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Abstract

The field of organic chemistry has seen remarkable advances throughout the decades. Of all
advances, catalysis is playing a crucial role, since it can lower the activation energy of normally
inert starting materials for further chemical reactions. In this context, the catalytic direct
activation and transformation of hydroxyl groups (—OH) is of significant value since hydroxyl
groups exist in numerous commodity chemicals, pharmaceutical agents and natural products.
Arylboronic acids can form covalent bonds with hydroxyl groups in a reversible manner, thus
providing transient activation, which bypasses the need for wasteful, expensive and often toxic
stoichiometric activating reagents. As an emerging mode of catalysis, boronic acid catalysis
(BAC) has the potential to be developed into a versatile strategy for direct hydroxyl group
functionalization. To this end, BAC has been applied to the direct activation of carboxylic acids,
alcohols and oximes. Several new catalytic methods employing novel arylboronic acids are

presented in this thesis.

Chapter 2 describes the development of a direct Friedel-Craft alkylation using r-activated
alcohols via BAC. Owing to their high Lewis acidity, electron deficient arylboronic acids activate
alcohol substrates though polarization of the C—O bond. Mechanistic investigation revealed that
the catalytic reactivity of arylboronic acids is influenced by their ortho-substituents. Moreover,
this chapter also details the discovery of a novel cationic ferrocenium boronic acid salt for the

efficient Friedel-Crafts benzylation of challenging substrates.

Due to its broad functional group tolerance, BAC can potentially be employed cooperatively with
other types of catalytic systems. Chapter 3 describes the development of a dual catalytic
methodology, merging boronic acids and chiral amines, for the direct asymmetric allylation of

branched aldehydes with allylic alcohols. Through the optimization of boronic acids and various



chiral amines, compounds containing valuable all-carbon quaternary centers can be accessed
in good yield and high enantioselectivity. This research was also applied in the first catalytic and

asymmetric synthesis of a key building block for the synthesis of a NK1/NK3 receptor antagonist.

Other functional groups containing hydroxyl units may also be amenable to BAC. Chapter 4
describes the discovery of a unique class of arylboronic acids with ortho-carboxyesters for
catalysis of the Beckmann rearrangement of oximes. A broad substrate scope of oximes with
various functional groups is achieved. Further investigations strongly suggest a two-step
mechanism comprised of a novel boron induced oxime transesterification and a boron assisted

Beckmann rearrangement.
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Chapter 1 Introduction: Recent Advances in Catalysis
for Direct Alcohol C-O bond Activation

1.1 Definition and introduction of alcohol functional group

The term hydroxyl group refers to the functional entity —OH. Unlike hydroxyl, which represents
the radical OH according to IUPAC rules,’ the hydroxyl group widely exists in a variety of
compounds such as water, alcohol, phenol, oxime, hydroxamic acid, carboxylic acid and mineral
acid (Figure 1-1). For instance, when the hydroxyl group is attached to saturated carbon atoms
(sp>C—OH or R—OH), alcohols are formed.

The chemistry of alcohols is vital and popular owing to their ready availability, prevalence in
bioactive motifs, low toxicity and relatively high stability. Various alcohol products can be
obtained through partial petroleum oxidation, biomass deoxygenation and other industrial
processes directly from raw materials.? For instance, over 2.5 billion gallons of ethanol fuel was
produced worldwide in 2015.2 From there, hundreds of thousands of industrial chemicals and
daily commodities can be produced via further chemical transformations.* According to the Alfa
Aesar catalog, it is estimated that more than 2500 different alcohol compounds are
commercially available.® Furthermore, approximately 65% of the biologically relevant natural

products and 40% of the commercial pharmaceutical agents contain alcohol units.®

Chemical reactions with alcohol substrates are fundamental for many important carbon-carbon
and carbon-heteroatom bond formation reactions, such as oxidation, reduction, dehydration,
nucleophilic substitution, rearrangements, and many others. Versatile installation, manipulation

and transformation of the alcohol functional group lie at the heart of modern synthetic organic

chemistry.
N/OH (0] o
x H—OH R—OH Ph—OH J|\ )J\ _OH )J\
17N pR2 R™ N R™ SOH
R R H
hydroxyl group water alcohol phenol oxime hydroxamic acid carboxylic acid

Figure 1-1. Functional entities that contain a hydroxyl group.



1.2 Traditional methods for C—O bond activation of alcohols

As one of the most important aspects of alcohol chemistry, the alcohol C-O bond activation has
received great attention as it is often the key step in many widely used transformations such as
nucleophilic substitutions, eliminations, and rearrangement reactions. However, the relatively
inert property of the C—O bond has rendered its activation and transformation rather challenging.
Research on alcohol C-O bond activation for chemical synthesis has come a long way. One of
the earliest documented alcohol activation of this kind dates back to as far as 1860 when the
pinacol rearrangement was reported to produce tert-butyl methyl ketone.” The use of excess
strong acids certainly allows substitution or elimination to occur, however, only with structurally
simple alcohols under harsh conditions. Since then, more effort has been placed on the
development of methods with broader substrate scope and more controllable conditions.
Common strategies follow the idea to first convert the hydroxyl group into activated species (e.g.
halide, sulfonate, oxyphosphonium, etc.), then to effect the desired reactions (Scheme 1-1).
These activation methods include, but are not limited to, the Appel reaction, ® Mitsunobu

' and the Grieco elimination. > These

reaction, ° Zaitsev elimination, ° Chugaev reaction '
traditional transformations deliver great efficiency and wide applicability in the pharmaceutical
industry. A survey in 2006 showed that 2% of the reactions performed in the synthesis of active
pharmaceutical ingredients (APIls) directly related to the interconversion of alcohols to
sulfonates or halides for further manipulation.™ These traditional methods for alcohol C—O bond
functionalization, however, are undesirable. Significant drawbacks come from the production of
large amounts of waste though the activation process involving stoichiometric reagents. These
activators also often display safety and toxicity problems for manufacturing. Overall, the strategy
of multistep functional group interconversion exhibits fairly low atom economy and greatly
increases production costs. Consequently, since 2005, the ACS Green Chemistry Institute
Pharmaceutical Roundtable has ranked the activation of alcohol as one of the most important

research areas.™

OH activation X transformations Nu
R/\/ —_— R/\/ R/\/
e.g. SN2
X = ClI, Br, OTf, OMs, etc
- generate stoichiometric - use of toxic - multistep synthesis - increased costs
amounts of waste activating reagents with low atom economy for production

Scheme 1-1. Traditional methods for alcohol C—O bond activation and associated drawbacks.



1.3 Catalysis development for direct alcohol activation

The use of catalysis in direct C—O bond activation would be an ideal solution for the alcohol
functionalization since the only by-product is water. However, reactions of this kind have proven
to be highly challenging. The difficulty lies in several thermodynamic and kinetic pitfalls in the
activation-transformation process. The C—O bond dissociation energy is ~95 kcal/mol.” The
energy required to break such a strong bond is rarely compensated by the formation of the new
bonds, which are often weaker. Even though external energy can be supplied, the activation
process faces intrinsically high activation barriers as hydroxyl groups are poor leaving groups
regardless of reaction type. Furthermore, generation of water can potentially undermine the
catalyst and renders the entire activation process sluggish. Successful catalytic systems must
be very carefully designed. Despite all the challenges, significant progress has been made in

the area of direct alcohol activation.

1.3.1 Direct alcohol activation via catalytic nucleophilic substitutions

1.3.1.1 Catalytic direct alcohol activation via Sy1 and other cationic reactions

Lewis- or Brgnsted acid catalysis is one of the most popular methods for direct functionalization
of tertiary and Tr-activated alcohols. The canonical reaction mechanism involves transient
polarization of the C—O bond by coordination or protonation of the alcohol unit, formation of a
relatively stable carbocation and attack of a nucleophile or other downstream cationic reaction.
The use of acids, especially Lewis acids, may seem counterintuitive for direct alcohol activation
where water is generated as the by-product. On the contrary, certain Lewis acids express
moderate to excellent catalytic activity in the presence of water, providing that they exhibit
suitable hydrolysis constant and water exchange rate constant as described by Kobayashi." In
fact, as Rueping and co-workers stated in their review, a number of elements, including but not
limited to H, Sc, Fe, Nb, In, La, Nd, Sm, Yb, Hf, W, Ir, Pt, Au, and Bi, have shown to be able to
direct Friedel-Crafts alkylation of certain alcohols.” Moreover, a broad range of nucleophiles are
suitable such as arenes, alkenes, 1,3-diketones, nitriles, azides, amines and even boronic acids
(Scheme 1-2a).'® However, Lewis- or Brgnsted acid catalyzed alcohol activation generally
shares some limitations, namely the need to use 1r-activated or tertiary alcohols in most cases
and the lack of methods for enantioselective control over the short-lived prochiral carbocation

species. Only recently, a rare catalytic system with FeCl;/AgSbFs was reported by Cook and co-
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workers, where cyclohexanol was activated for direct Friedel-Crafts alkylation of simple arenes
such as p-xylene (Scheme1-2b), affording the product 1-1 in high vyield. ' Nevertheless,
transformations of the t-activated alcohols through carbocation intermediates have been
extensively used to construct numerous carbon-carbon and carbon-heteroatom bonds for

organic synthesis.?

. H—Nu
acid catalyst ™~
J\ + H—Nu 4 > J\ +
2 iti 2 R2

R TR conditions R' R

Nu =C-, N-, O-,
S- nucleophiles

FeCl3 (15 mol%)

AgSbFg (45 mol%)
\©\ ° Me A rare example on
DCE, 80 °C, 24 h aliphatic 2 ° alcohol

Me
1.0 equiv 15.0 equiv 1-1 (83% yield)

Scheme 1-2. (a) Catalytic direct alcohol activation via Sy1 and other cationic reactions. (b) A

challenging Friedel-Crafts alkylation of p-xylene using a non-mr-activated secondary alcohol.

1.3.1.2 Catalytic methods for Sy2 and Sy2’ reactions

In comparison with ionization of alcohol substrates in Sy1 reactions, direct catalytic dehydrative
Sn2 and Sy2’ reactions are much less developed. Several catalytic variants of the Mitsunobu
and Appel reactions have been reported by Toy,?' Taniguchi,? Aldrich,?® Denton?* and
Lambert,?® respectively. For example, the optically pure alcohol 1-2 could be transformed to the
chloride 1-3 with cyclopropenone 1-4 as the catalyst (Scheme 1-3a).” However, stoichiometric
reagents were used to regenerate the active species for catalyst turnover in these reactions.
The reported systems of this kind are not truly catalytic direct activation of alcohols and they are
not discussed in detail in this section. In 2015, Samec and co-workers reported a remarkable
Bransted acid catalyzed Sy2 type reaction (Scheme 1-3b).?° Starting from optically pure alcohol
substrates 1-5, the direct intramolecular nucleophilic substitution occurred with a high degree of
chirality transfer in the presence of catalytic phosphinic acid. The reaction is thought to occur
through a well-organized hydrogen bonding network where the phosphinic acid is associated

with both the nucleophile and the leaving alcohol simultaneously. Compared with the relatively



simple S\2 reactions, the case of Sy2’ reactions are less straightforward. A gold (I) complex is
known to catalyze the direct allylic alcohol substitution in a stereospecific manner as reported
independently by Aponick,?” Widenhoefer?® and Bandini*® (Scheme 1-3c). The accepted
general mechanism involves the complexation of gold () to the alkene moiety followed by anti-
addition of the internal nucleophile and anti-elimination of gold (I) and the alcohol. Thus, the

cyclized product 1-8 can be obtained in high enantiomeric purity.*’

a
]
OH 1-4 (10 mol% Cl
/:\ + (COCl), ( I /L
Ph” “Me CHoCla, it 1h Ph™ “Me
PMP PMP
1-2 (96% ee) 1.0 equiv 1-3 (96% ee) 1-4
b via
- q%
OH H
H3P02 (10 mol%) H- !
/'\/\/XH P=o
R DCE, 80 °C, 12 h R X (I) |
-7 H
1-5 1-6 H\ H
X =0, S, NAr up to 99% yield y O~ X
R = alkyl, allyl, aryl, propargyl stereo-invertive R\‘
c via
Ph3PAuCl/
ji/\/\/\ AgOTF (1 mol%) /\/O OH O
R NF OH CH,Cl,, 4 A MS, X R™ N
rt, 35 min =z
1.7 1-8 (96% ee) [Au]

R = alkyl, 96% ee

Scheme 1-3. Catalytic direct alcohol activation via Sy2 and Sy2’ reactions: (a) cyclopropenone
catalyzed chlorination of a chiral alcohol; (b) phosphinic acid catalyzed intramolecular Sy2

reaction; (c) gold catalyzed intramolecular Sy2’ reaction.

1.3.2 Direct alcohol activation via transition metal mr-allyl intermediate

Transition metal catalyzed r-allyl chemistry has received enormous attention since the 1970s
when the Tsuiji-Trost reaction was first introduced.®® Variants were soon developed: use of
different metals, examination of leaving groups, stereochemical control with novel ligands and
construction of new carbon-carbon and carbon-heteroatom bonds.*' Despite great progress, the

direct use of allylic alcohol substrates for transition metal 1r-allyl chemistry is still challenging.
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While a number of transition metals (Ni, Mo, Ru, Pd, Ir and Pt) were reported to be able to
activate allylic alcohols directly, these methods share similar strategies (Scheme 1-4a).*? The
use of aqueous or protic media was shown to be beneficial for the activation process.** Oshima
and co-workers proposed that elimination of the —OH was accelerated due to efficient hydration
of the allylic alcohol in the protic environment. The newly formed hydroxide anion is thought to
be sufficiently stabilized by a hydrogen-bonding network.*®* The other common strategy is the
addition of Lewis- and Brgnsted acids (p-toluenesulfonic acid, CO,, Et;B, Ti(OiPr)4, As;O3, etc)
to activate the alcohol unit in situ.>* Polarization of the C—O bond by acidic additives enhances
the rate of formation of the t-allyl intermediate. Last but not least, the use of special ligands
was also proven beneficial.** However, most of the designed ligands display a lack of generality
and dubious potential for asymmetric variants. A nice example of direct amination featuring
alcohol 1-11 with an iridium catalyst combining the addition of lithium iodide and the use of
special ligand 1-13 is shown in Scheme 1-4b.*® Direct allylic alcohol activation via transition
metal 1r-allyl chemistry remains a popular method; however, it is only applicable to this specific

class of substrates.

a via
R = |
"/
OH transition metal 1-9 R F
)\% +  H-Nu +
R acid additives
or special ligands S H—Nu
RN _ .
TM =Ruorlr: 1-9
1-10 TM = Pd or Pt: 1-10

[Ir(COD)CI], (2.5 mol%) O
o 1-13 (10 mol%) NHACI
+ - Lil (10 mol%) 3 ON
+ — > P—N
H3N 803 - |
Ph/'\% DMF (5.0 equiv), Ph/k% O O O

4 AMS, toluene,
1-11 (92% ee) rt, 18 h, then HCI 112
67% yield, 92% ee 1-13

Scheme 1-4. Direct alcohol activation via transition metal r-allyl intermediate: (a) general
strategies; (b) a specific example of direct allylic alcohol amination with Lewis acid additive and

special ligand by iridium T-allyl chemistry.



1.3.3 Direct alcohol activation via borrowing hydrogen strategy

The borrowing hydrogen methodology offers a different perspective for direct alcohol activation
compared to the nucleophilic substitution. For an example of the alkylation of amines with
alcohols, a traditional SN2 reaction generally involves a two-step sequence: activation of the
alcohols into halides followed by the nucleophilic substitution from the amines. Over alkylation is
a severe problem in a regular Sy2 process. In contrast, the borrowing hydrogen strategy
bypasses this problem by exploiting the redox active metal complexes and their ability to
temporarily remove hydrogens from alcohols. The corresponding aldehydes or ketones can then
undergo other reactions that result in new unsaturated moieties. Eventually, the reduced metal
complex transfers the hydrogens back to the newly formed unsaturated species. A general
reaction mechanism of the transfer hydrogenation strategy for the direct amination of alcohols

with amines is described in Scheme 1-5a.%"

While certain metals such as Al, Ni, Cu, Pd and Pt, were shown to be able to catalyze the
reactions under heterogeneous conditions, the use of homogeneous Ru and Ir complexes is of
great interest as various ligands can be introduced for asymmetric catalysis.*® As depicted in
Scheme 1-5b, the direct asymmetric amination of alcohols was achieved with a chiral iridium
catalyst 1-20 and a chiral phosphoric acid, reported by Zhao and co-workers.*® Recently, due to
the abundance and low toxicity of iron, more research on the iron based cyclopentadienone

complexes for alcohol activation with a similar mechanism was also reported.*

As an extension of the borrowing hydrogen strategy, direct construction of C—C bonds from
alcohols can be also achieved by using carbon nucleophiles,* such as Wittig reagents 1-19
(Scheme 1-5a). Remarkably, further modification of the borrowing hydrogen method to alkenes
and other unsaturated functional groups by Krische and co-workers has led to great progress in
the construction of tertiary carbon centers for natural product synthesis.*’ As shown in Scheme
1-5c¢, transfer hydrogenation from alcohol 1-22 to alkene 1-21 results in homoallylic alcohol 1-23

in high yield and enantioselectivity with chiral phosphoric acid 1-24.

The borrowing hydrogen strategy has become a popular method for direct functionalization of
alcohols, in particular the direct amination of alcohols. However, as one of the drawbacks, this
strategy cannot be applied to the activation of tertiary alcohols, since they cannot be oxidized

into the corresponding aldehydes or ketones.
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Scheme 1-5. Direct alcohol activation via borrowing hydrogen strategy: (a) a general reaction
mechanism; (b) an example of direct asymmetric amination of alcohols; (c) transfer

hydrogenation from alcohols to alkenes for the synthesis of chiral homoallylic alcohols.

1.3.4 Direct alcohol activation via radical process

To this day, there has been very little exploration on the direct catalytic activation of alcohols via
radical pathways. Alcohols as alkylating reagents activated via a radical mechanism have only
recently been reported by MacMillan and co-workers. Their approach, which combines iridium
photoredox catalysis and thiol organocatalysis, mimics the key step of spin-center shift during

the enzymatic reduction of ribonucleoside diphosphates into deoxyribonucleoside in DNA



biosynthesis.*” This complicated dual catalytic system features several interesting mechanistic
aspects, which are simplified as follows: (a) generation of the a-hydroxyl radical 1-27 from
methanol or other alcohols by thiol 1-26 along with photocatalysis; (b) subsequent Minisci
reaction of radical 1-27 to pyridinium 1-25, affording the a-amino radical 1-28; (c) facile spin-
center shift of radical 1-28, eliminating a molecule of water, resulting in a benzyl radical 1-29; (d)
reduction of radical 1-29 via photocatalysis in the presence of acids eventually leading to the
alkylated product 1-30 (Scheme 1-6).** Despite the scarcity of literature precedent, alcohol

activation via radical processes appears to be a promising area.

N
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O
= SH
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HO—CH, T N T’ P
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OH 1-26
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Scheme 1-6. Direct alcohol activation via radical process merging photocatalysis and

organocatalysis.

