* Measured by GC or 'H NMR. " Isolated yield of enantioenriched alcohol. ¢ Measured by chiral HPLC. ¢
Performed under ambient air.
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4.4 Conclusion

Extensive counterion and neutral ligand studies have provided us with a thorough
understanding of the factors that contribute to the reactivity and selectivity of the
oxidative kinetic resolution of secondary alcohols. Solid-state X-ray crystallographic
analysis proved vital to these studies, leading to many valuable insights. As a result,
several greatly improved catalyst systems have been developed. Counterion
investigations have led to the discovery of dibromide complexes of palladium with (-)-
sparteine as highly active catalysts for the enantioselective aerobic oxidation of a broad
range of substrates, including numerous examples of alcohols not resolved efficiently
with previously developed Pd(sparteine)Cl, conditions. Broad surveys of neutral ligands
have emphasized the unique ability of sparteine-like diamines to promote palladium-
catalyzed oxidation, leading to diamines developed by O’Brien as excellent mimics of
(+)-sparteine. These diamines have been employed successfully in the oxidative kinetic
resolution, affording alcohols in the enantiomeric series opposite to that obtained with

(-)-sparteine and greatly increasing the synthetic utility of this method.
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4.5 Experimental Section

4.5.1 Materials and Methods

Pd(sparteine)Cl, (66),* Pd(sparteine)(OAc), (231),” Pd(sparteine)(TFA), (241),"
Pd(sparteine)Br, (242),' Pd(COD)Br, (245), and Pd(nbd)Br, (246)*® were prepared as
previously reported. Palladium bromide was purchased from Strem Chemicals. (+)- And
(-)-2’-methoxy-1,1’-binaphthyl-2-ol were prepared by the method of Xi.” (+)-1-
Phenylethanol ((+)-25) was purchased from Acros Organics. (+)-(E)-3-Methyl-4-phenyl-
3-buten-2-ol ((x)-104) was prepared by the method of West.” Diamines 248, 260,
262, 263,* 261, 265,” and 2717 were prepared as previously described. Solvents were
dried by passage through an activated alumina column under argon. Powdered 3A
molecular sieves were stored in a 120 °C drying oven until immediately prior to use.
Other chemicals were prepared as described below, prepared as described in Chapter 3,
or purchased from the Sigma-Aldrich Chemical Company and used as received. Unless
stated otherwise, reactions were performed in flame-dried glassware sealed with rubber
septa under a nitrogen atmosphere using dry, deoxygenated solvents. Liquids and
solutions were transferred via syringe. Reaction temperatures were controlled using an
IKAmag temperature modulator (heating) or a VWR 1160 refrigerated circulating bath
(cooling). Thin-layer chromatography (TLC) was conducted with E. Merck silica gel 60
F254 pre-coated plates (0.25 mm) and visualized using a combination of UV at 254 nm,
p-anisaldehyde, and potassium permanganate staining. ICN silica gel (particle size 32-63
um) or SiliCycle SiliaFlash P60 Academic silica gel (particle size 40-63 um; pore
diameter 60 A) was used for flash column chromatography. Analytical achiral GC was

performed on an Agilent 6850 GC with FID detector using an Agilent DB-WAX (30.0 m
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x 0.25 mm) column at 1.0 mL/min He carrier gas flow. Chiral GC was performed on an
Agilent 6850 GC with FID detector using a Chiraldex GTA column (30.0 m x 0.25 mm,
purchased from Bodman Industries) at 1.0 mL/min He carrier gas flow. Analytical chiral
HPLC was performed with an Agilent 1100 Series HPLC utilizing a Chiralpak AD,
Chiralcel OD-H, Chiralcel OJ, or Chiralcel OB-H column (each is 4.6 mm x 25 cm)
obtained from Daicel Chemical Industries, Ltd with visualization at 254 nm at 1.0
mL/min mobile phase. 'H NMR spectra were recorded on a Varian Mercury 300 or 500
instrument (at 300 or 500 MHz, respectively) and are reported relative to Me,Si (8 0.0).
Data for 'H NMR spectra are reported in terms of chemical shift (§ ppm), multiplicity,
coupling constant (Hz), and integration. “C NMR spectra were recorded on a Varian
Mercury 300 or 500 instrument (at 75 or 126 MHz, respectively) and are reported relative
to Me,Si (8 0.0). Data for "C NMR spectra are reported in terms of chemical shift (8
ppm). Melting points were determined on a Thomas-Hoover melting point apparatus and
are uncorrected. Elemental analyses were carried out by Desert Analytics Laboratory,
Tuscon, AZ. X-ray crystal structure analyses were obtained from the California Institute
of Technology X-Ray Crystallography Laboratory. The absolute configurations of
resolved alcohols were assigned based on comparisons of optical rotations to literature

values or by analogy.

4.5.2 Preparation of Palladium Complexes and Diamines

Nal
Pd(sparteine)Cl, ———>  Pd(sparteine)l,
acetone
66 243

Diiodo(sparteine)palladium(II) (243). Sodium iodide (134 mg, 0.89 mmol, 2.1

equiv) was added to a suspension of complex 66 (175 mg, 0.43 mmol, 1.0 equiv) in
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acetone (10 mL). The dark mixture was stirred at 23 °C for 30 min, after which the

solvent was removed under reduced pressure. The solid was washed with copious
amounts of H,O followed by pentane to afford 243 as a dark purple solid: 'H NMR (500
MHz, CDCl,) § 4.43 (app. dd, J = 12.5, 3.2 Hz, 1H), 4.33 (br. d, J = 11.7 Hz, 1H), 4.19
(ddd, J = 14.4, 13.1, 3.0 Hz, 1H), 3.92 (dt, J = 12.4, 2.4 Hz, 1H), 3.75-3.59 (comp. m,
2H), 2.97 (dd, J = 12.9, 3.4 Hz, 1H), 2.93-2.79 (comp. m, 2H), 2.54 (dd, J = 12.4, 3.1Hz,
1H), 2.17-1.37 (comp. m, 16H); “C NMR (126 MHz, CDCl,) § 72.2, 70.2, 66.5, 64.7,
63.8,48.9, 35.0, 34.9, 29.5, 28.1, 27.3, 26.9, 24.3, 23.6, 21.8; IR (thin film/NaCl): 2935,
1440, 913, 728 cm™'; HRMS-FAB (m/z): [M]" calcd for [C,sH,(N,L,Pd]*, 593.9221; found,

593.9242.