1.4 Boronic acid catalysis (BAC)

1.4.1 Overview of boronic acid catalysis

Boronic acids or dihydroxy boranes refer to the trivalent boron containing compounds with two
hydroxyl groups and one carbon substituent attached to the boron center. Boronic acids have
become important building blocks for organic synthesis in recent decades. They are the key
components in many important transformations such as the Nobel Prize-winning Suzuki-
Miyaura cross-coupling, Matteson homologation, Chan-Lam coupling, Liebeskind-Srogl coupling,
conjugate addition, stereo-retentive oxidation, amination and many other processes.* More

recently, boronic acids have also found a unique application in drug discovery. For instance,



Bortezomib, a small molecule with an alpha-amino alkyl boronic acid unit, was approved by the
FDA in 2003 for the treatment of multiple myeloma.* Shadowed by its spectacular versatility in
organic synthesis, medicinal chemistry and material science, the potential of boronic acids in
green catalysis has long been overlooked. Boronic acids are considered environmental friendly
as they eventually decompose into boric acid, which possesses low toxicity. While alkylboronic
acids suffer from facile aerobic decomposition, arylboronic acids express a higher degree of
stability and serve as an ideal candidate for the catalytic activation of hydroxyl groups.*
Comprised of a Lewis acidic oxophilic boron center, arylboronic acids can form covalent bonds
with hydroxyl groups in a reversible manner, * thus providing transient polarization and
activation of the C-O bond from alcohols, carboxylic acids, carbonyl groups, etc. Downstream
reactions can be achieved by fine tuning the structure and properties of the aromatic ring. In
addition, different ortho-substituents can be introduced to provide secondary directing or
activating effect along with the boronic acid (Scheme 1-7). Herein, an overview of boronic acid

catalysis (BAC) for the transformation of hydroxyl containing functional groups is presented.

Lewis acidic = ------. reversible bonding R functional group
boron center * of hydroxyl groups ¥ (C-0) transformation

HO. _OH

777777 ToNg- HO\B/OR
R—OH
X ‘ e — X + H,0 —> R-Z

Y ! H,O Y A

A ‘ l
tunable properties: ‘ __ ortho-substituents for water as the

electronic modulation secondary interaction only by-prodcuct

Scheme 1-7. The concept of boronic acid catalysis (BAC).

1.4.2 BAC as reaction template

Boronic acids can reversibly bind to certain substrates with hydroxyl groups via boronic ester or
boronate formation. Taking advantage of this unique property, boronic acid catalysts can be
designed as reaction templates for hydroxyl group containing compounds. In fact, the first
boronic acid catalyzed reaction was discovered in this context. In 1963, Letsinger and co-
workers reported that 8-quinolineboronic acid BAC-1 could serve as a bifunctional catalyst for
the hydrolysis of 2-chloroethanol. It was proposed that a tetrahedron boronate was formed

which brought the substrates in close proximity. The nearby nitrogen then facilitated the
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hydroxide substitution through hydrogen bonding (Scheme 1-8a).*” Similarly in 1991, Philipp

and co-workers reported a phenyl boronic acid catalyzed hydrolysis of salicylaldehyde imine.

The ortho-hydroxyl group not only associated with the boronic acid but also enhanced its

nucleophilicity for hydrolysis of imine 1-31 (Scheme 1-8b).*

1-31

Scheme 1-8. BAC as reaction templates for hydrolysis reactions: (a) hydrolysis of 2-

H,0

B(OH),

N
N

Z
BAC-1 (10 mol%)

2,4,6-collidine
H,0, DMF, 89 °C

BAC-2 (10 mol%)

buffer solution

1.4.3 Activation of carboxylic acids

via

e
OH

1-32

chloroethanol; (b) hydrolysis of salicylaldehyde imine.

Boronic acid catalysis for carboxylic acid activation has received great attention in the past two

decades. It is generally proposed that, when a carboxylic acid and a boronic acid interact, a

mono-acyl boronic ester (1-33) is formed upon the removal of water, which is then activated for

nucleophilic displacement (Scheme 1-9).%
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Scheme 1-9. General activation mode of carboxylic acid via BAC.

?
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The use of amines as nucleophiles is prevalent due to their potential for catalytic direct amide
coupling. In 1996, Yamamoto and co-workers reported the first boronic acid catalyzed direct
amidation. In their report, different electron poor boronic acids were examined as they
potentially increased the electrophilicity of the mono-acyl boronic ester 1-33 for direct amidation
(Scheme 1-10). As a result, 3,4,5-trifluoropehnyl boronic acid BAC-3 was identified as the best
catalyst and displayed a high performance for amide coupling in non-polar solvent.* Later, the
same group introduced pyridiniumboronic acid BAC-4, which exhibited higher activity in polar
solvents.*® Reactions with these electron poor boronic acids, however, required very high

temperatures (> 110 °C) and azeotropic reflux conditions (Scheme 1-10).

via

H
o cat. ArB(OH), 0 o O
I§ +  HN—R? I re A
R" “OH toluene, 110 °C R "N~ R, S0 MAr
azeotropic reflux H *
HN—R?
B(OH), B(OH),
A
)
F F ITJ
F Me
BAC-3 BAC-4

Scheme 1-10. Yamamoto’s boronic acids for direct carboxylic acid amidation.

In 2006, Whiting and co-workers described an amino boronic acid BAC-5 as catalyst for direct
amidation. Reactions were performed at lower temperature (~ 85 °C) but still under azeotropic
reflux. Even though the exact mechanism is unclear, it was suggested that the amino boronic
acid was acting as a bifunctional catalyst which could connect the ammonium or carboxylic acid
to the boronic acid by hydrogen bonding (Scheme 1-11).°" This study was also significant
because it showed that electron-poor boronic acids were not necessary for catalyzing the direct
amidation. Shortly thereafter, the same group identified a ferrocene derived amino boronic acid
BAC-6 for the asymmetric kinetic resolution of racemic amines 1-34 via direct amidation

(Scheme 1-11). Amide 1-35 was isolated with low yield but significant enantiomeric purity.>
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Scheme 1-11. Whiting’s boronic acids for direct carboxylic acid amidation.

In 2008, Hall and co-workers introduced the ortho-iodophenyl boronic acid BAC-7 as a superior
catalyst. Direct amidation of aliphatic carboxylic acids and amines could be achieved at room
temperature with the use of molecular sieves.*® Later, 5-methoxy-2-iodophenylboronic acid
BAC-8 was discovered to be a more reactive catalyst by the same group.* DFT calculations
showed that the unique reactivity probably came from the basic character of the ortho-iodo
substituent, which may facilitate the elimination of water from orthoaminal intermediate 1-36 via

halogen-hydrogen bonding (Scheme 1-12).%°
via
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Scheme 1-12. Hall’s boronic acids for direct carboxylic acid amidation.
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Despite great progress, boronic acid catalyzed direct amidation still faces significant limitations.
The process needs water removal either by azeotropic reflux or with molecular sieves. Moreover,
reactions with hindered substrates, such as a-branched carboxylic acids, acyclic secondary
amines and amino acid derivatives, do not proceed well. In 2016, Ishihara and co-workers
designed a cooperative catalytic system with boronic acid and an extra nucleophile DMAPO, 4-
dimethylaminopyridine N-oxide, to address the limited substrate scope of direct amidation. The
proposed idea featured the attack of the DMAPO to the mono-acyl boronic ester 1-33, which
resulted in a more active cationic acyl intermediate 1-37. Indeed, the optimized system with
boronic acid BAC-9 and DMAPO performed well for a variety of challenging hindered substrates,
such as 1-38 and 1-39, affording the amide products in high yields. However, removal of water

by azeotropic reflux remains an unsolved challenge (Scheme 1-13).%°

via

Ho
o BAC-9 (5 mol%) o i 0
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—R2 -
J o HNTR J R R S07 MAr
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Scheme 1-13. Use of DMAPO for direct amidation of challenging substrates via BAC.

Apart from amines, other nucleophiles can also be used in the electrophilic activation of
carboxylic acid via boronic acid catalysis. In 2002, Tale and co-workers reported that the mono-
acyl boronic ester 1-33 could be trapped by azide anion in the presence of Na,SO,. A variety of
acyl azide products were obtained in high yield at room temperature (Scheme 1-14a).”’ Later,
the same group described the reduction of carboxylic acids to the corresponding alcohols by
NaBH,4. In both cases, as low as 1 mol% of boronic acid catalyst was used. Although no
mechanistic studies were performed, the author suggested that the hydride could serve as a
nucleophile for the reduction of the mono-acyl boronic ester 1-33 (Scheme 1-14a). *® Similarly in
2004, as described by Yamamoto and co-workers, urea was examined for the direct substitution

of carboxylic acid with boronic acid (Scheme 1-14b).*® In 2005, Yamamoto also discovered that
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pyridiniumboronic acid BAC-4 could be used to catalyze the direct esterification of a-
hydroxycarboxylic acids with alcohols as the nucleophile. The presence of the a-hydroxyl group

to the carboxylic acid was vital to the success of this esterification. An anionic acyloxyborate

intermediate 1-40 was proposed for this transformation (Scheme 1-14¢).%°
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Scheme 1-14. Direct carboxylic acid activation for reactions with other nucleophiles via BAC: (a)

with azide and hydride; (b) with urea; (c) with alcohol.

Interestingly, even carboxylic acids could act as nucleophiles in certain cases with a well-
designed boronic acid. In 2011, Ishihara and co-workers introduced a bifunctional boronic acid
BAC-10 with bulky Brgnsted basic sites at the 2,6-positions for intramolecular carboxylic acid
dehydration (Scheme 1-15). The authors described the mechanistic picture shown as 1-41,
where one of the amines deprotonated the carboxylic acid as a carboxylate, rendering it more
nucleophilic. The other amine unit acted as a hydrogen shuttle for the attack of the carboxylate

to the mono-acyl boronic ester, which led to the intermediate 1-42. After another proton transfer
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assisted by the amine units and subsequent dehydration, the anhydride product was formed

and the boronic acid was regenerated.®’
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Scheme 1-15. Direct carboxylic acid activation for anhydride formation via BAC.

As an extension of the BAC concept, direct activation of a,p-unsaturated carboxylic acids was
also explored. In 2010, Hall and co-workers identified ortho-nitrophenyl boronic acid BAC-11 as
a general catalyst for the dipolar cycloadditions of a,B-unsaturated carboxylic acids.
Cycloadditions between acrylic/propiolic acid derivatives and azides, nitrile oxides, nitrones and
dienes could be performed under mild conditions. Inspired by the common mono-acyl boronic
ester intermediate 1-33 in direct amidation, it was proposed that the polarizing effect was
extended to the unsaturated moieties. A LUMO-lowering transition state was proposed and

further supported by NMR spectroscopic studies (Scheme 1-16).%
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Scheme 1-16. Direct activation of a,B-unsaturated carboxylic acids for various dipolar

cycloadditions via BAC.
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Recently in 2014, Takemoto and co-workers described a boronic acid catalyzed intramolecular
oxa-Michael addition of a,B-unsaturated carboxylic acids. The asymmetric variant of the reaction
was achieved with a chiral base 1-45. In their dual catalytic system, a,3-unsaturated carboxylic
acid 1-43 tethered with a nucleophilic moiety was able to cyclize under BAC activation and
provide product 1-44 in high yield and high enantioselectivity. Although the exact mechanism is
not clear, the authors proposed that the chiral base 1-45 was more likely to be associated to the
boronate via hydrogen bonding rather than chelating with the boronic acid directly. (Scheme 1-
17).%°

NMBZ
OH o BAC-9 (20 mol%) CNH
1-45 (20 mol%)
X “oH JNH - Me
MTBE:CCl, = 1:2 s
4 AMS, t, 24 h
1-43 1-44 1-45
91% yield, 93% ee OMe

Scheme 1-17. Asymmetric oxa-Michael addition of a,B-unsaturated carboxylic acid via BAC.

1.4.4 Activation of carbonyl groups

Boronic acid catalyzed carbonyl group functionalization involves the formation of boron enolates
(e.g.1-46) and their nucleophilic addition to electrophiles. As early as 2006, phenyl boronic acid
was identified as an efficient catalyst for the Biginelli reaction by Carboni and co-workers
(Scheme 1-18). In their communication, a dual activation mode of the catalyst was proposed. In
the key mechanistic steps, it was suggested that phenylboronic acid not only promoted the
enolate formation of ethyl acetoacetate but also activated the acylimine intermediate 1-47 for
nucleophilic addition. This catalytic system provided the desired 3,4-dihydropyrimidinone

product 1-49 in good yield.**
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Scheme 1-18. Direct carbonyl activation for Biginelli condensation via BAC.

In 2008, Whiting and co-workers reported that the bifunctional aminoboronate BAC-12 was able
to catalyze the syn-aldol reaction of a-hydroxyl ketones such as 1-50 and aldehydes in water
(Scheme 1-19). In their report, it was proposed that the imidazole not only helped accelerate
the boron enolate formation but also held the aldehyde in position via hydrogen bonding for the

nucleophilic attack by the enolate.®®

o o (0] OH n-Bu_
)J\/ . )i BAC-12 (20 mol%) )J\‘/V\ N
Me OH H R H,0, rt Me R I\N

OH
50 11 1-52 B(OH)sNa
97% yield
syn:anti = 2.75:1 BAC-12

Scheme 1-19. Direct carbonyl activation for aldol reaction via BAC.

In 2010, a boronic acid catalyzed ene carbocyclization of acetylenic dicarbonyl compounds was
introduced by Dixon and co-workers.®® As described in the report, this interesting discovery
arose from the failed attempt of a transesterification with cyclohexanol and 1-53 catalyzed by 3-
nitrophenyl boronic acid BAC-13 as previously reported by Tale (Scheme 1-20a).*” Instead, a

cyclized ketoester 1-54 was formed. It was suggested that 3-nitrophenyl boronic acid BAC-13

18



accelerated enolization of the 1,3-dicarbonyl compound. The corresponding enol then
underwent an ene reaction with the alkyne moiety as described in transition structure 1-55
(Scheme 1-20b).%
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Scheme 1-20. Direct carbonyl activation for transesterification and ene carbocyclization via
BAC.

1.4.5 Activation of hydroxamic acids

The boronic acid catalyzed direct transformation of hydroxamic acid is relatively underexplored.
To the best of the author's knowledge, there is only one reported example for a reaction of this
kind. In 2015, Maruoka and co-workers reported the asymmetric aza-Michael addition of
hydroxamic acid to a quinone imine ketal facilitated by boronic acid catalysis. In their protocol,
the chiral 3-borono-BINOL BAC-14 was used to promote the aza-Michael addition. During this
process, a rigid dimeric catalytic species 1-57, which was comprised of a dioxazaborole and a
boronate half-ester, was claimed to form based on NMR observation and MS study. It was
further suggested that this dimeric species also activated the quinone imine ketal 1-56 via
hydrogen bonding for the addition of the dioxazaborole unit, providing the Michael adduct 1-58.
In the presence of ortho-nitrobenzoic acid as a co-catalyst, a bicyclic product 1-60 was
eventually formed with high enantioselectivity after a series of rearrangements (Scheme 1-
21).%8
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Scheme 1-21. Direct hydroxamic acid activation for aza-Michael addition via BAC.

1.4.6 Activation of alcohols

Boronic acid catalysis for the direct activation of alcohols is a new and emerging area. BAC can
potentially serve as a powerful method for direct activation of alcohol C—O bond. As discussed
in section 1.4.1, these molecules can form reversible covalent bonds with alcohol substrates
and provide transient activation. Ideally, further polarization and even cleavage of the C-O bond
can be achieved by enhancing the Lewis acidity of the boronic acid. To achieve this, the most
straightforward design would involve installing as many electron withdrawing groups as possible.
In 2010, McCubbin and co-workers reported that pentafluorophenyl boronic acid BAC-15
exhibited adequate Lewis acidity and was able to ionize activated allylic alcohols for direct
Friedel-Crafts allylation of electron rich arenes such as furan, indole and pyrrole. This strategy
was soon extended to the activation of benzylic and propargylic alcohols for the corresponding
Friedel-Crafts alkylation (Scheme 1-22). However, the substrate scope of these reports was
limited to highly ionizable alcohols and very electron rich arenes; e.g. even anisole was not
nucleophilic enough to participate in the reaction. According to the authors’ mechanistic study, it
is suggested that stable carbocations were formed during the C—O bond activation step by the

electrophilic boronic acid.®®
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Scheme 1-22. Direct alcohol activation for Friedel-Crafts alkylation via BAC.

In 2011, Hall and co-workers described the 1,3-transposition of allylic alcohols and the Meyer-
Schuster rearrangement of propargylic alcohols by boronic acid catalysis. A variety of electron-
deficient aryl boronic acids were examined. While tetrafluorophenyl boronic acid BAC-16 was a
suitable catalyst for the rearrangement of most activated allylic and propargylic alcohols, the
more active hexafluoronaphthalene boronic acid BAC-17 was needed for more challenging
alcohol substrates. It is worth pointing out that, during the optimization, tetrafluorophenyl boronic
acid was found to be a better catalyst compared to the pentafluorophenyl boronic acid BAC-15.
The rationale in the original report was that “removal of one of the ortho-fluoride substituents
could provide steric relief and accelerate the rearrangement despite the attenuation of electronic
effects. “ It was found that the higher yield was obtained in less polar solvent with the absence
of external nucleophiles. Generally, the reaction, which is potentially reversible, afforded the

thermodynamically more stable alkenes (Scheme 1-23a).”
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Scheme 1-23. Direct alcohol activation for 1,3-transposition via BAC.

Additional mechanistic studies suggested that the reaction mechanism of this unique
rearrangement is highly substrate dependent. For instance, when allylic alcohols 1-67 (96% ee)
and 1-68 (99% ee) were subjected to the reaction conditions, the corresponding product 1-69
and 1-70 were obtained in 23% and 87% ee respectively. A more sophisticated ®O-labelling
experiment was therefore designed. Starting from O enriched allylic or propargylic alcohol, an
S\1’ reaction mechanism should result in a statistically distributed 33.3% '°0 labelled product

while an Sy2’ reaction mechanism would lead to no '®0 incorporation in the rearranged product.
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The experimental results showed that the rearranged product of "0 labelled allylic alcohol 1-62
contained 10.1% of the '®0, which suggested a high degree of Sy2’ character. In the contrary,
33.2% of the rearranged aldehyde 1-64 was incorporated with '®0 indicated that a stable

carbocation was formed in case of this activated propargylic alcohol (Scheme 1-23b).™

As an extension, Hall and co-workers also applied the concept of BAC from allylic alcohol
transposition to direct intramolecular cyclization. A series of allylic alcohols 1-73 tethered with
C—, N— and O- nucleophiles were synthesized. It was shown that tetrafluorophenyl boronic acid
BAC-16 was efficient enough to ionize the allylic alcohol in nitromethane and allowed the
intramolecular nucleophilic attack without the use of desiccants under mild conditions. In certain
cases where alcohol substrates were less activated, a more active catalyst, N-methyl-2,3-
difluoropyridium boronic acid iodide salt BAC-18, was used (Scheme 1-24). Remarkably, the
method was also successfully applied in the construction of complex molecules via phenol

cyclization, poly cyclization and spiroketalization (Scheme 1-24).”