CH,CN

PdBr, ____~ 4 Pd(CH;CN),Br,
80 °C 244
(95% vyield)

Dibromobis(acetonitrile)palladium(II) (244). Palladium bromide (532 mg, 2.0
mmol, 1.0 equiv) was added to acetonitrile (40 mL). The mixture was heated to 80 °C
for 1.5 h. Once the solution became clear and orange-red, the reaction was cooled to 23
°C. The mixture was concentrated under reduced pressure to a volume of about 5 mL
and then triturated with Et,0 (15 mL). The orange-red solid was filtered, washed with

Et,0 (2 x 15 mL), and dried under vacuum to afford 244 (661 mg, 95% yield).
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/
N Nepge
Pd(nbd)Cl 248
n '
2 CH,Cl, N N-me

Pd

(83% yield) c’ a
269

Dichloride Complex 269. To a solution of freshly distilled diamine 248 (194
mg, 1.0 mmol, 1.0 equiv) in CH,Cl, (20 mL) was added Pd(nbd)Cl, (269 mg, 1.0 mmol,
1.0 equiv). The reaction was allowed to stir 1 h. Then, the volatiles were removed under
reduced pressure. The resulting solid was washed with pentane (3 x 5 mL) to afford 269
(310 mg, 83% yield) as a reddish-brown solid: mp 183-185 °C (dec.); 'H NMR (300
MHz, CDCl,) § 4.30 (dq, J = 12.4, 1.7 Hz, 1H), 4.11 (dt, J = 12.8, 2.1 Hz, 1H), 3.95 (br.
d,J=12.0 Hz, 1H), 3.33 (dq, J = 13.0, 1.8 Hz, 1H), 3.10 (qd, J/ = 12.6, 3.6 Hz, 1H), 2.91-
2.72 (m, 1H), 2.67 (s, 3H), 2.43 (dd, J = 12.6, 2.8 Hz, 1H), 2.38-2.27 (comp. m, 2H), 2.07
(dd, J=13.1, 3.1 Hz, 1H), 2.04-1.94 (m, 1H), 1.91-1.73 (comp. m, 5H), 1.64-1.39 (comp.
m, 3H); "C NMR (75 MHz, CDCL,) § 69.6, 64.7, 64.4, 64.1, 58.8, 57.0, 34.0, 32.8, 30.2,
29.3, 25.0, 24.2; IR (thin film/NaCl): 2953, 2856, 1454, 1009 cm™'; HRMS-FAB (m/z):
[M-CI]" calcd for [C,,H,,N,CIPd]", 337.0510; found, 337.0503; A single crystal suitable
for X-ray analysis was grown by slow diffusion of heptane into a saturated CHCl,

solution of 269.
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N Neg
Pd(nbd)Cl 260
n N >
CH,Cl, N N-gt
/Pd\
(100% yield) c’ “c

Dichloride Complex 270. To a solution of freshly distilled diamine 260 (208
mg, 1.0 mmol, 1.0 equiv) in CH,Cl, (20 mL) was added Pd(nbd)Cl, (269 mg, 1.0 mmol,
1.0 equiv). The reaction was allowed to stir 1 h. Then, the volatiles were removed under
reduced pressure. The resulting solid was washed with pentane (3 x 5 mL) and then hot
filtered in CHCI; (200 mL). Heptane was layered over the filtrate, and the biphasic
mixture was allowed to stand 4 d. The mixture was then filtered to afford 270 (386 mg,
100% yield) as an orange-brown solid: mp 177-179 °C (dec.); 'H NMR (300 MHz,
CDCl,) 6 4.45 (app. d, J = 12.6 Hz, 1H), 4.34 (dt, J = 12.7, 2.1 Hz, 1H), 4.01 (br. d, J =
11.7 Hz, 1H), 3.77 (dq, J = 12.0, 6.9 Hz, 1H), 3.25 (app. d, J = 12.4 Hz, 1H), 2.84-2.63
(comp. m, 2H), 2.50-2.36 (comp. m, 3H), 2.09-1.70 (comp. m, 8H), 1.65-1.38 (comp. m,
3H), 1.32 (t, J = 6.9 Hz, 3H); "C NMR (75 MHz, CDCl,) § 69.0, 64.7, 64.1, 63.9, 61.1,
54.0, 33.5, 33.1, 30.2, 29.5, 25.0, 24.2, 12.7; IR (thin film/NaCl): 2856, 1460, 1033, 742
cm’'; HRMS-FAB (m/z): [M]" calcd for [C;H,,N,CLPd]*, 386.0356; found, 386.0338; A
single crystal suitable for X-ray analysis was grown by slow diffusion of heptane into a

saturated CHCI, solution of 270.
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/
N N‘Me
248
Pd(CH4CN),Br, > VN
244 acetone “pd’ Me
(53% yield) Br” “Br
274