*{) )
©/ n BAC-16 or n B(OH),
BAC-18 (20 mol%) Ffj

Ph | CH3NO,, rt to 50 °C SR )

HO N
Ph Me
1-73 1-74 (21-97% yield) BAC-18
X =0, CH
R=Ph,H;n=12

tertiary alcohol phenol cyclization polycyclization spiroketalization

Scheme 1-24. Direct alcohol activation for intramolecular cyclization via BAC.

As a versatile strategy, BAC can also be applied to the nucleophilic activation of diols. In 2013,

Taylor and co-workers described a regioselective silylation of carbohydrate derivatives by 3,5-
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bis(trifluoromethyl)phenyl boronic acid BAC-9. Different cis-diol moieties were selectively
protected by silyl groups by dual catalysis with boronic acid in the presence of a catalytic
amount of Lewis base. As shown in Scheme 1-25, protection of the cis-diol with BAC-9 resulted
in an unreactive neutral boronic ester 1-75. Upon addition of the Lewis base, a cyclic tetra-
coordinated boronate was formed. It was this anionic boronate, 1-76, that enhanced the

nucleophilicity of one of the diol’s hydroxyl groups for further silylation.”

via

AF\B\/O 1
O&BRZ
BAC-9 (20 mol%) 1-75
OMe n-BusPO (20 mol%) OMe
Me OH TBSCI (2.0 equiv) Me OH l Nu
OH i-ProNEt (2.0 equiv) OTBS
OH CH3CN, 60 °C, 16 h H
3 0] +NU\ /O
1-77 1-78 (97% yield) A D §R1
0 R?
g .
L 1-76 —

Scheme 1-25. Direct diol activation for regioselective silylation of carbohydrate derivatives via
BAC.

1.5 Thesis objective

Due to its natural abundance, benign physical properties and versatility, alcohols serve as one
of the most widely used chemical substances despite the fact that they are relatively inert. How
to activate and transform alcohols for synthesis is a pressing issue for the advancement of
sustainable chemical synthesis. The traditional activation processes are wasteful. The use of
stoichiometric activating reagents poses a great burden for the production of commodity
chemicals. Thus, catalytic direct alcohol activation has become a research area that has
received considerable attention over the past decades. Numerous efforts have been devoted to

this area; however, great challenges are still unmet and await organic chemists.

In this context, boronic acid catalysis (BAC), as an environmentally friendly system, can

potentially serve as an efficient method for catalytic direct alcohol activation. As a versatile
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strategy, BAC also has the potential to serve as a general platform for transformation of other

hydroxyl-containing compounds.

In light of the recent discovery of electron poor boronic acids for the direct polarization of alcohol
C-0 bonds and the formation of carbocations, Chapter 2 will present our efforts towards the
identification of new boronic acids and the development of more general reaction conditions for
direct Friedel-Crafts alkylation from r-activated alcohols. With the established reaction system,

Friedel-Crafts alkylations between deactivated alcohols and neutral arenes can be achieved.

Inspired by the 1,3-transposition and intramolecular cyclization of allylic alcohols via BAC, it was
envisioned that another carbon nucleophile, perhaps even another nucleophilic catalysis, could
be introduced for trapping the cationic intermediate. Chapter 3 will present the optimization and
mechanistic study towards a novel dual catalysis system uniting boronic acids and chiral amines.
This catalytic system exploits the electrophilic activation of allylic alcohols via boronic acids and
the nucleophilic activation of aldehydes by chiral amines for the synthesis of valuable

enantiomerically enriched acyclic quaternary carbon center.

As an extension of the electrophilic activation of alcohol C—O bonds by BAC, the concept was
expanded to direct activation of oxime N-O bonds. Chapter 4 will introduce the discovery of a
class of unique boronic acids for direct Beckmann rearrangement under mild conditions.
Mechanistic studies revealed a new and interesting boron induced oxime transesterification and

Beckmann rearrangement process.

1.6 References

[1] IUPAC. Compendium of Chemical Terminology, 2nd edn. (the "Gold Book"). Compiled by A.
D. McNaught and A. Wilkinson. Blackwell Scientific Publications, Oxford (1997).

[2] Barta, K.; Ford, P. C. Acc. Chem. Res. 2014, 47, 1503—-1512.

[3] http://www.ethanolrfa.org/resources/industry/statistics/#1454098996479-8715d404-e546.
Retrieval date: 2017-04-23.

[4] https://en.wikipedia.org/wiki/Alcohol. Retrieval date: 2017-04-23.

[5] https://www.alfa.com/en/alcohols/. Retrieval date: 2017-04-23.

25


http://www.ethanolrfa.org/resources/industry/statistics/#1454098996479-8715d404-e546
https://en.wikipedia.org/wiki/Alcohol
https://www.alfa.com/en/alcohols/

[6] (a) Trader, D. J.; Carlson, E. E. Mol. Biosyst. 2012, 8, 2484—-2493. (b) Henkel, T.; Brunne, R.
M.; Mdller, H.; Reichel, F. Angew. Chem. Int. Ed. 1999, 38, 643-647.

[7] Fittig, W. R. Annalen der Chemie und Pharmacie. 1860, 114, 54—63.

[8] Appel, R. Angew. Chem. Int. Ed. 1975, 14, 801-811.

[9] Mitsunobu, O.; Yamada, M. Bull. Chem. Soc. Jpn. 1967, 40, 2380-2382.

[10] Saytzeff, A. Justus Liebigs Ann. Chem. 1875, 179, 296-301.

[11] Tschugaeff, L. Ber. Dtsch. Chem. Ges. 1990, 33, 3118-3126.

[12] Grieco, P. A.; Gilman, S.; Nishizawa, M. J. Org. Chem. 1976, 41, 1485-1486.

[13] (a) Carey, J. S.; Laffan, D.; Thomson, C.; Williams, M. T. Org. Biomol. Chem. 2006, 4,
2337-2347. (b) Dugger, R. W.; Ragan, J. A.; Brown Ripin, D. H. Org. Process Res. Dev. 2005,
9, 253-258.

[14] Constable, D. J. C.; Dunn, P. J.; Hayler, J. D.; Humphrey, G. R.; Leazer, Jr., J. L,;
Linderman, R. J.; Lorenz, K.; Manley, J.; Pearlman, B. a.; Wells, A.; Zaks, A.; Zhang, T. Y.
Green Chem. 2007, 9, 411-420.

[15] Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res. 2003, 36, 255-263.

[16] Koyayashi, S.; Nagayama, S.; Busujima, T. J. Am. Chem. Soc. 1998, 120, 8287—8288.

[17] Rueping, M.; Nachtsheim, B. J. Beilstein J. Org. Chem. 2010, 6, 1-24.

[18] Dryzhakov, M.; Richmond, E.; Moran, J. Synthesis 2016, 935-959.

[19] Jefferies, L. R.; Cook, S. P. Org. Lett. 2014, 16, 2026—2029.

[20] Naredla, R. R.; Klumpp, D. A. Chem. Rev. 2013, 113, 6905-6948.

[21]1But, T. Y. S.; Toy, P. H. J. Am. Chem. Soc. 2006, 128, 9636—9637.

[22] Hirose, D.; Taniguchi, T.; Ishibashi, H. Angew. Chem. Int. Ed. 2013, 52, 4613-4617.

[23] Buonomo, J. A.; Aldrich, C. C. Angew. Chem. Int. Ed. 2015, 54, 13041-13044.

[24] (a) Denton, R. M.; An, J.; Adeniran, B. Chem. Commun. 2010, 46, 3025-3027. (b) Denton,
R. M.; An, J.; Adeniran, B.; Blake, A. J.; Lewis, W.; Poulton, A. M. J. Org. Chem. 2011, 76,
6749-6767.

[25] (a) Vanos, C. M.; Lambert, T. H. Angew. Chem. Int. Ed. 2011, 50, 12222-12226. (b) Nacsa,
E. D.; Lambert, T. H. Org. Lett. 2013, 15, 38—41.

[26] Bunrit, A.; Dahlstrand, C.; Olsson, S. K.; Srifa, P.; Huang, G.; Orthaber, A.; Sjéberg, Per J.
R.; Biswas, S.; Himo, F.; Samec, J. S. M. J. Am. Chem. Soc. 2015, 137, 4646—-4649.

[27] Aponick, A.; Biannic, B. Org. Lett. 2011, 13, 1330-1333.

[28] Mukherjee, P.; Widenhoefer, R. A. Org. Lett. 2011, 13, 1334-1337.

[29] Bandini, M.; Eichholzer, A. Angew. Chem. Int. Ed. 2009, 48, 9533-9537.

26



[30] Tsuji, J.; Takahashi, H.; Morikawa, M. Tetrahedron Lett. 1965, 6, 4387—-4388.

[31] Trost, B. M.; Van Vranken, D. L. Chem. Rev. 1996, 96, 395-422.

[32] Sundararaju, B.; Achard, M.; Bruneau, C. Chem. Soc. Rev. 2012, 41, 4467—4483.

[33] (a) Kinoshita, H.; Shinokubo, H.; Oshima, K. Org. Lett. 2004, 6, 4085-4088. (b) Yokoyama,
Y.; Takagi, N.; Hikawa, H.; Kaneko, S.; Tsubaki, N.; Okuno, H. Adv. Synth. Catal. 2007, 349,
662—-668. (c) Huo, X.; Yang, G.; Liu, D.; Liu, Y.; Gridnev, |. D.; Zhang, W. Angew. Chem. Int. Ed.
2014, 53, 6776—6780.

[34] (a) Xu, L. -W.; Gao, G.; Gu, F. -L.; Sheng, H.; Li, L.; Lai, G. -Q.; Jiang, J. -X. Adv. Synth.
Catal. 2010, 352, 1441-1445. (b) Sakamoto, M.; Shimizu, |.; Yamamoto, A. Bull. Soc. Chem.
Jpn. 1996, 69, 1065-1078. (c) Tamaru, Y.; Horino, Y.; Araki, M.; Tanaka, S. Tetrahedron Lett.
2000, 41, 5705-5709. (d) Mukai, R.; Horino, Y.; Tanaka, S.; Tamaru, Y.; Kimura, M. J. Am.
Chem. Soc. 2004, 126, 11138-11139. (e) Satoh, T.; Ikeda, M.; Miura, M.; Nomura, M. J. Org.
Chem. 1997, 62, 4877-4879. (f) Lu, X.; Lu, L. J. Organomet. Chem. 1986, 307, 285—-289.

[35] (a) Ozawa, F.; Okamoto, H.; Kawagishi, S.; Yamamoto, S.; Minami, T.; Yoshifuji, M. J. Am.
Chem. Soc. 2002, 124, 10968-10969. (b) Kinoshita, H.; Shinokubo, H.; Oshima, K. Org. Lett.
2004, 6, 4085—4088. (c) Usui, I.; Schmidt, S.; Keller, M.; Breit, B. Org. Lett. 2008, 10, 1207—
1210.

[36] Roggen, M.; Carreira, E. M. J. Am. Chem. Soc. 2010, 132, 11917-11919.

[37] Hamid, M. H. S. A.; Slatford, P. A.; Williams, J. M. J. Adv. Synth. Catal. 2007, 349, 1555—
1575.

[38] Guillena, G.; Ramon, D. J.; Yus, M. Chem. Rev. 2010, 110, 1611-1641.

[39] Zhang, Y.; Lim, C. S.; Boon Sim, D. S.; Pan, H. J.; Zhao, Y. Angew. Chem. Int. Ed. 2014,
53, 1399-1403.

[40] Yan, T.; Feringa, B. L.; Barta, K. Nat. Commun. 2014, 5, 5602-5608.

[41] Zbieg, J. R.; Yamaguchi, E.; Mclinturff, E. L.; Krische, M. J. Science 2012, 336, 324-327.
[42] Wessig, P.; Muehling, O. Eur. J. Org. Chem. 2007, 2219-2232.

[43] Jin, J.; MacMillan, D. W. C. Nature 2015, 525, 87-90.

[44] Hall, D. G., Ed. Boronic Acids: Preparation and Applications in Organic Synthesis, Medicine
and Materials, 2nd edn, vol. 1. Wiley-VCH, Weinheim, Germany, 2011.

[45] (a) Ban, H. S.; Nakamura. Chem. Rec. 2015, 15, 616-635. (b) Adamczyk-Wozniak, A.;
Borys, K. M.; Sporzynski, A. Chem. Rev. 2015, 115, 5224-5247.

[46] Zheng, H.; Hall, D. G. Aldrichimica Acta 2014, 47, 41-51.

27



[47] (a) Letsinger, R. L.; MacLean, D. B. J. Am. Chem. Soc. 1963, 85, 2230-2236. (b) Letsinger,
R. L.; Dandegao, S.; Morrison, J. D.; Vullo, W. J. J. Am. Chem. Soc. 1963, 85, 2223-2227. (c)
Letsinger, R. L.; Morrison, J. D. J. Am. Chem. Soc. 1963, 85, 2227-2229.

[48] Rao, G.; Philipp, M. J. Org. Chem. 1991, 56, 1505-1512.

[49] Ishihara, K.; Ohara, S.; Yamamoto, H. J. Org. Chem. 1996, 61, 4196—4197.

[50] Maki, T.; Ishihara, K.; Yamamoto, H. Tetrahedron 2007, 63, 8645-8657.

[51] Arnold, K.; Davies, B.; Giles, R. L.; Grosjean, C.; Smith, G. E.; Whiting, A. Adv. Synth. Catal.
2006, 348, 813-820.

[52] Arnold, K.; Davies, B.; Hérault, D.; Whiting, A. Angew. Chem. Int. Ed. 2008, 47, 2673—-2676.
[53] Al-Zoubi, R. M.; Marion, O.; Hall, D. G. Angew. Chem. Int. Ed. 2008, 47, 2876—2879.

[54] Gernigon, N.; Al-Zoubi, R. M.; Hall, D. G. J. Org. Chem. 2012, 77, 8386—8400.

[55] Marcelli, T. Angew. Chem. Int. Ed. 2010, 49, 6840-6843.

[56] Ishihara, K.; Lu, Y. Chem. Sci. 2016, 7, 1276-1280.

[57] Tale, R. H.; Patil, K. M. Tetrahedron Lett. 2002, 43, 9715-9716.

[58] Tale, R. H.; Patil, K. M.; Dapurkar, S. E. Tetrahedron Lett. 2003, 44, 3427-3428.

[59] Maki, T.; Ishihara, K.; Yamamoto, H. Synlett 2004, 1355—-1358.

[60] Maki, T.; Ishihara, K.; Yamamoto, H. Org. Lett. 2005, 7, 5047-5050.

[61] Sakakura, A.; Ohkubo, T.; Yamashita, R.; Akakura, M.; Ishihara, K. Org. Lett. 2011, 13,
892-895.

[62] (a) Zheng, H.; McDonald, R.; Hall, D. G. Chem. Eur. J. 2010, 16, 5454-5460. (b) Zheng, H.;
Hall, D. G. Tetrahedron Lett. 2010, 51, 3561-3564.

[63] Azuma, T.; Murata, A.; Kobayashi, Y.; Inokuma, T.; Takemoto, Y. Org. Lett. 2014, 16,
4256-4259.

[61] Debache, A.; Boumoud, B.; Amimour, M.; Belfaitah, A.; Rhouati, S.; Carboni, B.
Tetrahedron Lett. 2006, 47, 5697-5699.

[65] Aelvoet, K.; Batsanov, A. S.; Blatch, A. J.; Grosjean, C.; Patrick, L. G. F.; Smethurst, C. A;;
Whiting, A. Angew. Chem. Int. Ed. 2008, 47, 768-770.

[66] Li, M.; Yang, T.; Dixon, D. J. Chem. Commun. 2010, 46, 2191-2193.

[67] Tale, R. H.; Sagar, A. D.; Santan, H. D.; Adude, R. N. Synlett 2006, 415-418.

[68] Hashimoto, T.; Galvez, A. O.; Maruoka, K. J. Am. Chem. Soc. 2015, 137, 16016—-16019.
[69] (a) McCubbin, J. A.; Hosseini, H.; Krokhin, O. V. J. Org. Chem. 2010, 75, 959-962. (b)
McCubbin, J. A.; Krokhin, O. V. Tetrahedron Lett. 2010, 51, 2447-2449. (c) McCubbin, J. A;;
Nassar, C.; Krokhin, O. V. Synthesis 2011, 3152-3160.

28



[70] Zheng, H.; Lejkowski, M.; Hall, D. G. Chem. Sci. 2011, 2, 1305-1310.

[71] Zheng, H.; Ghanbari, S.; Nakamura, S.; Hall, D. G. Angew. Chem. Int. Ed. 2012, 51, 6187—
6190.

[72] Lee, D.; Taylor, M. S. Org. Biomol. Chem. 2013, 11, 5409-5412.

29



Chapter 2 Boronic Acid Catalyzed Direct Friedel-Crafts
Alkylation with m-Activated Alcohols*

2.1 Introduction

Functionalization of aromatic compounds lies at the core of modern manufacturing of
commodity chemicals and pharmaceutical products. Since its discovery in 1877," the Friedel-
Crafts alkylation has become one of the most important reactions for arene transformations.? In
the original report, using unquantified amounts of AICl; as a Lewis acid and amyl chloride, the
product amyl benzene was produced along with hydrogen chloride gas (Scheme 2-1). More
than a century later, Friedel-Crafts reactions using toxic alkyl halides, large excess of arenes
and moisture sensitive Lewis acids are still prevalent. These conditions are far from ideal from
the stand points of atom economy and environmental awareness. It is no wonder that the ACS
Green Chemistry Institute Pharmaceutical Roundtable has listed Friedel-Crafts reactions as one

of the most important transformations to improve.?

- Toxic alkyl halides - Production of HCl gas - Moisture sensitive Lewis acids

Scheme 2-1. The first electrophilic aromatic alkylation reported by Friedel and Crafts.

As a result, the search for a safer replacement of alkyl halides and milder catalytic systems is of
great significance. Alcohols could potentially serve as more accessible and less toxic starting
materials compared to the corresponding alkyl halides.* However, the consideration that
alcohols could be used directly as alkylating reagents in catalytic Friedel-Crafts reaction was not
realized until recently (Scheme 2-2). In 1996, Fukuzawa and co-workers reported the first

systematic study of Friedel-Crafts alkylation using benzylic alcohols with Sc(OTf); as the

* A version of this chapter has been published. (a) Ricardo, C. L.; Mo, X.; McCubbin, J. A;; Hall, D. G. Chem. Eur. J.
2015, 21, 4218-4223. (b) Mo, X.; Yakiwchuk, J.; Dansereau, J.; McCubbin, J. A.; Hall, D. G. J. Am. Chem. Soc. 2015,
137, 9694-9703.
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catalyst.5 Shortly thereafter, other main group and rare metal Lewis acids (e.g. Si, Ga, In, La, Nd,
Sm, Gd, Yb, and Hf) as well as some strong Bregnsted acids (e.g. H-mont and HOTf) were
identified as efficient catalysts for direct use of alcohol substrates in Friedel-Crafts reactions.® In
2005, Beller and co-workers conducted another systematic study on different transition metal
chlorides (Fe, Rh, Pd, W, Ir, Pt, and Au) for direct Friedel-Crafts alkylation with alcohols.”
Among all the Lewis acids tested, HAuCl, and FeCl; displayed superior catalytic activities.®
Notably, FeCl; was identified as a suitable catalyst due to its great abundance.® Another
significant advance was made by Rueping and co-workers in 2006 with the use of Bi(OTf)s."
This highly active Lewis acid was shown capable to catalyze direct Friedel-Crafts reactions with
alcohols under very low catalyst loading (0.5 mol%). Catalytic systems involving other new
Lewis and Brgnsted acids include Ca(NTf,), and HNTf,, which have been slowly developed over
the past several years.'' Despite great advancement in the area of direct Friedel-Crafts
alkylation with alcohols as alkyl halide surrogates, limitations still remain: (a) the use of rare,
toxic and expensive metals; (b) the need for electron rich substrates; (c) harsh reaction
conditions including high temperatures and often using a large excess of arenes as reaction
solvents; (d) limited functional group tolerance. Thus, the search for novel and mild catalytic

systems is of great value.

acid catalysts
Ar—H +
J\ 2 'Hzo J\ 2

- Discovered in 1996 - Various metal Lewis acids - Water as the sole by-product

Scheme 2-2. Friedel-Crafts alkylation with alcohols as starting materials.

As an emerging class of organocatalysts, boronic acids could be employed as an alternative
metal-free method for direct Friedel-Crafts alkylation with alcohols. Boronic acids can provide
transient activation of the C-O bond by a reversible covalent interaction with alcohol
substrates.' In comparison with strong Lewis and Brgnsted acids, boronic acids have a broader
functional group tolerance due to its milder acidity (pK, 5-9)." In 2010, McCubbin and co-
workers described the first boronic acid catalyzed direct Friedel-Crafts reaction using different
allylic alcohols. This catalytic system exploited the highly Lewis acidic pentafluorophenyl boronic
acid BAC-15 for alcohol ionization and provided good yields for select arene or heteroarene

substrates. " Even though this concept was later expanded to benzylic and propargylic
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alcohols, ™ clear limitations existed: only strongly activated alcohols and highly electron rich
arenes were suitable substrates (Scheme 2-3a). Shortly thereafter, our group described a
unique 1,3-transposition’® and intramolecular nucleophilic cyclization'’ of allylic alcohols via
boronic acid catalysis. Surprisingly, it was found that tetrafluorophenyl boronic acid BAC-16
exhibited higher reactivity compared to the presumably more active pentafluorophenyl boronic
acid (Scheme 2-3b). The rationale behind this observation was not explored.

BAC-15 (10 mol%)

o 1,3-dimethoxybenzene MeO OMe
1.0 equiv

HO >j\/ ( ) P B(OH),

Ph 4 AMS, CH,Cly, 1t, 16 h
F F

Ph
2-1 (1.0 equiv) 95%
F F
BAC-15 (10 mol%) MeO F
HO>PQ/ anisole (1.0 equiv) Ph BAC-15
Ph Z 4 AMS, CH,Cly, rt, 16 h N
Ph
2-1 (1.0 equiv) 0%
b
B(OH),
OH H F
BAC (20 mol%
)\/ ( 6) Ph/\/\OH
Ph toluene, rt, 48 h
F F
2-2 2-3
BAC-15, 10% F
BAC-16, 36% BAC-16

Scheme 2-3. (a) Examples and limitations of Friedel-Crafts allylation using pentafluorophenyl
boronic acid BAC-15. (b) Observation of higher reactivity of 2,3,4,5-tetrafluorophenyl boronic
acid BAC-16 compared to BAC-15 for the 1,3-transposition of allylic alcohol

2.2 Objective

Intrigued by the higher reactivity of tetrafluorophenyl boronic acid for alcohol activation in
comparison with reports by McCubbin utilizing BAC-15, it was believed that further investigation
with BAC-16 were merited. This chapter will discuss the efforts undertaken towards more
general and mild conditions for direct Friedel-Crafts alkylation with alcohols catalyzed by boronic
acids (BAC). Mechanistic studies were also performed to elucidate the improved performance of
tetrafluorophenyl boronic acid (BAC-16) vs BAC-15. Further investigation provided guidance
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towards the discovery of novel boronic acids and the development of new concepts to address

the existing challenges in direct Friedel-Crafts alkylation with alcohols.

2.3 Reaction development of direct Friedel-Crafts alkylation

with 2,3,4,5-tetrafluorophenyl boronic acid

2.3.1 Optimization of reaction conditions

The optimization of the Friedel-Crafts alkylation with BAC-16 was performed by Dr. Carolynne L.
Ricardo. Allylic alcohol 2-1 and m-xylene 2-4 were used for initial investigation (Scheme 2-4). A
solvent mixture of hexafluoroisopropanol (HFIP) and nitromethane (CH3NO,) (viv = 4:1)
displayed great efficiency for the allylation at room temperature with different acid catalysts. A
large proportion of HFIP was preferred due to its ability to stabilize the allyl carbocation
intermediates.'® Various electron poor aryl boronic acids were tested with selective examples
shown in Scheme 2-4. Among all, 2,3,4,5-tetrafluorophenyl boronic acid BAC-16 was identified
as the optimal catalyst, affording the allylated product 2-5 in 80% yield after 4 hours. Under the
same conditions, pentafluorophenyl boronic acid BAC-15 and BAC-1-HCI provided slightly
lower yield. In contrast, the use of strong Brgnsted acid p-TsOH led to facile decomposition of
alcohol 2-1. With BAC-16, it was found that the reaction concentration could be increased to 0.5
M without significantly diminishing the yield of product 2-5 (Scheme 2-4).

Ph
+ HO Ph
X
\©/ Phw m

acid catalysts (10 mol%)

HFIP:CH3NO, = 4:1,

r,0.2Mor0.5M,4h Ph
2-4 (5.0 equiv) 2-1 (1.0 equiv) 2-5
B(OH), B(OH), SOzH
F F E ol H  B(OH)
N
N
F F F F | >
F F Me
BAC-15 BAC-16 BAC-1<HCI p-TsOH
0.2 M: 72% 0.2 M: 80% 0.2 M: 63% 0.2 M: <10%
0.5 M: 62% 0.5 M: 75%

Scheme 2-4. Reaction optimization of direct Friedel-Crafts allylation with different acid catalysts.
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2.3.2 Substrate scope

The substrate scope of the direct Friedel-Crafts alkylation with tetrafluorophenyl boronic acid
BAC-16 was examined using the optimized reaction conditions (highlighted in Scheme 2-4),
with a few examples (Table 2-1, entry 4 and Table 2-2, entry 2) contributed by Dr. Ricardo and
Prof. J. Adam McCubbin.

2.3.2.1 Substrate scope with allylic alcohols

As shown in Table 2-1, a variety of activated allylic alcohols (2-1, 2-6 to 2-8) were found to
undergo alkylation with m-xylene, affording the desired products in high yield (entries 1-3) at
room temperature with 10 mol% catalyst loading. It was found that the optimized conditions
were also applicable for a challenging primary allylic alcohol, 2-3 (entry 4). Further examination
of the arene scope showed that the protocol was applicable to a series of electron rich arenes
(entries 6-8). However, little to no product was obtained when relatively electron poor arenes

such as toluene 2-9 were used (entry 5). The decomposition of allylic alcohol 2-1 was observed

in this case.
B(OH),
F
BAC-16 (10 mol%)
arenes + alcohols alkylated products
(5.0 equiv) (1.0 equiv) HFIP:CH3NO, = 4:1, F F
temp, 0.5 M, time E
BAC-16
alcohols
N Ho Y o e OH _
= >l\/ )\/ HO™ " pn
Phw Cy>l\/ Me Z Ar =
21 2-6 2-7 2-8: Ar = p-Cl-CgHy4 2-3

arenes

MeO Me0:©
o U 1® |
2-4 2-9 2-10 2-11
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number

212

213

214

215

216

218

N
o
©

yield (%)°

90

58

81

93 (<5)°

10 (a:b = 58:42)

68 (a:b = 60:40)

85 (a:b = 75:25)
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@Unless indicated, all the reactions were run on 1.0 mmol scale of the alcohol substrates. Ratio of the
major and minor isomer was determined by H NMR analysis of the crude. No ratio was reported when the
major and minor isomer was >95:5. ®|solated yield. “Reaction was run with 20 mol% of catalyst. “Reaction
was run with 2,3,4,5,6-pentafluorophenyl boronic acid BAC-15 as catalyst. “The reaction was run by Dr.
Carolynne L. Ricardo.

2.3.2.2 Substrate scope with benzylic alcohols

Table 2-1. Substrate scope of direct Friedel-Crafts allylation with BAC-16.

Benzylic alcohols were shown to be suitable alkylating reagents, with a higher catalyst loading

(20 mol%) required (Table 2-2). Benzylation of p-xylene with primary benzylic alcohol 2-20
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afforded moderate yield under higher temperature (50 °C) after 24 h (entry 1). The lower

efficiency for alcohol 2-20 presumably resulted from the higher activation energy required for the

formation of primary benzylic carbocations. In contrast, secondary benzylic alcohol 2-21 is more

activated and the alkylation was achieved in moderate to high yields under room temperature

conditions (entries 2-4). Gratifyingly, upon prolonged reaction time, the benzylation of toluene

(entry 4) also provided a moderate 63% yield in comparison with the low yield of the

corresponding allylation with alcohol 2-1 (cf., Table 2-1, entry 5).

BAC-16 (20 mol%)
arene + alcohol alkylated products

HFIP:CHsNO, = 4:1,

5.0 equiv 1.0 equiv
( quiv) ( quiv) temp, 0.5 M, time
alcohols arenes
OH
R1J\R2
2-20:R'=Ph,R%2=H 2-4 2-22 2-23

2-21: R' = Ph, R? = Me

entry  alcohol arene condition product® number
1 2-20 2-23 50°C, 24 h 2-24
od 2-21 2-4 rt, 1 h 2.25
3 2-21 222 rt, 1 h 2-26
b
4 2-21 29 rt, 18 h 2-27

Om

yield (%)°

60

88

63 (a:b = 87:13)

@Unless indicated, all the reactions were run on 1.0 mmol scale of the alcohol substrates. Ratio of the
major and minor isomer was >95:5 based on 'H NMR analysis of the crude. ®|solated yield. °Reaction was
run with 2,3,4,5,6-pentafluorophenyl boronic acid BAC-15 as catalyst. “The reaction was run by Prof. J.

Adam McCubbin.

Table 2-2. Substrate scope of direct Friedel-Crafts benzylation with BAC-16.
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2.4 Rationale for the higher reactivity of boronic acid BAC-16
compared to BAC-15

As described in the introduction (Section 2.1), tetrafluorophenyl boronic acid (BAC-16) exhibited
higher reactivity for the previously reported 1,3-transposition of allylic alcohol compared to BAC-
15."° This intriguing observation can be seen by comparing the relevant experiments, namely
entry 4 (Table 2-1) and entry 2 (Table 2-2) (from Dr. Ricardo and Prof. J. Adam McCubbin). In
these experiments, low yield or no conversion was observed when pentafluorophenyl boronic
acid BAC-15 was used. Thus, further investigations were performed to rationalize the different
reactivity of BAC-15 and BAC-16.

2.4.1 Comparison of Lewis acidity

2.4.1.1 Direct pK; measurement of BAC-15 and BAC-16

According to previous reports,'®"’

it appears that the ability of boronic acids to ionize alcohols
correlates directly to the corresponding Lewis acidity, which is represented by their pK, value.
As shown by Wang and co-workers,'® the number of electron withdrawing substituents on the
aromatic moiety of a boronic acid correlates with a decrease in pK,. From this point of view, the
higher reactivity of tetrafluorophenyl boronic acid is counterintuitive. To compare the Lewis
acidity of BAC-15 and BAC-16, the pK, measurements for these boronic acids were performed
using "B NMR titration.?® A series of boronic acid solutions at specific pH were prepared with
phosphate buffers. The chemical shift of the boron signal, produced from the boronic acid and
boronate equilibrium, were recorded by "'B NMR. The titration curves could be plotted with pH
against "B chemical shift. As a result, the pK, of the boronic acid could be determined as the
pH at the half equivalence point, when the amount of boronate and boronic acid are equal

(Scheme 2-5). The pK; of tetrafluorophenyl boronic acid was determined to be 6.0 (Figure 2-1).

Ar—B(OH), + H,0 ——=  Ar—B(OH); + H*
boronic acid boronate anion

[boronate] )

Ka =pH -1 (—
pra=p o8 [boronic acid]

Scheme 2-5. The pK, measurement of boronic acids.
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Figure 2-1. pK, determination of 2,3,4,5-tetrafluorophenyl boronic acid via "B NMR titration in

phosphate buffer solutions.

The direct pK, measurement of pentafluorophenyl boronic acid by titration is difficult due to its
extremely fast protodeboronation, as reported by Perrin and co-workers.?' The attempted ''B
NMR titration was not successful and only boric acid was detected (Scheme 2-6). Consequently,

an alternative and indirect method was sought.

B(OH), H
F F F. F
titration conditions . (IJH
P B
- ~
F F protodeboronation F F HO OH
F F
BAC-15 boric acid

Scheme 2-6. Facile protodeboronation of pentafluorophenyl boronic acid.

2.4.1.2 Indirect comparison — analogy using 2-fluorophenyl boronic acid and 2,6-

difluorophenyl boronic acid

It is proposed that the comparison of Lewis acidity of 2-fluorophenyl boronic acid BAC-19 and

2,6-difluorophenyl boronic acid BAC-20 should be analogous to comparing tetrafluorophenyl
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boronic acid and pentafluorophenyl boronic acid. As a result, the pK, of BAC-19 and BAC-20
were measured using the "B NMR titration method. As shown in Figure 2-2, the pK, of 2-
fluorophenyl boronic acid was determined to be 7.9, which is consistent with the previous

literature value of 7.85.%2

35 -

B(OH),
30 - F
° ° °

B

25 -
3 °
e ® BAC-19
5 20
w© °
ke}
£ 15
2
O °
g] 10 - °

5 ® e

°
® 9 ° °
0 . ,
3 4 5 6 7 8 9 10 11 12 13
pH

Figure 2-2. pK, determination of 2-fluorophenyl boronic acid via ''B NMR titration in phosphate

buffer solutions.

The apparent pK, of 2,6-difluorophenyl boronic acid was determined to be 7.2 based on the ''B
NMR titration curve (Figure 2-3). However, gradual formation of boric acid, the product of the
protodeboronation, was observed at pH > 6.8. Unfortunately, the formation of boric acid
influences the accuracy of the pK, measurement. Hypothetically, at the half equivalence point,
the amount of boronic acid and boronate should be equal. Instead, a deceased amount of the
boronate was observed due to its simultaneous conversion to boric acid. To establish the new
half equivalence point, more boronate needs to be formed, which is achieved at higher pH. Thus,
the half equivalence point is shifted to a higher pH value. The apparent pK, from Figure 2-3 is
7.2, which means that the actual pK, should have a lower value than 7.2 since more boronate

was produced but converted into boric acid at the observed half equivalence point.

39



30

e o ) e o o B(OH),
25 | ° F\©/F
[ J
° BAC-20
20 ~ -
O eo0 o
15 - L ©° 5
"B Chemical Shift (ppm)
10 o ©O
@ 2,6-difluorophenyl boronic acid ® o o
5 OBoric acid
®®c0ee
0

2 3 4 5 6 7 8 9 10 1"
pH
Figure 2-3. pK, determination of 2,6-difluorophenyl boronic acid via ''B NMR titration in

phosphate buffer solutions.

Based on the "'B NMR titration results, 2,6-difluorophenyl boronic acid (pK, < 7.2) is more Lewis
acidic than 2-fluorophenyl boronic acid (pK, = 7.9). Analogously, pentafluorophenyl boronic acid

should be more Lewis acidic than 2,3,4,5-tetrafluorophenyl boronic acid.

2.4.1.3 Verification using linear correlation between pKa and & (B—-OH)

To validate the indirect comparison described above, a correlation was established between the

previously reported pK, values' %

of eight different fluorinated boronic acids (Figure 2-4a) and
their experimental '"H NMR (B-OH) chemical shift in anhydrous DMSO-d6. The resulting plot
shows a high degree of linearity (R* = 0.98) (Figure 2-4b). To validate the correlation, data for
tetrafluorophenyl boronic acid was excluded. Satisfactorily, the corrected linear curve predicted
a pK, of 5.9 for BAC-16, which is in agreement with the value of 6.0 obtained from the "B NMR
titration method. The "H NMR (B-OH) chemical shift of the pentafluorophenyl boronic acid was
measured to be 9.08 ppm in anhydrous DMSO-d6, which predicts a pK, value of 3.5. Since the
pK, determination for 2,6-difluorophenyl boronic acid was not entirely accurate due to the partial

protodeboronation, a predicted value of 5.5 was estimated with the linear correlation method.
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B(OH), B(OH), B(OH), B(OH),
F F
F F
BAC-2'"° BAC-21"° BAC-19%2 BAC-22"°
pK,=8.8 pK,=8.6 pK,=7.9 pK,=7.6
5 (B-OH) = 7.98 5 (B-OH) = 8.04 5 (B-OH) = 8.14 5 (B-OH) = 8.17
B(OH), B(OH), B(OH), B(OH),
i F F F
F F F F F F
F F F
BAC-23"° BAC-24"° BAC-3"° BAC-16
pK,=7.0 pK,=6.8 pK,=6.8 pK,;=6.0
5 (B-OH) = 8.32 5 (B-OH) = 8.39 5 (B-OH) = 8.40 5 (B-OH) = 8.56

b
8.6 1 1
H NMR (@-H)/é ppm
8.5 - .
4 ['H] =-0.208 [pK,] + 9.7969
R2=0.983
8.4
8.3 -
8.2 -
8.1 4
8 4
7.9 i . .
55 6.5 7.5 8 8.5 9
pKa
(o
B(OH), B(OH),
F F BAC-20 F F BAC-15
8 (B-OH) = 8.64 8 (B-OH) =9.08
pK, estimated 5.5 E F pK, estimated 3.5

Figure 2-4. (a) Reported pK, and ""H NMR (B-OH) chemical shifts of eight different fluorinated
boronic acids. (b) Linear correlation between reported pK, and ""H NMR (B-OH) chemical shifts.
(c) Predicted pK, value of BAC-20 and BAC-15.
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In summary, 2,3,4,5-tetrafluorophenyl boronic acid was confidently determined to be less Lewis
acidic than pentafluorophenyl boronic acid. Thus, pK, values do not explain the observed higher

reactivity of BAC-16 for alcohol activation.