Dibromide Complex 274. To a solution of 244 (69.7 mg, 0.20 mmol, 1.0 equiv)
in acetone (2 mL) was added a solution of freshly distilled diamine 248 (38.9 mg, 0.20
mmol, 1.0 equiv) in acetone (2 mL). The reaction was allowed to stir 1 h, after which
Et,0 (4 mL) was layered over the mixture. The solid was filtered and washed with Et,O
(2 x 2 mL). 1,2-Dichloroethane (4 mL) was added to the solid, and the mixture was
stirred vigorously for 4 h. After filtration of insoluble material, the filtrate was
concentrated under reduced pressure to afford 274 (48.4 mg, 53% yield) as a brown solid:
mp 197-199 °C (dec.); 'H NMR (300 MHz, CDCL,) & 4.30 (dq, J = 13.0, 1.9 Hz, 1H),
4.15 (br. d, J = 12.1 Hz, 1H), 4.04 (dt, J = 12.6, 2.2 Hz, 1H), 3.30 (dq, J = 12.9, 1.8 Hz,
1H), 3.15 (qd, J = 12.3, 3.7 Hz, 1H), 2.95-2.76 (m, 1H), 2.87 (s, 3H), 2.59-2.50 (m, 1H),
243 (dd, J =125, 2.8 Hz, 1H), 2.37-2.29 (m, 1H), 2.25 (dd, J = 13.0, 3.0 Hz, 1H), 2.05
(dd, J =13.1, 3.2 Hz, 1H), 2.02-1.73 (comp. m, 5SH), 1.64-1.41 (comp. m, 3H); “C NMR
(75 MHz, CDCl,) 8 69.7, 65.2, 64.7, 64.2, 59.8, 58.8, 34.1, 32.8, 30.1, 29.3, 25.8, 24.2;
IR (thin film/NaCl): 2943, 1455, 1008 cm'; HRMS-FAB (m/z): [M]" calcd for
[C,H,Br,N,Pd]", 459.9189; found, 459.9198. A single crystal suitable for X-ray

analysis was grown by slow diffusion of hexanes into a saturated CHCI, solution of 274.



. °NH O /\F
4 << 1. Hy, PtO,, AcOH
> —_— OH -
LiClO,, Et,0 2. LiAIH,, THF, 67 °C
89% yield (o) (53% yield, 2 steps)
(-yoytisine (254) (2070 vield) 266 °

Diamine 267. To LiCIO, (oven- and flame-dried, 4.26 g, 40 mmol, 10.0 equiv)
was added Et,O (8 mL). The mixture was stirred vigorously for 15 min, then isobutylene
oxide (391 uL, 317 mg, 4.4 mmol, 1.1 equiv) and (-)-cytisine® (254, 761 mg, 4.0 mmol,
1.0 equiv) were added. After stirring the mixture vigorously for 50 h, the reaction was
diluted with H,O (30 mL). The biphasic mixture was extracted with CH,Cl, (4 x 30 mL).
The combined organic layers were dried over Na,SO, and filtered. The filtrate was
concentrated under reduced pressure to afford pyridone 266 (935 mg, 89% yield) as a tan
solid: '"H NMR (300 MHz, CDCI,) 6 7.28 (dd, J = 9.1, 6.8 Hz, 1H), 6.44 (dd,J=9.1,1.3
Hz, 1H), 6.00 (dd, J = 6.8, 1.3 Hz, 1H), 4.17 (d, J = 15.5 Hz, 1H), 3.89 (dd, / = 15.5, 6.5
Hz, 1H), 3.04-2.93 (comp. m, 3H), 2.71-2.62 (comp. m, 2H), 2.42 (br. s, 1H), 2.21 (s,
2H), 1.95-1.86 (m, 1H), 1.82-1.72 (comp. m, 2H), 0.97 (s, 3H), 0.94 (s, 3H). The crude
pyridone was used in the next step without further purification.

To crude pyridone 266 was added AcOH (glacial, 12 mL) and PtO, (81 mg, 0.36
mmol, 0.10 equiv). The reaction was then stirred under a balloon of H, (1 atm) for 48 h.
The black mixture was filtered through Celite (MeOH eluent), and the filtrate was
concentrated under reduced pressure. PhCH; (50 mL) was added, and the solution was
concentrated under reduced pressure to effect azeotropic removal of traces of AcOH and
afford the crude amide as a slightly yellow oil, which was used in the next step without
further purification.

A solution of the crude amide in THF (16 mL) was cooled to 0 °C. LiAIH, (811

mg, 21.4 mmol, 6.0 equiv) was added in small portions. The mixture was heated to
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reflux for 22 h, then cooled to 0 °C. Saturated aq Na,SO, was added dropwise until

bubbling ceased. The reaction was allowed to warm to 23 °C and stirred vigorously for 2
h. The mixture was diluted with CH,Cl, (50 mL) and aq NaOH (10% w/v, 50 mL) and
stirred 2 h. The mixture was then filtered, and the layers separated. The aqueous layer
was extracted with CH,Cl, (3 x 50 mL). The combined organic layers were dried over
Na,SO,, filtered, and the filtrate concentrated under reduced pressure. Bulb-to-bulb
distillation (0.2 torr, 170-190 °C) afforded diamine 267 (477 mg, 53% yield) as a
colorless oil: '"H NMR (500 MHz, CDCl;) § 5.73 (br. s, 1H), 3.05 (d, J = 11.1 Hz, 1H),
298 (d,J=10.7 Hz, 1H), 2.89 (d, J = 11.3 Hz, 1H), 2.81-2.75 (m, 1H), 2.72 (dt, J = 10.7,
2.2 Hz, 1H), 2.61 (dd, J = 11.2, 2.5 Hz, 1H), 2.30-2.21 (comp. m, 3H), 1.81-1.50 (comp.
m, 7H), 1.46-1.42 (m, 1H), 1.37-1.20 (comp. m, 3H), 1.18 (s, 3H), 1.16 (s, 3H); BC NMR
(126 MHz, CDCl,) 8 68.9, 66.7, 66.3, 60.8, 59.6, 57.4, 55.4, 36.0, 34.5, 31.3, 30.5, 29.9,
29.2, 25.9, 25.1; IR (thin film/NaCl) 3252, 2931, 2758, 1166 cm™'; HRMS-FAB (m/z):

[M+H]* calcd for [C,sH,,N,0]*, 253.2280; found 253.2280; [a.]*, +27.1° (¢ 1.0, CHCL,).