2.4.2 Catalyst recovery experiments

Given the fact that pentafluorophenyl boronic acid BAC-15 is not stable in water, it is possible
that this catalyst undergoes decomposition in the reaction media, which would lead to lowered
reactivity. Therefore, the stability of the catalysts was tested as follows. In an ideal situation, we
would like to recover both catalysts, BAC-15 and BAC-16, under the same Friedel-Crafts
reaction conditions with an observable amount of product formation. Thus, highly electron rich
1,3-dimethoxybenzene and activated allylic alcohol 2-1 were selected as substrates since
pentafluorophenyl boronic acid has a relatively low reactivity. An equal amount of boronic acid,
alcohol and arene was used for easier isolation of the catalyst. It was also found that lower
concentration was preferable to avoid decomposition of the allylic alcohol with such a high
loading of boronic acid. The boronic acids were recovered by recrystallization from toluene. As
shown in Table 2-3, both catalysts afforded the allylated product 2-28 in good conversion, with
similar recovery under the same reaction conditions. Although pentafluorophenyl boronic acid
did provide a slightly higher yield of 83%, it is not significant enough to overrule the previously
observed lower activity. Since tetrafluorophenyl boronic acid is more reactive, it is possible that

decomposition of 2-1 was preferential in the reaction using BAC-16, which led to lower yield.

B(OH),
BAC (1.0 equiv) X F
Ph 1,3-dimethoxybenzene MeO. b OMe
HO (1 .0 eqUiV) a
Ph F F
phw CH3NO,, rt, 0.04 M, 24 h N !
Ph
2-1 (1.0 equiv) 2-28 BAC-15 X =F
BAC-16, X = H
entry boronic acid product yield (%)? catalyst recovery (%)°
1 BAC-15 83 (a:b = 56:44) 75
2 BAC-16 71 (a:b = 56:44) 81

#Yields were determined by "H NMR analysis of the reaction mixture with 4-bromobenzy! alcohol as
an internal standard. "Boronic acids were recovered by recrystallization from toluene.

Table 2-3. Catalyst recovery experiments with BAC-15 and BAC-16.

42



Since both catalysts were successfully recovered in similar yields under the same reaction
conditions, decomposition of pentafluorophenyl boronic acid is not likely to be accountable for

its relatively lower reactivity in direct alcohol activation.

2.4.3 Proposed rationale

Since comparisons of Lewis acidity and catalyst stability cannot explain the higher reactivity of
2,3,4,5-tetrafluorophenyl boronic acid, other possible explanations were proposed regarding the
influence of the ortho substituents on the transition state of the alcohol activation process. In
one possible transition state TS1 (Scheme 2-7a), the presence of an extra ortho-fluorine
increases the electronic repulsion with the lone pairs from the proximal oxygen atom, which
leads to a relatively destabilized transition state as the transient negatively charged borate
forms. In the other scenario with TS2 (Scheme 2-7b), it is envisioned that the C-O bond
cleavage could be facilitated by the ortho-H in the boronic acid through a weak hydrogen bond
(estimated 13 kJ/mol),% thus dispersing the incipient negative charge. Further confirmation of

these possibilities would require more in depth experimental or theoretical calculations.

a B R8+ N b B st ]
5 | OHe R oM,
O g-OH 80! _OH
BAC-15 .« %o BAC-16 ," B
R-OH —— F F /
R-OH —— H F
F F F F
TS1 TS2

Scheme 2-7. Proposed transition states and rational for the effort of ortho-H or F substituents.

2.5 Identification of ferrocenium boronic acid for diarylalkane

synthesis

As discussed in Section 2.3.2, although 2,3,4,5-tetrafluorophenyl boronic acid is efficient for the
direct allylation of electron rich and neutral arenes, the corresponding activation of benzyl

alcohols is not satisfactory. For instance, when primary benzyl alcohol 2-20 or electron neutral
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arene 2-9 were used with BAC-16, the corresponding diarylalkane compounds 2-24 and 2-27
were obtained in only moderate yield after prolonged reaction time (Table 2-2, entries 1 and 4).
The lack of reactivity of BAC-16 for less activated benzyl alcohol substrates is undoubtedly a
limitation regarding the preparation of valuable diarylmethane or diarylalkane derivatives. As an
important class of compounds, the diarylalkane scaffold is present in many pharmaceutical drug
candidates and biologically active agents (Figure 2-5).%* Therefore, facile access to diarylalkane

compounds is highly desirable.

OH N(i-Pr
oH (i-Pr);
W
Cl (0] CO,Et o o

beclobrate phenprocoumon tolterodine
(lipoprotein regulator) treatment of prophylaxis and (antimuscarinic, for
thromboembolic disorders urinary incontinence)

OMe

MeO
Ol N OMe
N O
Z OMe

OH O OMe o—/
haplopappin papaverine podophyllotoxin
plant haplopappus foliosus (antispasmodic, treatment (topical agent
of erectile dysfunction) against genital warts)

Figure 2-5. Selective examples of biological relevant diarylalkane compounds.

An overview of some of the representative preparative methods for diarylalkanes is shown in
Schemes 2-8 to 2-10. Notably, advances have been made in the field of transition metal
catalysis. With suitable aryl halides or triflates and benzyl nucleophiles, diarylalkane products
can be obtained by Suzuki-Miyaura cross-coupling (Scheme 2-8a),?® Negishi cross-coupling
(Scheme 2-8b),% as well as other coupling reactions.?” Furthermore, in light of the recent
progress of photocatalysis, new protocols were also developed by Molander and co-workers
combining iridium photoredox catalysis and nickel catalysis (Scheme 2-8c).?® Diarylalkane
compounds can also be prepared without the use of transition metals. Barluenga and co-
workers described a method for the preparation of diarylmethanes using aryl boronic acids and

tosylhydrazones as the carbene precursors with excess base (Scheme 2-8d).” Despite the
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great efficiency of these methods, they require expensive and toxic metals. Moreover, the need
to use pre-activation on both benzyl and aryl coupling partners is associated with low atom-

economy.

BF.K TfO PdCl,(dppf) (9 mol%)

+

9
d
;

Cs,COg3, THF, H,O

reflux, 18 h COzMe

COzMe
(91%)

2nBr Br Ni(PPh3), (1 mol%)

¢
&
:

CN THF, Et;0, rt, 1 h

(92%)

Ir[dFCF3ppy],(bpy)PFg
(2 mol%)

Br Ni(COD), (3 mol%)

BFsK 4 R

g
%

~

2,6-lutidine (3.5 equiv)

acetone:MeOH = 95:5
R = OH, OMe, Me, 26 W CFL, rt, 24 h

CF3, CO,Me, CN, etc (65-96%)

NNHTs

(HO).B K,CO; (3.0 equiv)

q
d
;

dioxane, 110 °C, 5 h

OMe OMe

(80%)

Scheme 2-8. Selective methods for diarylalkane synthesis via: (a) Suzuki-Miyaura cross
coupling (b) Negishi cross-coupling (c) dual photocatalysis and nickel catalysis (d) transition

metal free carbene insertion.

In comparison, access to diarylalkane compounds by Friedel-Crafts benzylation does not
require pre-activation of the aryl coupling partners, and various arenes can be used directly.
However, reactive and toxic electrophiles such as benzylic halides are still required for many of
the reported methods. Friedel-Crafts alkylation with benzylic chlorides was systematically
studied by Olah and co-workers a few decades ago.*® The typical reaction conditions involved
the use of a strong and moisture sensitive Lewis acid, such as AICIl;. The diarylmethane

compounds were produced along with hydrochloride gas as the side product (Scheme 2-9a).
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Similarly, benzyl fluorides were also reported as effective alkylating reagents. Recently, Paquin
and co-workers described a benzylation of electronically neutral arenes with hydrofluoric acid
autocatalysis.®' Benzyl fluorides were shown to be activated by HFIP for the reaction initiation.
However, the production of hydrofluoric acid leads to a limitation of the scale of these reactions
(Scheme 2-9b). As an improvement, a safer method using a phosphonium cation as the Lewis
acid for benzyl fluoride activation and Et;SiH as a fluoride scavenger was reported by Stephan
and co-workers.* A variety of electron neutral arenes were successfully benzylated (Scheme 2-
9¢). In terms of substrate scope, the use of benzyl hydroxamates for Friedel-Crafts alkylation is
rather remarkable. According to Bode and co-workers, benzyl hydroxamates could serve as
excellent coupling partners upon activation with excess BF; OEt,. Benzylation was achieved
with both activated and deactivated alcohols and arenes (Scheme 2-9d).** One limitation of
these methods, however, is that the preparation of these activated benzylic species can be
often hazardous and adds extra steps in the reaction sequence.

ol AICl; (10-100 mol%)
+ R
CH3N02, rt

a

;

(o/m/p)
b
. F/\©\ HF autocatalysis 0 O
tBu HFIP:CH,Cl, = 1:9,rt, 18 h £Bu
5.0 equiv 1.0 equiv (90%)
c [(C6F5)3PFI[B(CgHs)4l
(1-3 mol%) X
RI-L N + F R2 R'— R?
L Et3SiH (1.2 equiv), =
25-60 °C, 10 min to 24 h
5.0 equiv 1.0 equiv (55-92%)
R' = Me, t-Bu, R? = OMe t-Bu,
and halides CF3, halides
d |
AN N. BF3® OEt; (4.0 equiv) X
R + \”/ o) R1-L R2
| |
4 o) 25-85°C, 12-24 h =
2
4.0 equiv 10equiv = R (up to 99%)
R'=H, Me, CI, R2 = H, Me, Cl, CF3,
CF3, COyMe, etc CO,Me, NO,, etc

Scheme 2-9. Selective examples of diarylalkane synthesis by Friedel-Crafts alkylation from pre-
activated substrate with: (a) AICl;; (b) HF autocatalysis; (c) a phosphonium cation; (d) BF;-OEt,.
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The direct activation of benzylic alcohols for Friedel-Crafts reaction is still a relatively new area
of research. For example, in 1996, the first application of Sc(OTf); as a water tolerant Lewis acid
for the direct arylation of benzylic alcohols was ground breaking (Scheme 2-10a).° Since then,
many other active catalysts have been discovered, such as the earth abundant FeCl; (Scheme
2-10b)° and Bi(OTf); (Scheme 2-10c)."® Despite great convenience, these catalytic systems
suffer from significant limitations; (a) generally, only electron rich or neutral benzyl alcohols are
suitable for ionization; (b) a large excess of arenes are often used as solvents to prevent over
alkylation; (c) the methods generally do not perform well for electron deficient arene substrates.
Very recently, these issues were partially addressed by Moran and co-workers. The authors
reported that triflic acid can catalyze Friedel-Crafts reaction between highly electron poor
benzylic alcohols and electron neutral arenes.* The reported protocol, however, suffers from
harsh reaction conditions, requiring a strong Bregnsted acid and high temperature (Scheme 2-
10d).

HO Sc(OTf); (10 mol%)

(CH,Cl), 120 °C, 4 h

—-
:
&

5.0 mL 1.0 mmol (99%)
b
HO FeCl, (10 mol%) O Q
+ R
80°C,24h
5.0 mL 0.5 mmol (99%, 99:1)
c
HO Bi(OTf); (1 mol%) O O
+ R
reflux, 2 h
5.0 equiv 1.0 equiv (60%)
d

HO TfOH (10 mol%)

+
Py
P

HFIP, 100 °C, 24 h

1.0 equiv
3.0 equiv R =F, CF3 CN, NOy, SFg (59-91%)

Scheme 2-10. Selective examples of diarylalkane synthesis by direct Friedel-Crafts alkylation
from benzyl alcohols with acid catalysts: (a) Sc(OTf)s; (b) FeCls; (c) Bi(OTf)s; (d) TFOH.
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In this regard, there is a need for direct Friedel-Crafts benzylation methods with a broader
substrate scope (such as acid-sensitive or deactivated alcohols and arenes) under milder
conditions.*® To address these challenges, further effort in our group was devoted in a search

for more reactive boronic acid catalysts for direct Friedel-Crafts benzylation.

Although existing reports suggest that the ionization power of boronic acids relates closely to
their pK,, this empirical observation does not always stand true. As previously discussed, the
reactivity of boronic acids toward alcohol activation could also be influenced by the ortho-
substituents. For example, tetrafluorophenyl boronic acid exhibited higher reactivity compared to
pentafluorophenyl boronic acid, even though the latter has a lower pK,. Thus, subtle structural
features of boronic acids must also be considered when searching for more reactive catalysts.
From this point of view, it was proposed that boronic acid salts with cationic aryl backbones and
non-coordinating counter anions could serve as better candidates for direct alcohol activation,
compared to their electron neutral counterparts. It was envisioned that a novel ion redistribution
mechanism could benefit the direct Friedel-Crafts reaction. As shown in Scheme 2-11a,
ionization of the alcohol with a neutral boronic acid results in the formation of a tight ion pair
(Scheme 2-11a, equation 1). Association of the anionic boronate renders the carbocation less
electrophilic. Furthermore, reversible interaction between the boronate and the carbocation can
collapse back to the starting materials. In contrast, when a cationic boronic acid with a non-
coordinating anion (X") is employed, ionization of the alcohol leads to the corresponding tetra-
ion (Scheme 2-11a, equation 2). It is proposed that the corresponding tetra-ion will undergo a
facile ion redistribution process emitting the formal neutral boronate. The carbocation would
then be paired with the non-coordinating ion. A more exposed carbocation should exhibit higher

reactivity in Friedel-Crafts reactions.

Following this proposal, ferrocene boronic acid (BAC-25) and ferrocenium boronic acid
hexafluoroantimonate salt (BAC-26) were chosen as potential catalysts (Scheme 2-11b).
Ferrocenium boronic acid could be prepared by oxidation of the parent ferrocene boronic acid
with AgSbF in acetone as reported by Osella and co-workers.*® The pK, of ferrocene boronic
acid and ferrocenium boronic acid were measured to be 10.8 and 5.8, respectively, via cyclic
voltammetry by Wayner and co-workers.®” The significantly lowered pK, of the ferrocenium
boronic acid potentially results from the electrophilic 17 electron structure of this iron (lll)
complex, which is susceptible to decomposition by nucleophilic attack of certain nucleophiles to
the ferrocenium center (Scheme 2-11c¢), according to Kortbeek and co-workers.*® Nevertheless,

taking into consideration that BAC-26 has a similar pK, to tetrafluorophenyl boronic acid (pK,
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6.0), ferrocenium boronic acid BAC-26 was proposed to potentially serve as a powerful catalyst

for direct Friedel-Crafts benzylation with a broader range of substrates.

B -s0H), +

x= -y —Jl-B(OH),

+
R—OH

X~ non coordinating ion

B(OH),

BAC-25
pK, = 10.8

ferrocenium
boronic acid

R—-OH

I —s(0H),

R+

M

tight ion pair
(prone to collapse back
to starting materials)

x= +y—[l—B(OH)

R+

@)

tetra-ion

|

+y—J—BOH);  *

formal neutral
zwitterionic boronate

X-R+

more reactive
carbocation

AgSbFg (1.0 equiv) . B(OH),
> SbFg Fe *
acetone, rt, 30 min
BAC-26
pK,=5.8

nucleophiles BOH): FeBr,
2 Fe
e.g. bromides @ + 2Cp
ferrocene
boronic acid

Scheme 2-11. (a) The concept of ion redistribution mechanism by cationic boronic acid salts

with non-coordinating anions; (b) Preparation of ferrocenium boronic acid salt; (c)

Decomposition of ferrocenium salt in the presence of nucleophiles, such as bromide.
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2.6 The development of a direct Friedel-Crafts benzylation
reaction with ferrocenium boronic acid hexafluoroantimonate
saltf

2.6.1 Optimization of the reaction conditions

With easy access to ferrocenium boronic acid BAC-26, initial reaction optimization of the
Friedel-Crafts benzylation was then performed (Table 2-4). As a starting point, 4-bromobenzyl
alcohol was chosen as the alkylating reagent for several reasons: (a) the bromo substituent
deactivates the benzyl alcohol, making it a challenging, yet suitable substrate to identify superior
catalysts; (b) installation of the Ar—Br moiety in the diarylmethane products is beneficial for
further functionalization such as cross-coupling reactions; (c) the Ar—Br bond is not stable with
many existing methods using transition metal catalysts. The benzylation was performed on m-
xylene using the previously optimized solvent mixture of 4:1 HFIP and CH3NO, at 50 °C. Owing
to its high polarity, nitromethane was used in small proportion in order to reduce the amount of
HFIP and lower the cost. While both tetrafluorophenyl boronic acid BAC-16 and ferrocene
boronic acid BAC-25 failed to produce any product (entries 1-2), the ferrocenium boronic acid
exhibited superior reactivity, affording diarylmethane 2-30 in 87% yield (entry 3). Since the
position a and b on m-xylene are activated by the methyl groups for nucleophilic attack,
compound 2-30 was isolated as an inseparable isomeric mixture of 2-30a and 2-30b (a:b =
78:22) according to '"H NMR analysis of the reaction crude. Isomer 2-30a was formed as the
major product due to the less steric hindrance. Unsurprisingly, the reaction efficiency was
greatly influenced by the amount of HFIP; a high proportion of HFIP was more desirable (entries
4-5). Further increasing the concentration resulted in a lower yield (entry 6). Attempting the

reaction at room temperature resulted in low conversion (entry 7).

1 A part of this work was contributed by Julien Dansereau, who was an undergraduate researcher under the author’s
supervision.
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_ j_' B(OH),
;@ a | Ho/\©\ BAC (1omol%) O A O SbF, Fe *
Y e e o |
2-4 (5.0 equiv) 2-29 (1.0 equiv) 2-30 BAC-26
entry catalyst solvent ratio (x:y) T (°C) [M] yield (%)® a:b’
1 BAC-16 4:1 50 0.5 0 -
2 BAC-25 4:1 50 0.5 0 -
3 BAC-26 4:1 50 0.5 87 78:22
4 BAC-26 3:1 50 0.5 78 78:22
5 BAC-26 2:1 50 0.5 71 78:22
6 BAC-26 4:1 50 1.0 74 78:22
7 BAC-26 4:1 rt 0.5 14 75:25

“solated yield. ®Product ratio was determined by 'H NMR analysis of the crude reaction mixture.

Table 2-4. Optimization of direct Friedel-Crafts benzylation with ferrocenium boronic acid.

2.6.2 Substrate scope examination

With the optimized conditions established (Table 2-4, entry 3), the scope of benzylic alcohol
was investigated using m-xylene as the nucleophile (Scheme 2-12). Diarylmethanes 2-31 and
2-32 could be obtained in high yield, when electron neutral benzylic alcohols were used. To our
satisfaction, benzylic alcohols with slightly deactivating substituents such as halides also
performed well at 50 °C, affording products 2-33 to 2-36. Gratifyingly, an activated electron rich
benzylic alcohol with a methoxy group was also tolerated in the reaction. A moderate yield of 2-
37 was obtained without a significant amount of the dibenzylated side product. The protocol,
however, does not tolerate free amino groups, such as dimethyl amine, since product 2-38 was
not observed. A possible explanation could be that a strong hydrogen bonding interaction
between the solvent, HFIP (pK, = 9.3), and the amino group might inhibit the resonance
stabilization of the putative carbocation and slow down its formation. Only small amounts of
products (2-39 and 2-40) were isolated when benzylic alcohols containing highly electron
deficient arenes, such as Ar-NO, and Ar-CN, were used. The poor performance of these
substrates is mostly likely due to the relatively high energy needed for the formation of the
carbocation. Fortunately, other electron withdrawing groups on the benzylic alcohols such as —

CO,;Me and —CF3; were well tolerated. The corresponding diarylmethane products (2-41 to 2-43
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and 2-45) were obtained in good yields. Notably, incorporation of fluorine atoms in products is
highly desirable in the pharmaceutical industry. Although, the para substituted isomer was
obtained as the major product, unfortunately, small amounts of the ortho isomer was also
formed. This observation agrees with the classic isomeric product distribution of Friedel-Crafts
benzylation. In all cases, these regioisomers cannot be separated by column chromatography
under the standard conditions.