H,, Pd/C
s, N"Ph  EtOH
= —_—
\/ (70% yield)
261 268

Diamine 268. To benzyl diamine 261” (472 mg, 1.75 mmol, 1.0 equiv) was
added EtOH (absolute, 8.8 mL) and then Pd/C (10% w/w, 186 mg, 0.18 mmol Pd, 0.10
equiv). The reaction was then stirred under a balloon of H, (1 atm) for 22 h. The mixture
was then filtered through Celite (EtOH eluent). The filtrate was concentrated under
reduced pressure and purified by bulb-to-bulb distillation (1-2 torr, 100-130 °C) to yield a

colorless oil. To this oil was added Et,O (10 mL), then HCI (2 M in Et,0, 1.39 mL, 2.77
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mmol, 1.6 equiv) dropwise. A white solid formed immediately. After stirring 30 min,
the solid was collected by filtration, washed quickly with Et,O (3 x 5 mL) and dissolved
in CH,CL, (10 mL). NaOH (10% w/v aq, 10 mL) was added dropwise. The layers were
separated, and the aqueous layer was extracted with CH,Cl, (3 x 10 mL). The combined
organic layers were dried over Na,SO,, filtered, and the filtrate concentrated under
reduced pressure. Bulb-to-bulb distillation (1-2 torr, 110-125 °C) afforded diamine 268
(264 mg, 70% yield) as an oil, which solidified on standing to a white solid: 'H NMR
(500 MHz, CDCl,) 6 3.22 (app. dt, J = 13.9, 2.3 Hz, 1H), 3.03 (br. d, J = 13.5 Hz, 1H),
2.94 (app. dt, J = 13.5, 2.5 Hz, 1H), 2.86 (dt, J = 11.0, 2.3 Hz, 1H), 2.76-2.70 (comp. m,
2H), 2.40 (dt, J = 11.0, 2.5 Hz, 1H), 2.11 (app. dt, J = 11.2, 2.6 Hz, 1H), 1.87 (dtd, J =
12.2,3.1, 2.2 Hz, 1H), 1.80-1.66 (comp. m, 3H), 1.62-1.47 (comp. m, 4H), 1.43-1.37 (m,
1H), 1.34-1.24 (comp. m, 2H); C NMR (126 MHz, CDCL,) & 66.4, 61.9, 57.5, 52.7,
48.5, 35.2, 34.7, 30.7, 30.3, 26.2, 24.9; IR (thin film/NaCl) 3387, 2930, 1654, 1442 cm™;
HRMS-FAB (m/z): [M+H]" calcd for [C,H,N,I*, 181.1705; found 181.1703; [a]*'p

+21.51° (c 1.0, CHCl3).

4.5.3 General Procedures

OH Pd(sparteine)X, (5 mol%) (o) OH
(-)-sparteine (28, 7 mol%)
> +
Cs,C03 (40 mol%), O, (1 atm)
MS3A, CHCI,, 23 °C
(2)-25 26 (-)-25

Kinetic Resolution Conditions with Pd(sparteine)X, and Cs,CO; in CHCI,
under O,."" To an oven dried reaction tube with stir bar was added 3A molecular sieves
(250 mg). After cooling, Pd(sparteine)X, (0.025 mmol, 0.05 equiv), followed by CHCI,

(1 mL)* and then (-)-sparteine (28, 8.0 xL, 0.035 mmol, 0.07 equiv) were added. The
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reaction tube was cooled to —78 °C, then vacuum evacuated and purged with O, (3x).

The reaction was allowed to warm to 23 °C and stirred vigorously under a balloon of O,
(1 atm) for 15 min. Finely powdered Cs,CO; (65.2 mg, 0.20 mmol, 0.40 equiv) was
added, followed by a solution of (+)-1-phenylethanol ((%)-25, 60.3 uL, 0.50 mmol, 1.0
equiv) and tridecane (36.6 uL., 0.15 mmol, 0.30 equiv) in CHCI,; (1 mL). The reaction
was allowed to proceed under O, atmosphere at 23 °C. Aliquots were filtered through a
small plug of silica gel (Et,O eluent), evaporated, and analyzed by GC for conversion and
chiral HPLC for alcohol ee. Purification of 26 and (-)-25 was accomplished by direct

chromatography of the crude reaction mixture.

OH Pd(sparteine)X, (5 mol%) (o) OH
(-)-sparteine (28, 7 mol%)
’ +
phenoxide (10 mol%)
0, (1 atm), MS3A
(£)-25 CHCl3, 23°C 26 (-)-25

Kinetic Resolution Conditions with Pd(sparteine)X, and Phenoxides. To an
oven dried reaction tube with stir bar was added 3A molecular sieves (250 mg),
Pd(sparteine)X, (0.025 mmol, 0.05 equiv), phenoxide® (0.05 mmol, 0.10 equiv), CHCl,
(1 mL),* and 28 (8.0 xL, 0.035 mmol, 0.07 equiv). The reaction tube was cooled to —78
°C, then vacuum evacuated and purged with O, (3x). The reaction was allowed to warm
to 23 °C and stirred vigorously under a balloon of O, (1 atm) for 1 h. A solution of (+)-
25 (60.3 uL, 0.50 mmol, 1.0 equiv) and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in
CHCI, (1 mL) was added. The reaction was allowed to proceed under O, atmosphere at
23°C. Aliquots were filtered through a small plug of silica gel (Et,O eluent), evaporated,
and analyzed by GC for conversion and chiral HPLC for alcohol ee. Purification of 26

and (—)-25 was accomplished by direct chromatography of the crude reaction mixture.
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OH Pd(sparteine)X;, (5 mol%) o
: (-)-sparteine (28, 7 mol%)
©/\ 0, (1 atm), CHCl,, MS3A
23°C,4h
(+)-25 26

Single Enantiomer Rate Experiments with Various Pd(sparteine)X, Sources.
To an oven dried reaction tube with stir bar was added 3A molecular sieves (250 mg).
After allowing the tube to cool, Pd(sparteine)X, (0.025 mmol, 0.05 equiv) was added,
followed by CHCI, (1 mL)* and then 28 (8.0 xL, 0.035 mmol, 0.07 equiv). The reaction
tube was cooled to =78 °C, then vacuum evacuated and purged with O, (3x). The
reaction was allowed to warm to 23 °C and stirred vigorously under a balloon of O, (1
atm) for 15 min. A solution of (+)-25 (60.4 uL, 0.50 mmol, 1.0 equiv) and tridecane
(36.6 uL, 0.15 mmol, 0.30 equiv) in CHCI, (1 mL) was added. The reaction was allowed
to proceed under O, atmosphere at 23 °C. Aliquots were filtered through a small plug of
silica gel (Et,O eluent), evaporated, and analyzed by GC for conversion to acetophenone

(26).

OH Pd source (5 mol%) (o} OH
(-)-sparteine (28, 12 mol%)
- +
0O, (1 atm), Cs,CO; (40 mol%)
CHClj3 (0.25 M), MS3A, 23 °C
(x)-25 26 (-)-25

Screening of PdBr, Sources in CHCl;. To an oven dried reaction tube with stir
bar was added 3A molecular sieves (250 mg). After allowing the tube to cool, the
palladium source (0.025 mmol, 0.05 equiv) was added, followed by CHCI, (1 mL)* and
then 28 (13.8 uL, 0.060 mmol, 0.12 equiv).”> The reaction tube was cooled to —78 °C,

then vacuum evacuated and purged with O, (3x). The reaction was allowed to warm to
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23 °C and stirred vigorously under a balloon of O, (1 atm) for 15 min. Finely powdered

Cs,CO; (65.2 mg, 0.20 mmol, 0.40 equiv) was added, followed by a solution of (+)-25
(60.3 pL, 0.50 mmol, 1.0 equiv) and tridecane (36.6 uL., 0.15 mmol, 0.30 equiv) in
CHC]; (1 mL). The reaction was allowed to proceed under O, atmosphere at 23 °C.
Aliquots were filtered through a small plug of silica gel (Et,O eluent), evaporated, and

analyzed by GC for conversion and chiral HPLC for alcohol ee.

OH Pd(sparteine)Br, (242, 5 mol%) o OH

(-)-sparteine (28, 7 mol%)
- +
0, (1 atm), MS3A, 23 °C
MeO Solvent (0.25 M) MeO MeO

()-67 68 (-)-67

Solvent Screen with Pd(sparteine)Br,. To an oven dried reaction tube with stir
bar was added 3A molecular sieves (250 mg). After allowing the tube to cool,
Pd(sparteine)Br, (242, 12.5 mg, 0.025 mmol, 0.05 equiv) was added, followed by the
solvent (1 mL) and then 28 (8.0 xL, 0.035 mmol, 0.07 equiv). The reaction tube was
cooled to —78 °C, then vacuum evacuated and purged with O, (3x). The reaction was
allowed to warm to 23 °C and stirred vigorously under a balloon of O, (1 atm) for 15
min. A solution of (+)-67 (76.1 mg, 0.50 mmol, 1.0 equiv) and tridecane (36.6 uL., 0.15
mmol, 0.30 equiv) in the solvent (1 mL) was added. The reaction was allowed to proceed
under O, atmosphere at 23 °C. Aliquots were filtered through a small plug of silica gel
(Et,O eluent), evaporated, and analyzed by GC for conversion and chiral HPLC for

alcohol ee.
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OH  Pd(sparteine)Br, (242, 5 mol%) (o} OH
(-)-sparteine (28, 7 mol%)
= +
Cs,CO03 (40 mol%), O, (1 atm)
MeO PhCHj; (0.25 M), MS3A MeO MeO
(£)-67 Temperature 68 (-)-67

Kinetic Resolution Conditions with Pd(sparteine)Br, (242) and O, in PhCH,.
To an oven dried reaction tube with stir bar was added 3A molecular sieves (250 mg).
After allowing the tube to cool, Pd(sparteine)Br, (242, 12.5 mg, 0.025 mmol, 0.05 equiv)
was added, followed by the PhCH, (1 mL) and then 28 (8.0 xL, 0.035 mmol, 0.07 equiv).
The reaction tube was cooled to —78 °C, then vacuum evacuated and purged with O, (3x).
The reaction was warmed to the appropriate temperature (23 or 60 °C) and stirred
vigorously under a balloon of O, (1 atm) for 15 min. A solution of (+)-67 (76.1 mg, 0.50
mmol, 1.0 equiv) and tridecane (36.6 uL., 0.15 mmol, 0.30 equiv) in PhCH; (1 mL) was
added. The reaction was allowed to proceed under O, atmosphere at the appropriate
temperature. Aliquots were filtered through a small plug of silica gel (Et,O eluent),

evaporated, and analyzed by GC for conversion and chiral HPLC for alcohol ee.