_ B(OH),
SbFg Fe *

a
BAC-26 (10 mol%) O Q
b R
HFIP:CH3NO, = 4:1, .

50 0r80°C,0.5M,24h

2-4 (5.0 equiv) alcohol (1.0 equiv) benzylated product?
F
Me F
2-31 2-32 2-33 2-34
(87%, 50 °C, a:b = 82:18) (94%, 50 °C, a:b = 83:17) (99%, 50 °C, a:b = 78:22) (95%, 50 °C, a:b = 75:25)
Br
Br
Br OMe
2-35 2-36 2-30 2-37
(99%, 50 °C, a:b = 81:19) (81%, 50 °C, a:b = 82:18) (87%, 50 °C, a:b = 78:22) (61%, 40 °C)
(78%, 50 °C, with FeCl3)
NMe2 NOZ COzMe
2-38 2-39 2-40 2-41
(0%, 40 °C) (10%, 80 °C, a:b = 81:19) (12%, 80 °C, a:b = 77:23) (63%, 80 °C, a:b = 76:24)
® O “
CF3
2-42 2-43 2-44 2-45
(99%, 80 °C, a:b =81:19) (99%, 80 °C, a:b =81:19) (0%, 80 °C) (60%, 80 °C, a:b =77:23)

“solated yield. Product ratio was determined by 'H NMR analysis of the crude reaction mixture. For products 2-33,
2-35, 2-36, 2-39 to 2-43 and 2-45, <6% of the 5-substituted isomer ¢ was obtained.

Scheme 2-12. Examination of the scope of benzylic alcohol with meta-xylene as nucleophile.

52



To better study the scope of the alcohol substrates, further efforts focused on the use of p-
xylene to eliminate the formation of isomers (Scheme 2-13). Unsurprisingly, low conversion of
product 2-46 was observed when the alcohol substrate with a phenolic moiety was used. It is
suspected that such an electron rich benzylic alcohol is more nucleophilic than p-xylene and
resulted in self-polymerization. Benzylic alcohols with halogenated arenes were therefore
revisited and a high yield of products 2-48 to 2-52 was obtained. In contrast, only a moderate
amount of product 2-53 was isolated. It is presumed that the thioether can interrupt the
formation of the carbocation due to its high nucleophilicity. Remarkably, a benzylic alcohol with
a carboxyester substituted arene reacted smoothly under the optimal conditions, providing
product 2-54 in good vyield. The highly deactivated benzylic alcohol with a nitro moiety also
delivered a moderate amount of product 2-55 under more forcing conditions; reactions with
substrates bearing other nitrogen functional groups resulted in low yield or no conversion to the
products 2-56 to 2-59. It is proposed that the high coordinating ability of these functional groups,
such as —CN and pyridine, can possibly bind to the boronic acid or attack the iron center of the

ferrocenium unit, both of which lead to catalyst deactivation.

In comparison with other Lewis acids under the same reaction conditions, ferrocenium boronic
acid BAC-26 consistently delivered superior results for activation of C—O bonds. For instance,
very low conversion or no product formation was observed when tetrafluorophenyl boronic acid
BAC-16 was used (Scheme 2-13, products 2-48, 2-49 and 2-54). In contrast, high yields were
obtained with the ferrocenium boronic acid BAC-26. Although the moisture sensitive FeCl; was
also an active Lewis acid and afforded diarylmethanes 2-30 and 2-54 in our reaction conditions,

BAC-26 provided a higher yield and easier reaction set up.
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2-23 (5.0 equiv)

5
5
5
g

2-46
(22%, 50 °C, 48 h)

Br

3
i

2-49 (98%, 50 °C)
(0%, 50 °C with BAC-16)°

é
5
5
5

2-53
(44%, 80 °C)

CN

Bl

2-57
(36%, 80 °C, 48 h)P

B(OH),

SbFe Fe +

HO

BAC-26 (10 mol%)

v

alcohol (1.0 equiv)

2-24
(88%, 50 °C)

2-50
(69%, 80 °C)

2-54 (85%, 80 °C)

(74%, 80 °C with FeCls,

HFIP:CH3NO, = 4:1,
50 or 80 °C, 0.5 M, 24 h

COQMG

El

benzylated product?

Me

2-47
(89%, 50 °C)

O: n
@©
=

2-51
(57%, 80 °C)

NO,

255
(46%, 80 °C, 48 h)°

0%, 80 °C with BAC-16)

X
7
N

2-58
(0%, 80 °C)

]

2-59
(trace, 80 °C)

“lsolated yield. PReaction was run with 20 mol% catalyst.

2-48 (77%, rt)
(6%, rt, with BAC-16)

2-52
(93%, 50 °C)

2-56
(8%, 80 °C)

e

Scheme 2-13. Examination of the scope of benzylic alcohol with para-xylene as nucleophile.
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The arene substrate scope was also performed, using 4-bromobenzyl alcohol 2-29 as the
electrophile (Scheme 2-14). Similar to m-xylene, o-xylene underwent benzylation to provide
product 2-60 in high yield. Electronically neutral arenes such as toluene and benzene, which are
often sluggish coupling partners in Friedel-Crafts reactions, afforded the corresponding
diarylmethanes 2-61 and 2-62 in high yields. Remarkably, even more electron poor arenes such
as fluorobenzene, chlorobenzene and bromobenzene served as suitable nucleophiles using
higher temperatures and longer reaction time (2-63 to 2-65). A modified solvent system was
needed for naphthalene since it displays a very low solubility in both nitromethane and HFIP.
Upon using chloroform along with HFIP, the benzylated product 2-66 was obtained in good yield.
A series of electron rich aryl halides such as 4-bromoanisole, 4-bromophenol and 2-iodoanisole
served as good coupling partners for the Friedel-Crafts benzylation within a short period of time.
The resulting halogenated diarylmethanes 2-67 to 2-69 were obtained in high yield. While
benzylation of 4-methoxy-methyl benzoate afforded product 2-70 in high yield, only a very small
amount of product 2-71 was observed when 4’-methoxy-acetophone was used. This drastically
decreased yield indicates that the benzylation protocol is highly sensitive to the electronic
properties of the arenes. Under the optimal conditions, the reaction was also tested on drug
derivatives such as ibuprofen methyl ester. As a result, the benzylated product 2-72 could be

obtained in moderate yield, despite the increased steric hindrance from the arene substrate.
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_ B(OH),
SbFg Fe *

HO BAC-26 (10 mol%)
Br HFIP:CH3NO, = 4:1, Br

500r80°C,0.5M,24 h

arenes (5.0 equiv)  2-29 (1.0 equiv) benzylated product?
AP
Br Br Br F Br
b b b
2-60 (96%, a:b = 61:39)° 2-61 (84%, a:b = 57:43)° 2-62 (89%)° 2-63 (88%, a:b = 73:27)%¢

OMe
a
(I
cl Br  Br Br b Br
b b

8

Br
2-64 (77%, a:b = 71:29)%¢ 2-65 (83%, a:b = 71:29)%4 2-66 (88%, a:b = 70:30)%¢° 2-67 (81%)>f
OH OMe OMe
[
(T o, O
Br MeO b Br Br Br
CO,Me COMe
2-68 (52%)P9 2-69 (91%, a:b = 95:5)° 2-70 (94%)° 2-71 (25%)°

(0]
o/
a Br

2-72 (52%, a:b = 67:33)°

“lsolated y|eId Product ratio was determlned by 'H NMR analysis of the crude reaction mixture. Reactlon was
run at 50 °C. °Reaction was run at 80 °C. %48 h. *Reaction was run in HFIP CDCl; = 4:1, 0.16 M. 'Reaction was
run with 3.0 equivalent of arenes, 2 h. The yield of was determined by 'H NMR analysis of the crude reaction
mixture using 1,4-dinitrobenzene as internal standard. °0.25 M,1.5 h. "Reaction was run with 3.0 equivalents of
arenes.

Scheme 2-14. Examination of the arene scope with 4-bromobenzyl alcohol as the electrophile.

56



It is noteworthy that, some of the diarylmethanes prepared by this Friedel-Crafts benzylation
protocol with catalyst BAC-26 can hardly be synthesized using other methods (Figure 2-6). For
example, the synthesis of 2-70 can be challenging using the traditional and photochemical
cross-coupling reactions by palladium or nickel catalysis due to the presence of the aryl bromide
(Scheme 2-8a to Scheme 2-8c). Although the use of the metal free cross coupling with aryl
hydrazones and boronic acids (Scheme 2-8d) can potentially access compound 2-70, this
method has not been shown to be successful with sterically hindered substrates. Triflic acid was
also described as a powerful catalyst for Friedel-Crafts benzylation very recently (Scheme 2-
10d). However, use of a high temperature under acidic conditions could potentially hydrolyze

the ester group from 2-70.

Ref. 28 Ref. 24-26
metal free coupling with aryl traditional cross-coupling
hydrazone and boronic acid using Pd or Ni catalysis
sterically hindered Y ‘ incompatible
substrates not reported 1 with arylbromide
OMe !
Ty
Br

Ref. 33 CO.Me Ref. 27
Friedel-Crafts alkylation 2 * dual Ir photocatalysis
with highly acidic HOTf f 2-70 1 and Ni cross-coupling
potential hydrolysis under incompatible
highly acidic conditions with arylbromide

Figure 2-6. A diarylmethane compound that can hardly be prepared by other methods.

Certain aromatic compounds exhibited a lack of reactivity in the benzylations with the
ferrocenium boronic acid catalyst. As shown in Scheme 2-15, it was found that highly electron
deficient arenes, such as ortho-dichlorobenzene, trifluoromethylbenzene, acetophenone and
methyl benzoate, are not nucleophilic enough for the standard benzylation. No products (2-73 to
2-76) but recovered arenes were observed under various forcing conditions with increasing
catalyst loading, temperature and reaction time. Unfortunately, arenes with aldehyde groups
were also inert despite the presence of electron donating groups and none of the desired
products 2-77 and 2-78 were formed. Although the exact rational is unclear, it appears that
compensation from the —OMe and —OH groups is not sufficient enough to overcome the
electron withdrawing effect of the aldehyde. However, other possible explanations cannot be

ruled out, such as catalyst deactivation resulting from oxidation of the aldehyde by the
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ferrocenium unit. Arenes that do not have good solubility in HFIP and CH;NO, do not undergo
the benzylation. For example, despite its electron richness, resorcinol cannot be alkylated under
the standard conditions due to poor solubility (2-79). Amino acid derivatives are also unsuitable
substrates for benzylation with BAC-26. It is suspected that chelation from the amino ester unit
to the boronic acid inhibited the catalytic activity. Similarly, an attempted benzylation of the drug

lidocaine was also unsuccessful. As a result, no desired products (2-80 to 2-82) were observed.

. B(OH),
SbFg Fe *

HO BAC-26 (10 mol%) -
£ - B
Br HFIP:CH3NO,; = 4:1, Br

500r80°C,0.5M,24h

arenes (excess) 2-29 (1.0 equiv) benzylated product
Cl P //\©\ //\©\ //\©\
CI:© /\©\Br Br Br Br
CF3 COMe CO,Me
2-73 2-74 2-75 2-76
OMe OH OH OH
Br Br HO Br Br
CHO CHO NHBz
2-77 2-78 2-79 CO,Et 280
N
MeO,C Br ~~ N Br
2-81 2-82

Scheme 2-15. Arenes that failed to react with 4-bromobenzyl alcohol.

The synthesis of the unsymmetrical diarylmathane compounds can be achieved by two different
disconnections. Although some of the electron deficient arenes display a lack of reactivity in this

Friedel-Crafts benzylation, this issue can partially be addressed through synthetic planning with
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another set of benzylic alcohols and arenes. For instance, the synthesis of diarylmethane 2-73
was not successful using 4-bomobenzyl alcohol and ortho-dichlorobenzene, owing to a lack of
nucleophilicity of the ortho-dichlorobenzene (Figure 2-7, equation 1). In an alternative synthetic
route using 3,4-dichlorobenzyl alcohol and bromobenzene (equation 2), the same product 2-73
was obtained in a high yield of 73%, albeit in forms of isomers. Similarly, trifluoromethylbenzene
serves as an unreactive arene with 2,5-dimethylbenzyl alcohol in the Friedel-Crafts benzylation
(equation 3), but the other synthetic route with different disconnection provided the product 2-83
in a high yield of 97% (equation 4). These two examples of diarylmethane synthesis using

double disconnection are contributed by Joshua Yakiwchuk, a former student in the Hall group.

cl HO
* ™
Br

cl
(5.0 equiv) (1.0 equiv)
BAC-26 (10 mol%) cl
o (0%) a b
HFIP:CH3NO, = 4:1, -
0.5M, 80 °C, 24 h (73%, a:b = 58:42) cl Br
2-73

Cl
e L
+
Br )

Cl
(1.0 equiv) (5.0 equiv)
F3C
\O o 3)
(5.0 equiv) (1.0 equiv)

BAC-26 (10 mol%) | (0%) FsC
HFIP:CH3NO, = 4:1, ° - O O
0.5M,80°C, 24 h ‘ (97%)
FsC
\©AOH * @)

(1.0 equiv) (5.0 equiv)

Figure 2-7. The synthesis of diarylmethane compounds with different disconnection.
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2.6.3 Gram scale synthesis and catalyst recovery

As an application of the developed method, a gram scale reaction of p-xylene and 4-
bromobenzyl alcohol was performed (Scheme 2-16). An excellent yield (95%) was obtained
with a batch of 3-month old catalyst BAC-26 under the standard benzylation conditions (0.5 M).
The catalyst BAC-26 was recovered in a moderate 60% yield by recrystallization from diethyl
ether. Further experiments showed that the gram scale benzylation could also be achieved with
good vyield (87%) with freshly prepared catalyst and a higher concentration (1.0 M) for higher

solvent economy.

HO/\@\ BAC-26 (10 mol%) O O
+
Br HFIP:CH3NO, = 4:1, B

50 °C, [M], 24 h
2-23 2-29 2-84
(26.8 mmol) (1.00 g, 5.35 mmol) [0.5 M], 3-month old cat. 95% (60% recov. cat.)
[1.0 M], fresh cat. 87% (60% recov. cat.)

Scheme 2-16. Gram scale reactions and catalyst recovery.

2.7 Mechanistic studies

2.7.1 Examination of the important roles of the boronyl group and iron

center in the ferrocenium boronic acid BAC-26

Control experiments were conducted to reveal the highly reactive nature of the ferrocenium
boronic acid catalyst BAC-26 (Scheme 2-17). Under the optimal conditions (Scheme 2-17a),
benzylation of m-xylene with 4-bromobenzyl alcohol 2-29 afforded the diarylmethane product 2-
30 in high yield (87%). As previously described, the parent neutral ferrocene boronic acid was
not active at all, providing no trace of product (Scheme 2-17b). This comparison highlights the
essential role of the cationic Fe(lll) center in the catalyst. Further experiments also revealed the
critical role of the boronic acid moiety for the direct Friedel-Crafts alkylation. Devoid of the
boronyl moiety, ferrocenium hexafluoroantimate salt only provided very low conversion (15%) to
the expected product (Scheme 2-17¢). Complete inhibition of the catalyst upon removal of the
boronic acid was not observed in this case since the 17 electron ferrocenium is electrophilic as

well.** A moderate 45% yield of product 2-30 was obtained using the corresponding pinacol
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boronic ester (Scheme 2-17d). This unexpected high performance of the pinacol boronic ester
possibly resulted from partial hydrolysis to the free boronic acid BAC-26, which was supported
by a further decrease of the yield with the addition of molecular sieves (Scheme 2-17e). It was
also found that the reaction provided no product using ferrocenium boronic acid along with
molecular sieves (Scheme 2-17f). It is possible that the boronic acid anhydride (boroxine) was
formed in conjunction with the removal of water, which led to complete loss of reactivity. In order
to rule out the possible formation of HF from the hexafluoroantimonate anion, a control
experiment with AgSbFs was performed (Scheme 2-17g). A negative result was obtained, thus
confirming that the presence of the SbFg anion alone is not responsible for the reactivity of
ferrocenium boronic acid. Considering that the pK, of ferrocenium boronic is relatively low (pK,
= 5.8), it was later sought to explore whether this catalyst was working as a Lewis acid or a
Brgnsted acid. Thus, comparison experiments using a stronger Brgnsted acid, TFA, were
performed (Scheme 2-17h and 2-17i). With or without the addition of water, only trace amounts
of diarylmethane 2-30 were observed. Consequently, it is reasonable to state that the
ferrocenium boronic acid behaves as a Lewis acid under the reaction conditions. In conclusion,
the high catalytic activity of ferrocenium boronic acid originates from its cationic electrophilic

iron(lll) center and its Lewis acidic, free boronic acid moiety.

HO/\©\ catalyst (10 mol%) b O 7 O
+
B HFIP:CH3NO, = 4:1, Br

' 50 °C, 0.5 M, 24 h

2-4 (5.0 equiv) 2-29 (1.0 equiv) 2-30 (a:b = 78:22)
control catalyst yield (%)
a [CpFe(l)CpB(OH),]* SbFg~ (BAC-26) 87
b [CpFe(I)CpB(OH),] (BAC-25) 0
c [CpFe(lll)Cp]* SbFg™ 15
_ B(OH), d [CpFe(l)CpBpin]* SbFg™ 45
SbFe Fe e [CPFe(lll)CpBpin]* SbFg™ + 4 A MS 27
f [CpFe(lll)CpB(OH),]* SbFg™ + 4 A MS 0
BAC-26 g Ag® SbFs- 0
CF3CO.H trace
i CF3CO5H + H,0 (20 mol%) trace

Scheme 2-17. Control experiments examining the important roles of the boronyl group and the

iron center in ferrocenium boronic acid BAC-26.
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2.7.2 Confirmation of the Sy1 mechanism

Although the previous substrate scope (Scheme 2-12) strongly hinted at an Sy1 mechanism
and the formation of a carbocation intermediate, the Sy2 substitution could not be ruled out
completely. Thus, the following experiments were designed to further confirm an Sy1
mechanism. As shown in Scheme 2-18, optically pure secondary benzyl alcohol 2-85 was
tested with p-xylene under various temperatures and reaction times and the corresponding
product 2-86 was isolated with full racemization in all cases. The loss of stereochemical
information strongly indicates the formation of a stabilized carbocation. However, these
experiments are not conclusive since secondary benzyl alcohols were not tested in the
substrate scope.

B(OH),

SbFg Fe *

. )
_Ho BAC-26 (10 mol%) O O
HFIP:CH3NO, = 4:1,

temp, 0.5 M, time

2-23 2-85 2-86 (ee)
(5.0 equiv) (1.0 equiv, 99% ee)
temp (°C) time (h) yield (%) ee (%)
25 20 48 0
0 20 51 0
-20 48 14 0

Scheme 2-18. Stereochemical experiments of optically pure secondary benzyl alcohol in direct

Friedel-Crafts alkylation with p-xylene.