OH  Pd(sparteine)Br, (242, 5 mol%) (0} OH
(-)-sparteine (28, 15 mol%)
> +
Cs,C03 (40 mol%), air (1 atm)
MeO PhCHj; (0.25 M), MS3A MeO MeO
(2)-67 Temperature 68 (-)-67

Kinetic Resolution Conditions with Pd(sparteine)Br, (242) and Air in PhCH,.
To an oven dried reaction tube with stir bar was added 3A molecular sieves (250 mg).
After allowing the tube to cool, Pd(sparteine)Br, (242, 12.5 mg, 0.025 mmol, 0.05 equiv)
was added, followed by the PhCH; (1 mL) and then 28 (17.2 pL, 0.075 mmol, 0.15
equiv). A short (2-3 cm) tube containing Drierite was attached to the reaction tube. The

reaction was warmed to the appropriate temperature (23 or 50 °C) and stirred vigorously
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for 5 min. A solution of (+)-67 (76.1 mg, 0.50 mmol, 1.0 equiv) and tridecane (36.6 uL,

0.15 mmol, 0.30 equiv) in PhCH; (1 mL) was added. The reaction was allowed to
proceed under ambient air atmosphere at the appropriate temperature. Aliquots were
filtered through a small plug of silica gel (Et,O eluent), evaporated, and analyzed by GC

for conversion and chiral HPLC for alcohol ee.

OH Pd(sparteine)Br, (242, 5 mol%) [0} OH

(-)-sparteine (28, 7 mol%)
> +
0, (1 atm), Cs,CO3 (40 mol%)
CHClj3 (0.25 M), MS3A, 23 °C

(2)-25 26 (-)-25

Kinetic Resolution Conditions with Pd(sparteine)Br, (242) and O, in CHCI,.
To an oven dried reaction tube with stir bar was added 3A molecular sieves (250 mg).
After allowing the tube to cool, 242 (12.5 mg, 0.025 mmol, 0.05 equiv) was added,
followed by CHCI, (1 mL)* and then 28 (8.0 xL, 0.035 mmol, 0.07 equiv). The reaction
tube was cooled to =78 °C, then vacuum evacuated and purged with O, (3x). The
reaction was allowed to warm to 23 °C and stirred vigorously under a balloon of O, (1
atm) for 15 min. Finely powdered Cs,CO; (65.2 mg, 0.20 mmol, 0.40 equiv) was added,
followed by (£)-25 (60.3 uL, 0.50 mmol, 1.0 equiv) and tridecane (36.6 uL, 0.15 mmol,
0.30 equiv) in CHCI, (1 mL). The reaction was allowed to proceed under O, atmosphere
at 23 °C. Aliquots were filtered through a small plug of silica gel (Et,O eluent),
evaporated, and analyzed by GC for conversion and chiral HPLC for alcohol ee.
Purification of the product ketone and enantioenriched secondary alcohol was

accomplished by direct chromatography of the crude reaction mixture.
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OH Pd(sparteine)Br, (242, 5 mol%) [0} OH
(-)-sparteine (28, 7 mol%)
> +
air (1 atm), Cs,CO;3 (40 mol%)
CHClj3 (0.25 M), MS3A, 23 °C
(2)-25 26 (-)-25

Kinetic Resolution Conditions with Pd(sparteine)Br, (242) and Air in CHCI,.
To an oven dried reaction tube with stir bar was added 3A molecular sieves (250 mg).
After allowing the tube to cool, 242 (12.5 mg, 0.025 mmol, 0.05 equiv) was added,
followed by CHCI, (1 mL)* and then 28 (8.0 L, 0.035 mmol, 0.07 equiv). A short (2-3
cm) tube containing Drierite was attached to the reaction tube. The reaction was stirred
vigorously at 23 °C under a balloon of O, (1 atm) for 5 min. Finely powdered Cs,CO,
(65.2 mg, 0.20 mmol, 0.40 equiv) was added, followed by (+)-25 (60.3 xL, 0.50 mmol,
1.0 equiv) and tridecane (36.6 L, 0.15 mmol, 0.30 equiv) in CHCIl; (1 mL). The
reaction was allowed to proceed under ambient air atmosphere at 23 °C. Aliquots were
filtered through a small plug of silica gel (Et,O eluent), evaporated, and analyzed by GC
for conversion and chiral HPLC for alcohol ee. Purification of the product ketone and
enantioenriched secondary alcohol was accomplished by direct chromatography of the

crude reaction mixture.

OH Pd(nbd)Cl, (5 mol%) o OH
diamine (20 mol%) <
- +
0, (1 atm), PhCH; (0.1 M) ©/\
MS3A, 80 °C
(x)-25 26 (+)-25

Kinetic Resolution Conditions With Diamines and Pd(nbd)Cl, in PhCH;. To
an oven dried reaction tube with stir bar was added 3A molecular sieves (250 mg). After
cooling, Pd(nbd)CL, (6.7 mg, 0.025 mmol, 0.05 equiv) followed by toluene (2.5 mL) and

then the diamine (0.10 mmol, 0.20 equiv) were added. The reaction tube was then cooled



281
to —78 °C, then vacuum evacuated and purged with O, (3x). Then, the tube was heated to

80 °C with vigorous stirring under a balloon of O, (1 atm) for 20 min. A solution of (+)-
25 (60.3 uL, 0.50 mmol, 1.0 equiv) and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in
toluene (2.5 mL) was added, and the reaction was allowed to proceed under O,
atmosphere at 80 °C. Aliquots were filtered through a small plug of silica gel (Et,O

eluent), evaporated, and analyzed by GC for conversion and chiral HPLC for alcohol ee.

/7
OH N N-pye
Ph\@ 248 (12 mol%) \b
Pd(nbd)Cl, (5 mol%) \O
0O, (1 atm), Cs,CO3 (40 mol%)
(£)-119 CHCIj3 (0.25 M), MS3A, 23 °C (+)-119

Kinetic Resolution Conditions With Diamine 248 and Pd(nbd)Cl, in CHCI,.
To an oven dried reaction tube with stir bar was added 3A molecular sieves (250 mg).
After allowing the tube to cool, Pd(nbd)Cl, (6.7 mg, 0.025 mmol, 0.05 equiv) was added,
followed by CHCI, (1 mL)* and then freshly distilled diamine 248 (11.7 mg, 0.06 mmol,
0.12 equiv). The reaction tube was cooled to —78 °C, then vacuum evacuated and purged
with O, (3x). The reaction was allowed to warm to 23 °C and stirred vigorously under a
balloon of O, (1 atm) for 15 min. Finely powdered Cs,CO; (65.2 mg, 0.20 mmol, 0.40
equiv) was added, followed by (£)-119 (87.1 mg, 0.50 mmol, 1.0 equiv) and tridecane
(36.6 uL, 0.15 mmol, 0.30 equiv) in CHCI, (1 mL). The reaction was allowed to proceed
under O, atmosphere at 23 °C. Aliquots were filtered through a small plug of silica gel
(Et,O eluent), evaporated, and analyzed by GC for conversion and chiral HPLC for

alcohol ee.
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OH N N-pe o) OH
248 (10 mol%) :
+
Pd(CH3CN),Brx(244, 5 mol%) @A
0O, (1 atm), Cs,CO3 (40 mol%)
(+)-25 MS3A, CHCl3, 20 °C 26 (+)-25

Kinetic Resolution Conditions with Pd(diamine)Br, and O,. To an oven dried
reaction tube with stir bar was added 3A molecular sieves (250 mg). After allowing the
tube to cool, 244 (8.7 mg, 0.025 mmol, 0.05 equiv) was added, followed by CHCI, (1
mL)* and then freshly distilled diamine 248 (9.7 mg, 0.050 mmol, 0.10 equiv). The
reaction tube was cooled to =78 °C, then vacuum evacuated and purged with O, (3x).
The reaction was warmed to 20 °C in a circulating bath and stirred vigorously under a
balloon of O, (1 atm) for 15 min. Finely powdered Cs,CO; (65.2 mg, 0.20 mmol, 0.40
equiv) was added, followed by (£)-25 (60.3 uL, 0.50 mmol, 1.0 equiv) and tridecane
(36.6 uL, 0.15 mmol, 0.30 equiv) in CHCI, (1 mL). The reaction was allowed to proceed
under O, atmosphere at 20 °C. Aliquots were filtered through a small plug of silica gel
(Et,O eluent), evaporated, and analyzed by GC for conversion and chiral HPLC for
alcohol ee. Purification of the product ketone and enantioenriched secondary alcohol was

accomplished by direct chromatography of the crude reaction mixture.

OH N N-pe o) OH
248 (10 mol%) :
+
Pd(CH3CN),Br,(244, 5 mol%) @/\
air (1 atm), Cs,CO3 (40 mol%)
(£)-25 MS3A, CHClj3, 20 °C 26 (+)-25

Kinetic Resolution Conditions with Pd(diamine)Br, and Air. To an oven

dried reaction tube with stir bar was added 3A molecular sieves (250 mg). After allowing
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the tube to cool, 244 (8.7 mg, 0.025 mmol, 0.05 equiv) was added, followed by CHCI, (1

mL)* and then freshly distilled diamine 248 (9.7 mg, 0.050 mmol, 0.10 equiv). A short
(2-3 cm) tube containing Drierite was attached to the reaction tube. The reaction was
cooled to 20 °C in a circulating bath and stirred vigorously for 15 min. Finely powdered
Cs,CO; (65.2 mg, 0.20 mmol, 0.40 equiv) was added, followed by (£)-25 (60.3 uL, 0.50
mmol, 1.0 equiv) and tridecane (36.6 uL, 0.15 mmol, 0.30 equiv) in CHCI; (1 mL). The
reaction was allowed to proceed under ambient air atmosphere at 20 °C. Aliquots were
filtered through a small plug of silica gel (Et,O eluent), evaporated, and analyzed by GC
for conversion and chiral HPLC for alcohol ee. Purification of the product ketone and
enantioenriched secondary alcohol was accomplished by direct chromatography of the

crude reaction mixture.

4.5.4 Preparative Resolution of Alcohols

OH o}
©/'\ + ©)J\
(-)-25 26

(-)-1-Phenylethanol ((-)-25, Table 4.2.11, entry 1). After 4 h (55.6%
conversion), the crude reaction mixture was purified by flash chromatography (4:1
hexanes:Et,0) to afford (-)-25 (26.4 mg, 43% yield, 95.6% ee, s = 28) and 26 (28.5 mg,

47% yield, 91% total mass recovery).
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o O
(+)-25 26
(+)-1-Phenylethanol ((+)-25, Table 4.3.6, entry 1). After 30 h (57.6%
conversion), the crude reaction mixture was purified by flash chromatography (4:1
hexanes:Et,0) to afford (+)-25 (24.5 mg, 40% yield, 97.1% ee, s = 25) and 26 (30.8 mg,

51% yield, 91% total mass recovery).

OH [0}

(-)-67 68
(-)-1-(4-Methoxyphenyl)ethanol ((-)-67, Table 4.2.11, entry 3). After 4 h
(59.4% conversion), the crude reaction mixture was purified by flash chromatography

(9:1—7:3 hexanes:EtOAc) to afford (—)-67 (30.9 mg, 41% yield, 95.4% ee, s = 17) and

68 (43.3 mg, 58% yield, 98% total mass recovery).

OH o
sallive
(-)-72 275
(-)-1-(2-Methylphenyl)ethanol ((-)-72, Table 4.2.11, entry 6). After 41 h
(63.5% conversion), the crude reaction mixture was purified by flash chromatography

(9:1—7:3 hexanes:EtOAc) to afford (—)-72 (23.5 mg, 35% yield, 97.1% ee, s = 14) and

275 (33.2 mg, 50% yield, 84% total mass recovery).
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O, O
g U
(-)-78 276
(-)-1-(1-Naphthyl)ethanol ((-)-78, Table 4.2.11, entry 8). After 24 h (59.6%
conversion), the crude reaction mixture was purified by flash chromatography (9:1—7:3

hexanes:EtOAc) to afford (-)-78 (34.2 mg, 40% yield, 92.5% ee, s = 14) and 276 (48.4

mg, 57% yield, 97% total mass recovery).