Subsequently, deuterium-labelling experiments were conducted. The optically pure deuterated
primary benzyl alcohol 2-87 was prepared (Scheme 2-19a)***" and subjected to the following
reaction conditions with ferrocenium boronic acid and tetrafluorophenyl boronic acid (Scheme
2-19b). A lower concentration 0.05 M was preferable since facile decomposition of 2-87 was
observed due to the strong ionizing power of ferrocenium boronic acid under the original
conditions. Therefore, one equivalent of both boronic acids (BAC-16 and BAC-26) was used
due to the low reactivity of tetrafluorophenyl boronic acid in lower concentration. It was observed

that the optical purity of 2-87 decreased drastically within 30 min of exposure to the ferrocenium
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boronic acid BAC-26. The formation of the carbocation intermediate was therefore confirmed.
Expectedly, no loss of enantiomeric excess of 2-87 was obtained when tetrafluorophenyl
boronic acid was used, which suggests that ferrocenium boronic acid is more potent for direct

alcohol activation.

0 1. LIAID4 (1.0 equiv), D D 3. pyridinium dichromate
THF, reflux, 3 h, N 1.5 equiv
O/\ 2 OH ( quiv)
2.4 M KOH solution CH,Cly, rt, 24 h
Ph
O 4. (S)-CBS (20 mol%), H D "i Ph
catecholborane (1.0 equiv) g 3
D OH O
/
toluene:cyclohexane:CH,Cl, = 2:2:1 N\B
-78°C,0.13M, 3.5 h Me
2-87 (46%, 92% ee) (S)-CBS
b
D H D
P catalyst (1.0 equiv)
HO HO
HFIP:CH3NO, = 4:1,
50 °C, 0.05 M, time
2-87 (92% ee) 2-87 (ee)
B(OH),
_ B(OH). F
catalyst SbFg Fe *
F F
F
time (min) BAC-26 BAC-16
15 75% ee 92% ee
30 63% ee 92% ee

Scheme 2-19. (a) The synthesis of optically pure deuterated primary benzyl alcohol; (b)
Stereochemical experiments of optically pure deuterated primary benzyl alcohol in direct

Friedel-Crafts alkylation.

2.7.3 Kinetic control vs thermodynamic control

After establishing an Sy1 mechanism for the benzylation catalyzed by ferrocenium boronic acid
BAC-26, the question of whether the benzylation is under kinetic or thermodynamic control was

explored. Throughout the course of substrate scope examination, the formation of minor isomer
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b (such as 2-31b) was observed in most cases (an example is shown as Scheme 2-20,
equation 1). The minor product 2-31b was prepared independently according to the method of
Molander and co-workers and subjected to the standard reaction conditions.*? No isomerization
of 2-31b to the less sterically hindered product was observed after 24 h (Scheme 2-20,
equation 2), which suggests that the isomeric product distribution is likely under kinetic control
rather than thermodynamic control.

B(OH),

SbFg Fe *
m-xylene (5.0 equiv)

+

BAC-26 (10 mol%)
HO b a 1)
HFIP:CH3NO, = 4:1,

50°C,0.5M,24 h

2-20 (1.0 equiv) 2-31 (87%, a:b = 82:18)
BAC-26 (10 mol%)
O O HFIP:CHsNO, = 4:1, O O @
50°C,0.5M,24h
2-31b no isomerization

Scheme 2-20. Isomerization experiment of the minor product in reaction conditions.

2.8 Proposed mechanism

Based on observations regarding the substrate scope, control experiments and mechanistic
studies, the following reaction mechanism is proposed (Scheme 2-21). A full ionization of the
benzylic alcohol by ferrocenium boronic acid BAC-26 is achieved in the solvent mixture of HFIP
and CH3;NO.,. Although it is well known that, as a highly polar solvent, HFIP can help stabilize
and solvate the carbocation, the formation of the highly Lewis acidic boronyl HFIP hemi-ester or
HFIP diester [-BOR, R = CH(CF3),] cannot be ruled out. Upon ionization of the alcohol, it is
suggested that a tetra-ion species A is formed, which undergoes a facile decomposition into
formal neutral zwitterion boronate B and the contact ion pair C. This novel ion redistribution
process is thought to benefit from the cationic structure of ferrocenium boronic acid as depicted
in Scheme 2-11a. The anion hexafluoroantimonate is prone to dissociate due to a lack of

coordination to the paired carbocation, which results in the solvated ion-pair D. The non-
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coordinating properties of the hexafluoroantimonate anion help increase the energy of the
carbocation compared to the scenario where it is paired with the nucleophilic boronate (A).
Consequently, a more electrophilic and exposed carbocation is produced for nucleophilic
substitution. As discussed in the section dedicated to the arene substrate scope (Scheme 2-14
and Scheme 2-15), the efficacy of the benzylation is greatly influenced by the nucleophilicity of
the arenes, which supports the rate-determining step being the electrophilic substitution.

Furthermore, a kinetic control of product distribution is most likely since product isomerization
under the reaction conditions was not observed.

B(OR), 1
Ar'CH,Ar? SbFg Fe * Ar'CH,0H

* O famN
[R =Hor CH(CF3)2]
BAC-26

Ar?-H _
B(OR)3
Q\é(om3 SbFg Fe * N
AN Fe * @ Ar'CH,
= Ar1CH2 = @

W ey, A (tetra-ion)

‘0,

,, = solvent
C (contact ion-pair)

Scheme 2-21. Proposed mechanism of the ferrocenium boronic acid catalyzed direct Friedel-

Crafts benzylation.

2.9 Summary

This chapter reports a study on boronic acid catalysis for direct Friedel-Crafts alkylation with
alcohol substrates. Significant effort was placed on explaining the higher reactivity of
tetrafluorophenyl boronic acid compared to pentafluorophenyl boronic acid for alcohol ionization.
Mechanistic studies revealed the important role of the ortho-substituents for catalyst reactivity.

Pentafluorophenyl boronic acid in fact displays a stronger Lewis acidity; however, the lower
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reactivity is attributed to the stronger electronic repulsion in the alcohol C-O bond cleavage
event in the presence of the additional fluoride substituent compared to the tetrafluorophenyl
boronic acid. Potential hydrogen bonding stabilization from the ortho-H to the polarized C-O
bond cannot be ruled out in the case of tetrafluorophenyl boronic acid. Further exploration of
more structurally different boronic acids led to the discovery of a much more potent catalyst,
ferrocenium boronic acid hexafluoroantimonate. Featuring a cationic backbone with a non-
coordinating anion, ferrocenium boronic acid exhibits strong ionization ability for activated and
deactivated benzylic alcohols. A diverse scope of electron neutral arenes can be benzylated
under mild conditions with HFIP as the co-solvent. Control experiments highlight the importance
of both the iron(lll) center and the boronic acid moiety in the catalyst. An Sy1 mechanism is
strongly supported by mechanistic control experiments for the direct Friedel-Craft benzylation. It
is believed that a highly reactive carbocation is formed as a result of a novel ion redistribution

mechanism.

2.10 Experimental

2.10.1 General information

The following materials include representative experimental procedures and details for the
synthesis and isolation of compounds. Full characterization of all new compounds and partial
characterization of known compounds presented in this chapter are described. Unless otherwise
stated, all reactions were performed in capped regular glassware with no further precautions.
Tetrahydrofuran (THF) and dichloromethane (DCM) were purified using a cartridge solvent
purification system with 4 A molecular sieves as absorbent. Acetone was dried with anhydrous
magnesium sulfate before use. All other solvents were purchased as ACS reagents and used
without further purification. 2,3,4,5-Tetrafluorophenyl boronic acid was synthesized according to
Piers and co-workers.*® Unless otherwise noted, all other chemicals were purchased from
commercial sources and used as received. Chromatographic separations were performed on
silica gel 60 using ACS grade hexanes, ethyl acetate, dichloromethane, diethylether and toluene
as eluents. Preparative thin-layer chromatography (PTLC) was run on silica gel 60 F254 plates.
Thin layer chromatography (TLC) was performed on silica gel 60 F254 plates, which were
visualized under UV light and with KMnO, or phosphomolybdic acid (PMA) stains. '"H NMR, *C
NMR, "'B NMR and "®F NMR spectra were recorded on 400 MHz or 500 MHz instruments. The
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residual solvent protons ('H / CHCI;) or the solvent carbon (*C) were used as internal
references. '"H NMR data is presented as follows: chemical shifts in ppm downfield from
tetramethylsilane (multiplicity, coupling constant, integration). The following abbreviations are
used in reporting NMR data: s, singlet; br s, broad singlet; d, doublet; t, triplet; q, quartet; quin,
quintet; sext, sextet; sept, septet; dd, doublet of doublets; m, multiplet. The error of coupling
constants from 'H NMR spectra is estimated to be 0.3 Hz. High-resolution mass spectra were
recorded on a 0oaTOF analyzer. Infrared (IR) spectra were obtained using cast-film technique
with frequencies expressed in cm™. The resolution of the IR instrument is 4 wavenumber.
Melting points (m. p.) were measured on a melting point apparatus and are uncorrected. All the

pH values were recorded on a Mettler Toledo pH meter.

2.10.2 General procedure for the Friedel-Crafts alkylation with 2,3,4,5-

tetrafluorophenyl boronic acid

To a vial equipped with a stir bar, containing the alcohol and the arene dissolved in a 4:1
mixture of HFIP:CH3NO, (unless otherwise noted), was added 2,3,4,5-tetrafluorophenyl boronic
acid. The vial was capped and stirred for the indicated time at the stated temperature. Upon
completion (as determined by periodic monitoring of the reaction by TLC), the mixture was
concentrated and subjected to flash chromatography using EtOAc/hexanes as the eluent to

afford the product.

(3-(2,4-Dimethylphenyl)prop-1-ene-1,1-diyl)dicyclohexane (2-12): Prepared from allylic
alcohol 2-6 (111 mg, 1.00 mmol), m-xylene (265 mg, 2.50 mmol) and BAC-16 (10 mg, 0.05
mmol) at room temperature for 20 hours, followed by flash column chromatography (hexane to
hexane:EtOAc = 20:1) to afford 2-12 as a yellow oil (279 mg, 90%).
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'H NMR (CDCls, 400 MHz): 5 7.01-6.97 (m, 1H), 6.93-6.89 (m, 2H), 5.15-5.12 (t, J = 7.1 Hz, 1H),
3.31-3.29 (d, J = 7.1 Hz, 3H), 2.52-2.44 (m, 1H), 2.26 (s, 3H), 2.23 (s, 3H), 1.92-1.85 (m, 1H),
1.74-1.60 (m, 8H), 1.50-1.49 (m, 2H) 1.37-1.11 (m,10H);

®C NMR (CDCl3, 100 MHz): § 150.4, 136.9, 135.6, 134.6, 130.3, 127.9, 125.9, 119.9, 40.3, 39.8,
34.5, 34.5, 30.5, 30.3, 26.7, 26.2, 25.8, 25.7, 20.4, 18.9;

IR (Microscope, cm™): 3003, 2926, 2851, 1503, 1448;

HRMS (El) for C,;Ha4: caled. 310.2661; found 310.2659.

m’we

Me
213

2,4-Dimethyl-1-(3-methylbut-2-en-1-yl)benzene (2-13): Prepared from allylic alcohol 2-7 (86
mg, 1.00 mmol), m-xylene (531 mg, 5.00 mmol) and BAC-16 (20 mg, 0.10 mmol) at room
temperature for 24 hours, followed by flash column chromatography (hexane to hexane:EtOAc
= 20:1) to afford 2-13 as an oil (100 mg, 58%).

'H NMR (CDCls, 400 MHz): § 7.04-7.01 (m, 1H), 6.97-6.94 (m, 2H), 5.31-5.21 (m, 1H), 3.28-
3.26 (d, J = 7.1 Hz, 2H), 2.29 (s, 3H), 2.26 (s, 3H), 1.74 (s, 3H), 1.73 (s, 3H);

C NMR (CDCl3, 100 MHz): 8 136.9, 136.0, 135.4, 132.1, 131.0, 128.6, 126.6, 122.9, 31.9, 25.8,
20.9, 19.4, 17.9;

IR (Microscope, cm'1): 3004, 2969, 2920, 2857, 1502, 1449;

HRMS (El) for C43H,7 [M-H]": calcd. 173.1330; found 173.1332.

Cl
214

(E)-1-(3-(4-Chlorophenyl)allyl)-2,4-dimethylbenzene (2-14): Prepared from allylic alcohol 2-8
(84 mg, 0.50 mmol), m-xylene (265 mg, 2.50 mmol) and BAC-16 (10 mg, 0.05 mmol) at room
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temperature for 20 hours, followed by flash column chromatography (hexane to hexane:EtOAc
= 20:1) to afford 2-14 as a yellow oil (208 mg, 81%).

'H NMR (CDCls, 400 MHz): & 7.23-7.17 (m, 4H), 7.05-7.03 (m, 1H), 6.97-6.94 (m, 2H), 6.28-
6.26 (m, 2H), 3.46-3.45 (d, J = 3.5 Hz, 2H), 2.28 (s, 3H), 2.26 (s, 3H);

®C NMR (CDCl;, 100 MHz): & 135.7, 135.6, 135.5, 134.3, 132.0, 130.6, 129.1, 128.9, 128.7,
128.1,126.7, 126.2, 35.9, 20.4, 18.8.

IR (Microscope, cm™): 3025, 3007, 29202, 2857, 1650, 1616, 1594, 1502, 1490, 1442, 1092.27,
816;

HRMS (El) for C47H4;Cl: calcd. 256.1019; found 256.1016.

Ph

2-16

(3-(p-Tolyl)prop-1-ene-1,1-diyl)dibenzene (2-16): Prepared from allylic alcohol 2-1 (210 mg,
1.00 mmol), toluene (460 mg, 5.00 mmol) and BAC-16 (20 mg, 0.10 mmol) at 50 °C for 24
hours, followed by flash column chromatography (hexane to hexane:EtOAc = 20:1) to afford 2-

16 as a colorless oil (29 mg, 10%, p:o = 58:42 regioisomeric mixture).

'H NMR (CDCls, 400 MHz): 5 7.38-7.07 (m, 14H), 6.23 (t, J = 7.6 Hz, 0.57H), 6.17 (t, J = 7.3 Hz,
0.49H), 3.41 (d, J = 7.4 Hz, 1.0H), 3.40 (d, J = 7.4 Hz, 1H), 2.30 (s, 1.58H), 2.17 (s, 1.43H);

®C NMR (CDCls, 100 MHz): & 142.0, 141.7, 139.4, 138.5, 137.4, 135.8, 134.9, 129.6, 129.4,
129.3, 128.7, 128.1, 127.8, 127.6, 127.5, 126.9, 126.8, 126.6, 126.6, 126.5, 126.5, 125.7, 125.5,
35.0, 33.2, 20.5, 19.0;

IR (Microscope, cm™): 3079, 3055, 3021, 2923, 1599, 1513, 1494, 1460, 762, 701;

HRMS (EI) CyHyo: calcd. 284.1565; found 284.1565.
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(3-(4-Methoxyphenyl)prop-1-ene-1,1-diyl)dicyclohexane (2-17): Prepared from allylic alcohol
2-6 (222 mg, 1.00 mmol) arene 2-10 (540 mg, 5.00 mmol) and BAC-16 (20 mg, 0.10 mmol) at
room temperature for 3 hours, followed by flash column chromatography (hexane:EtOAc = 20:1)
to afford 2-17a as a yellow oil: (178 mg, 57%) and 2-17b as a yellow oil (33 mg, 11%).

2-24a:

'H NMR (CDCls, 400 MHz): § 7.07-7.05 (m, 2H), 6.80-6.78 (m, 2H), 5.21 (t, J = 7.4 Hz, 1H),
3.76 (s, 3H), 3.33 (d, J = 7.4 Hz, 2H), 2.50-2.42 (m, 1H), 1.92-1.85 (m, 1H), 1.74-1.55 (m, 8H),
1.50-1.46 (m, 2H), 1.41-1.06 (m, 10H);

3C NMR (CDCls, 100 MHz): 5 157.1, 150.4, 133.8, 128.6, 120.5, 113.2, 54.8, 40.2, 40.0, 34.5,
32.0, 30.6, 26.7, 26.2, 25.8, 25.7,

IR (Microscope, cm™): 2996, 2925, 2850, 1611, 1511, 1464, 1448, 1246;
HRMS (El) for C»,H3,0: calcd. 312.2453; found 312.2454.
2-24b:

'H NMR (CDCls, 400 MHz): § 7.20-7.15 (m, 2H), 6.94-6.87 (m, 2H), 5.28 (t, J = 7.5 Hz, 1H),
3.87 (s, 3H), 3.42 (d, J = 7.5 Hz, 2H), 2.59-2.51 (m, 1H), 1.96-1.92 (m, 1H), 1.79-1.68 (m, 8H),
1.55-1.52 (m, 2H), 1.46-1.17 (m, 10H);

3C NMR (CDCls, 100 MHz): § 157.9, 151.7, 131.2, 129.6, 127.2, 121.0, 120.5, 110.6, 55.9, 41.1,
41.1, 35.6, 31.6, 27.8, 27.7, 27.3, 27.0, 26.8,;

IR (Microscope, cm™): 2925, 2850, 1600, 1587, 1492, 1464, 1448, 1242;

HRMS (El) for C,,H3,0: caled. 312.2453; found 312.2453.
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2-18

1-Methoxy-4-(3-methylbut-2-en-1-yl)benzene (2-18): Prepared from allylic alcohol 2-7 (86 mg,
1.00 mmol), arene 2-10 (540 mg, 5.00 mmol) and BAC-16 (20 mg, 0.10 mmol) at room
temperature for 3 hours, followed by flash column chromatography (hexane to hexane:EtOAc =
20:1) to afford 2-18 as a yellow oil (150 mg, 85%, p:o0 = 75:25 regioisomeric mixture).

'"H NMR (CDCl;, 400 MHz): & 7.16-7.10 (m, 0.55H, minor), 7.08-7.05 (m, 1.33H, major), 6.94-
6.82 (m, 0.62H, minor), 6.81-6.74 (m, 1.43H, major), 5.28 (t, J = 7.4 Hz, 1H), 3.81 (s, 0.71H,
minor), 3.76 (s, 1.50H, major), 3.29 (d, J = 7.4 Hz, 0.53H, minor), 3.25 (d, J = 7.4 Hz, 1.50H,
major), 1.72 (s, 3H), 1.69 (s, 3H);

®C NMR (CDCls, 100 MHz): & 157.2, 133.0, 131.6, 128.6, 126.3, 123.1, 122.0, 119.9, 113.3,
109.7, 54.8, 54.8, 32.9, 27.9, 25.3, 25.2, 17.3, 17.2;

IR (Microscope, cm™): 3030, 2967, 2913, 2856, 2835, 1611, 1511, 1495, 1464, 1440, 1245,
1038;

HRMS (El) for C4,H40: caled. 176.1201; found 176.1196.