OH [0}
Ph,, Ph
+

(+)-136 (-)-277
(+)-trans-2-Phenylcyclohexanol ((+)-136, Table 4.2.11, entry 12). After 49 h
(58.0% conversion), the crude reaction mixture was purified by flash chromatography
(19:1 hexanes:EtOAc) to afford (+)-136 (34.9 mg, 40% yield, 90.6% ee, s = 15) and (-)-

277 (47.4 mg, 54% yield, 64.0% ee, 94% total mass recovery).

OH o]
CO - O
(-)-82 278
(-)-1-Tetralol ((-)-82, Table 4.3.6, entry 5). After 24 h (60.9% conversion), the
crude reaction mixture was purified by flash chromatography (9:1—7:3 hexanes:EtOAc)

to afford (-)-82 (28.3 mg, 38% yield, 90.2% ee, s = 11) and 278 (39.0 mg, 53% yield,

92% total mass recovery).
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OH 0

Ph_ A~ Ph
0 "0

(+)-119 213
(+)-2-Phenylcyclohex-2-enol ((+)-119, Table 4.3.6, entry 6). After 46 h (56.8%
conversion), the crude reaction mixture was purified by flash chromatography (19:1—4:1
hexanes:EtOAc) to afford (+)-119 (37.6 mg, 43% yield, 90.7% ee, s = 17) and 213 (45.8

mg, 53% yield, 96% total mass recovery).

OH 2
Ph/\O + Ph/\é
(+)-105 279

(+)-(E)-2-Benzylidenecyclohexanol ((+)-105, Table 4.3.6, entry 9). After 46 h
(59.3% conversion), the crude reaction mixture was purified by flash chromatography
(9:1 hexanes:EtOAc) to afford (+)-105 (36.3 mg, 39% yield, 90.6% ee, s = 13) and 279

(51.2 mg, 55% yield, 94% total mass recovery).

oH 0
2 +
PR TN Ph/D)j\

(-)-126 (+)-129
(-)-syn,trans-1-(2-Phenylcyclopropyl)ethanol ((-)-126, Table 4.3.6, entry 11).
After 32 h (59.0% conversion), the crude reaction mixture was purified by flash
chromatography (4:1 hexanes:EtOAc) to afford (-)-126 (32.1 mg, 40% yield, 90.2% ee, s

=13) and (+)-129 (42.3 mg, 53% yield, 64.1% ee, 92% total mass recovery).
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4.5.5 Methods for Determination of Conversion

Conversion values for (+)-1-(9-anthacenyl)ethanol ((+)-247) were determined
relative to product ketone by '"H NMR of a reaction aliquot after filtration through a short

plug of silica gel. All other conversions were determined by GC (Table 4.5.1 or Chapters

2 and 3) relative to tridecane as internal standard.

Table 4.5.1 Methods for determination of conversion.

alcohol ketone
entry alcohol ketone GC conditions retentign time retentign time
(min) (min)
OH o]
100 °C, 5 min;
! ©)\/ ©)k/ Ramp 13 °C/min 1.5 10.0
()-83 240
OH (o}
100 °C, 5 min;
2 ©/K ©)\ Ramp 13 °C/min 129 105
(2)-72 275
100 °C, 5 min;
Ramp 13 °C/min
3 O O to 240 °C 19.2 17.1
(2)-78 276 240 °C, 5 min
OH o
Ph.. Ph 100 °C, 5 min;
4 © \é Ramp 13 °C/min 14.2 149
(2)-136 (£)-XX
OH o
100 °C, 5 min;
> ©© Cﬁﬁ Ramp 13 °C/min 145 136
(2)-XX XX
OH 0 100 °C, 5 min;
Ph Ph Ramp 13 °C/min
6 jﬁ) jé 10 240 °C 15.8 16.1
(x)-SI14 (£)-277 2 40 oC 5 min
OH o] ;
100 °C, 5 min;
PR X > >
7 /ﬁ)\ " Ramp 13 °C/min 14.1 13.1
()-104 280




4.5.6 Methods for Determination of Enantiomeric Excess

Table 4.5.2 Methods for determination of enantiomeric excess.
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(S) enantiomer

(R) enantiomer

(-)-104

entry alcohol oe assay assay retention time | retention time
and conditions . .
(min) (min)
column
OH
HPLC 3%
I ©/‘\/ OD-H EtOH/hexanes 17.6 12.0
(-)-83
OH
HPLC 3%
2 @A AD EtOH/hexanes 13.1 1.2
)72
X
HPLC 8%
3 O OD-H EtOH/hexanes 12.6 18.4
(-)-78
X
HPLC 5%
4 % AD EtOH/hexanes 17.6 279
(-)-247
OH
Ph,, HPLC 4% a
5 © AD EtOH/hexanes 28.1 18.8
(+)-136
(o]
Ph HPLC 3%
6 \é OB-H EtOH/hexanes 18.1 23.2
(-)-277
?H
: HPLC 3%
7 ©O OB-H iPrOH/hexanes 213 122
()82
OH
- HPLC 3%
Ph™ X
8 /ﬁ/\ OD-H iPrOH/hexanes 17.9 15.6

* Retention time for (/5, 2R) enantiomer (shown).
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APPENDIX 2

Spectra Relevant to Chapter 4
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Figure A2.2 Infrared spectrum (thin film/NaCl) of compound 243.
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Figure A2.3 C NMR (126 MHz, CDCI,) of compound 243.
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Figure A2.5 Infrared spectrum (thin film/NaCl) of compound 269.
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Figure A2.6 C NMR (75 MHz, CDCI,) of compound 269.
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Figure A2.8 Infrared spectrum (thin film/NaCl) of compound 270.
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Figure A2.9 “C NMR (75 MHz, CDCl,) of compound 270.
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