(3-(3-lodo-4-methoxyphenyl)prop-1-ene-1,1-diyl)dibenzene (2-19): Prepared from allylic
alcohol 2-1 (210 mg, 1.00 mmol), arene 2-11 (1.17 g, 5.00 mmol) and BAC-16 (20 mg, 0.10
mmol) at room temperature for 24 hours, followed by flash column chromatography (hexane to
hexane:EtOAc = 20:1) to afford 2-19 as a yellow oil (207 mg, 49%).

'"H NMR (CDCls;, 400 MHz): § 7.58-7.57 (d, J = 2.1 Hz, 1H), 7.40-7.35 (m, 2H), 7.32-7.29 (m,
1H), 7.25-7.18 (m, 7H), 6.73-6.71 (d, J = 8.4 Hz, 1H), 6.20-6.13 (t, J = 7.6 Hz, 1H), 3.83 (s, 3H),
3.36-3.34 (d, J = 7.6 Hz),
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®C NMR (CDCl;, 100 MHz): & 156.0, 142.2, 141.7, 139.2, 138.7, 134.7, 129.4, 128.8, 127.8,
127.6, 126.8, 126.8, 126.7, 126.6, 110.4, 85.6, 55.9, 34.0;

IR (Microscope, cm™): 3078, 3055, 3022, 2961, 2640, 2902, 2835, 1597 1489, 1460, 1442,
1277, 1253, 1048;

HRMS (EI) for C,,H4olO: calcd. 426.0481; found 426.0482.

2-24

2-Benzyl-1,4-dimethylbenzene (2-24): Prepared from benzyl alcohol 2-20 (108 mg, 1.00
mmol), p-xylene (5.00 mmol) and BAC-16 (39 mg, 0.20 mmol) at 50 °C for 24 hours, followed
by flash column chromatography (hexane to hexane:EtOAc = 20:1) to afford 2-24 as a colorless
oil (118 mg, 60%).

'H NMR (CDCls, 400 MHz): § 7.27-7.23 (m, 2H), 7.18-7.14 (m, 1H), 7.12-7.09 (m, 2H), 7.04-
7.03 (m, 1H), 6.96-6.92 (m, 2H), 3.94 (s, 2H), 2.72 (s, 3H), 2.18 (s, 3H);

3C NMR (CDCls, 100 MHz): & 140.0, 138.2, 134.9, 132.9, 130.3, 129.7, 128.2, 127.8, 126.6,
125.3, 38.9, 20.5, 18.7,;

IR (Microscope, cm™): 3061, 3026, 3001, 2921, 2861, 1602, 1504, 1494, 1452, 725, 697;

HRMS (El) CisH+6: calcd. 196.1252; found 196.1253.

2-26

1,2-Dimethyl-4-(1-phenylethyl)benzene (2-26): Prepared from benzyl alcoohol 2-21 (122 mg,
1.00 mmol), o-xylene (531 mg, 5.00 mmol) and BAC-16 (39 mg, 0.20 mmol) at room
temperature for 1 hour, followed by flash column chromatography (hexane to hexane:EtOAc =
20:1) to afford 2-26 as a colorless oil (185 mg, 88%).
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'H NMR (CDCls, 400 MHz): & 7.28-7.20 (m, 4H), 7.17-7.15 (m, 1H), 7.04-7.03 (m, 1H), 6.98-
6.93 (m, 2H), 4.07 (q, J = 7.3 Hz, 1H), 2.21 (s, 3H), 2.20 (s 3H), 1.60 (d, J = 7.3 Hz, 3H);

®C NMR (CDCl;, 100 MHz): & 146.2, 143.4, 135.9, 133.6, 129.1, 128.5, 127.8, 127.0, 125.4,
124.4,43.9, 21.4,19.3, 18.8;

IR (Microscope, cm™): 30607, 3025, 2967, 2930, 2874, 1601, 1503, 1494, 1450, 699;

HRMS (El) for C4sH1s: caled. 210.1409; found 210.1409.

ORE

1-Benzyl-4-methylbenzene (2-27): Prepared from benzyl alcohol 2-20 (122 mg, 1.00 mmol),
toluene (391 mg, 5.00 mmol) and BAC-16 (39 mg, 0.20 mmol) at room temperature for 18 hours,
followed by flash column chromatography (hexane to hexane:EtOAc = 20:1) to afford 2-27a and

2-27b as a colorless oil (123 mg, 63%, p:o = 87:13 regioisomeric mixture).

'H NMR (CDCls, 400 MHz): & 7.23-7.19 (m, 4H), 7.17-7.10 (m, 2H), 7.10-7.06 (m, 3H), 4.10 (q,
J=7.4Hz, 1H), 2.29 (s, 3H), 16.0 (d, J = 7.3 Hz, 3H);

3C NMR (CDCl3, 100 MHz): 8 146.1, 142.9, 135.0, 128.5, 127.8, 127.2, 127.1, 125.4, 43.9, 21.4,
20.4;

IR (Microscope, cm™): 3083, 3060, 3025, 2967, 2929, 2873, 1601, 1513, 1493, 1451, 699;

HRMS (El) for C4sH16: calcd. 196.1252; found 196.1252.

2.10.3 General procedure for pK, determination of boronic acids

A phosphate buffer solution was prepared by dissolving 690 mg of NaH,PO, in 5mL of D,O and
~30 mL of H,O in a 50 mL volumetric flask, then diluting to 50 mL total volume. In a second 25
mL volumetric flask, boronic acid 0.50 mmol was dissolved in a minimum of DMSO, and then
diluted to 25 mL total volume with the buffer solution. 1 mL of the solution was added to each of

nine vials, and the pH of each was adjusted with NaOH solution so that a range of pH between
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~2 and ~12 was achieved. The various solutions were transferred to NMR tubes and their ''B
NMR spectra were recorded. The ''B chemical shift was plotted against the pH (Figure 2-1 to

Figure 2-3) and from this the pK, of selective boronic acids was determined.”

2,3,4,5-Tetrafluorophenyl boronic acid BAC-16: According to the general procedure, a
solution of 2,3,4,5-tetrafluorophenyl boronic acid (99 mg, 0.50 mmol) was prepared. Different
"B NMR shifts were determined at various pH, as recorded in Table 2-5. The titration curve
was shown in Figure 2-1. The pK, of 2,3,4,5-tetrafluorophenyl boronic acid was determined to
be 6.0.

pH? 2.56 3.62 5.24 5.82 6.19 6.82 7.26 8.84 10.52
"B NMR (ppm) 27.2 26.9 22.5 15.9 11.5 5.6 3.3 1.8 1.8

*The pH value was determined using a Mettler Toledo pH meter.

Table 2-5. Different ''B NMR shifts of 2,3,4,5-tetrafluorophenyl boronic acid at various pH.

2-Fluorophenyl boronic acid BAC-19: According to the general procedure, a solution of 2-
fluorophenyl boronic acid (70 mg, 0.50 mmol) was prepared. Different ''B NMR shifts were
determined at various pH, as recorded in Table 2-6. The titration curve was shown in Figure 2-

2. The pK, of 2-fluorophenylboronic acid was determined to be 7.9.

pH? 4.03 5.00 6.07 7.11 7.32 7.68 8.08 8.33 8.64
"B NMR (ppm) 28.6 28.6 28.1 24.4 224 17.3 11.7 9.1 5.9
pH? 8.96 9.30 9.67 10.05 10.90 11.97
"B NMR (ppm) 4.4 34 2.8 2.5 2.3 2.3

*The pH value was determined using a Mettler Toledo pH meter.

Table 2-6. Different "B NMR shifts of 2-fluoropheny! boronic acid at various pH.

2,6-Difluorophenyl boronic acid BAC-20: According to the general procedure, a solution of
2,6-difluorophenyl boronic acid (79 mg, 0.50 mmol) was prepared. Different ''B NMR shifts were
determined at various pH, as recorded in Table 2-7. The titration curve was shown in Figure 2-
3. The titration curve for 2,6-difluorophenylboronic acid suggests a pK, of 7.2. However, gradual
protodeborylation was observed at pH >6.8. The increasing concentration of boric acid (and

corresponding decrease in boronic acid concentration) resulting from this process would
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artificially increase the observed pK, of the boronic acid. Thus, the actual pK, of 2,6-

difluorophenylboronic acid must be lower than the observed value of 7.2.

pH? 2.44 2.84 3.91 457 5.15 5.48 5.63 5.93 6.51
"B NMR (ppm)®  28.0 27.9 27.8 27.9 27.7 27.5 27.3 26.0 24.0
pH? 6.78 7.11 7.37 7.83 8.11 8.45 8.80 9.11 9.44
""BNMR (ppm)® 215 19.2 15.2 7.3 3.2 2.9 2.4 2.4 2.2
"BNMR (ppm)°®  19.4 19.3 19.2 18.6 15.4 14.4 10.1 10.4 6.9

The pH value was determined using a Mettler Toledo pH meter. "The "'B NMR signals of 2,6-difluorophenyl boronic
acid. °The "'B NMR signals of boric acid.

Table 2-7. Different ''B NMR shifts of 2,6-difluorophenyl boronic acid at various pH.

Pentafluorophenyl boronic acid BAC-15: The pK, of pentafluorophenyl boronic acid cannot
be determined using the "B NMR titration method due to the rapid protodeborylation in the
phosphate buffer solution within short period of time. Therefore, a linear correlation was
established between the previously reported pK, of eight different boronic acids and their
experimental '"H NMR (B-OH)." Specifically, these pK, values of the select boronic acids were
plotted against the chemical shifts of their hydroxyl protons (ArB(OH),) as measured by '"H NMR
of the boronic acids (6 mg) in 0.7 mL of DMSO-d6 (Figure 2-4a).? Of note, the DMSO-d6 was
dried over 4 A molecular sieves. A linear fit was applied to the data (R? = 0.98) (Figure 2-4b).
Using the equation generated from the linear fit (5 ['H] = -0.208 [pK.] + 9.7969), extrapolation of
the corresponding ''B NMR chemical shift for pentafluorophenyl boronic acid (9.08 ppm) reveals

an apparent pK, of 3.5.

2.10.4 General procedure for the synthesis of ferroceniumboronic

acid hexafluoroantimonate salt BAC-26

; B(OH), AgSbFg (1.0 equiv) . ; B(OH).
Fe

SbFg Fe *
acetone, rt, 30 min

Ferrocenium boronic acid was synthesized according to the literature procedure with minor
modifications as described herein.* Ferrocene boronic acid (690 mg, 3.00 mmol) was dissolved

in 50 mL of dried acetone. The resulting mixture was stirred at room temperature for 15 min,
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providing a clear orange solution. AgSbFg (1.03 g, 3.00 mmol) was then added in one pot,
resulting in a dark blue solution immediately. Resulting solution was stirred at room temperature
for 30 min. Reaction mixture was filtered through Celite 545 to separate the dark blue solution
from the light brown silver solid. Further separation of silver was carried out by careful vacuum
filtration with Fisher P5 filter paper (medium porosity) three times. The resulting filtrate was
collected and concentrated under reduced pressure, affording the crude product. The crude
product was transferred into a 250 mL round bottom flask equipped with stir bar and dissolved
in 5-10 mL dried acetone. Crude product solution was stirred vigorously and 120 mL of Et,O
was added. Upon the addition of Et,O, dark blue solid was formed and the resulting mixture was
allowed to stir vigorously at room temperature for 15 min before subjected to filtration by Fisher
P5 filter paper (medium porosity). The dark blue product was collected and dried under high
vacuum for 4 h. After the indicated time, the dark blue solid was grinded into a fine powder and
subjected to high vacuum overnight for further drying overnight, affording 1.00 g (72%) of
ferrocenium boronic acid. The resulting product ferrocenium boronic acid was stored in a vial at

ambient temperature.

"H NMR and *C NMR were not obtained in high quality due to the paramagnetism of iron (lll);
"B NMR (CD;COCDs, 128 MHz): & 36.7;

F NMR (CD3;COCD;, 376 MHz): § —124.9 (m, 6F);

IR (Microscope, cm'1): 3504, 3118, 1641, 1419, 1065, 1013, 861;

HRMS (ESI) for C4oH11BFeO,: calcd. 230.0196; found 230.0198;

Anal. Calcd for C4oH11BFsFeO,Sb: C, 25.80; H, 2.38. Found: C, 25.78; H, 2.69.

2.10.5 General procedure for the Friedel-Crafts benzylation

To a vial equipped with a stir bar, containing benzyl alcohols and the arenes in a solvent mixture
of 4:1 hexafluoroisopropanol and nitromethane, was added the ferrocenium boronic acid
catalyst. The vial was capped and stirred at the stated temperature for indicated time. Upon
completion, monitored by TLC, the reaction mixture was concentrated and subjected to flash

column chromatography using EtOAc/hexane as the eluent to afford the product.
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Only the structures of the major products are shown. The ratio of regioisomeric mixtures was
assigned by 'H NMR analysis of crude reaction mixtures. Only the major products are
characterized for the regioisomeric mixtures > 90:10. For products that contain regioisomers,
the determination of the major products on >C NMR was assigned by comparison with the

existing literature reports. No assignment was made if neither the major nor the minor products

Br
2-30

1-(4-Bromobenzyl)-2,4-dimethylbenzene (2-30): Prepared from 4-bromobenzyl alcohol (94

were reported.

mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (119 mg, 87%, p:o = 77:23 mixture of regioisomers).

"H NMR (CDCl;, 500 MHz): § 7.41-7.40 (m, 1.48H, major), 7.39-7.37 (m, 0.47H, minor), 7.15-
7.09 (m, 0.79H), 7.02-7.00 (m, 3.69H), 6.92-6.90 (m, 0.51H), 4.03 (s, 0.48H, minor), 3.92 (s,
1.52H, major), 2.34 (s, 2.29H, major), 2.25 (s, 1.44H, minor), 2.21 (s, 2.27H, minor);

®C NMR (CDCl;, 125 MHz): & 139.8, 138.9, 137.1, 136.4, 136.2, 136.2, 135.2, 131.4, 131.4,
131.3, 130.4, 129.9, 129.6, 128.3, 126.7, 126.6, 119.7, 119.5, 38.5, 34.5, 21.0, 20.2, 19.6;

IR (Microscope, cm™): 3007, 2919, 2859, 1616, 1486, 1443, 1403, 1071, 1011, 802, 770;

HRMS (El) for C4sH5Br: calcd. 276.0337; found 276.0338.

2-31

1-Benzyl-2,4-dimethylbenzene (2-31):** Prepared from benzyl alcohol (54 mg, 0.50 mmol) and
m-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography (hexane) and isolated

as a colorless oil (85 mg, 87%, p:o = 78:22 mixture of regioisomers).
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'"H NMR (CDCl3, 500 MHz): & 7.30-7.23 (m, 2.32H), 7.22-7.19 (m, 1.00H), 7.16-7.14 (m, 1.60H),
7.10-7.08 (m, 0.57H), 7.50-6.98 (m, 2.69H), 4.09 (s, 0.41H, minor), 3.98 (s, 1.59, major), 2.33 (s,
2.39H, major), 2.27 (s, 1.18H, minor), 2.24 (s, 2.37, major);

3C NMR (CDCl;, 125 MHz): § 140.7 (major), 139.8 (minor), 137.2 (minor), 136.9 (minor), 136.4
(major), 135.9 (major), 135.9 (major), 131.1 (major), 129.9 (major), 128.7 (major), 128.4 (minor),
128.4 (major), 128.1 (minor), 127.9 (minor), 126.6 (major), 126.3 (minor), 125.8 (major), 125.7
(minor), 39.1 (major), 35.1 (minor), 21.0 (major), 20.2 (minor), 19.6 (major);

IR (Microscope, cm™): 3062, 3026, 2921, 2856, 1601, 1494, 1425, 727, 697;

HRMS (El) for C1sH+6: calcd. 196.1252; found 196.1252.

Me
2-32

2,4-Dimethyl-1-(4-methylbenzyl)benzene (2-32):* Prepared from 4-methylbenzyl alcohol (61
mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (99 mg, 94%, p:o = 83:17 mixture of regioisomers).

'"H NMR (CDCls, 500 MHz): & 7.12-7.07 (m, 2.43H), 7.05-7.01 (m, 3.21H), 7.00-6.98 (m, 0.81H),
6.95-6.93 (m, 0.33H), 4.06 (s, 0.33H, minor), 3.94 (s, 1.67H, major), 2.35 (s, 2.48H, major), 2.34
(s, 2.97H, minor), 2.28 (s, 0.97H, minor), 2.25 (s, 2.48H, major):

*C NMR (CDCls, 125 MHz): & 137.6, 137.2, 137.1, 136.7, 136.4, 136.2, 135.8, 135.3, 135.2,
131.1, 129.8, 129.1, 129.1, 128.6, 128.1, 127.8, 126.6, 126.3, 38.6 (major), 34.6 (minor), 21.0
(major), 21.0 (major), 21.0 (minor), 20.2 (major), 19.6 (minor);

IR (Microscope, cm™): 3005, 2920, 2860, 1617, 1513, 1443, 804;

HRMS (El) for C1¢H4s: calcd. 210.1409; found 210.1411.
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F
2-33

1-(3-Fluorobenzyl)-2,4-dimethylbenzene (2-33): Prepared from 3-fluorobenzyl alcohol (63 mg,
0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (106 mg, 99%, p:0o:m = 75:21:4 mixture of regioisomers).

'"H NMR (CDCl;, 500 MHz): § 7.26-7.20 (m, 1.03H), 7.15-7.09 (m, 0.69H), 7.03-6.99 (m, 2.30H),
6.94-6.92 (d, J = 7.7 Hz, 0.78H), 6.91-6.88 (m, 1.01H), 6.85-6.81 (m, 1.08H), 6.72-6.79 (m,
0.23H), 4.08 (s, 0.45H, minor), 3.97 (s, 1.55H, major), 2.34 (s, 2.31H, major), 2.26 (s, 1.26H,
minor), 2.22 (s, 2.28H, major);

3C NMR (CDCls, 125 MHz): & 163.1 (d, J = 245.3 Hz), 163.0 (d, J = 245.3 Hz), 143.4 (d, J= 7.0
Hz), 142.6 (d, J = 7.1 Hz), 137.1, 136.4, 136.3, 136.1, 135.1, 131.3, 129.9, 129.7 (d, J = 8.1 Hz),
129.7 (d, J = 8.3 Hz), 128.3, 126.7, 126.6, 124.3 (d, J = 2.7 Hz), 123.6 (d, J = 2.7 Hz), 115.5 (d,
J=21.2Hz), 114.7 (d, J = 21.5 Hz), 112.8 (d, J = 21.1 Hz), 112.7 (d, J = 21.2 Hz), 38.8 (d, J =
1.5 Hz), 34.8 (d, J = 1.6 Hz), 21.0, 20.2, 19.6;

F NMR (CDCl3, 468 MHz): 6 —113.7 (m, minor), —113.8 (m, major);
IR (Microscope, Cm'1): 3007, 2920, 2860, 1613, 1588, 1486, 1446, 1248, 951, 769, 684;

HRMS (El) for C1sH4sF: calcd. 214.1158; found 214.1153.

F
2-34

1-(4-Fluorobenzyl)-2,4-dimethylbenzene (2-34): Prepared from 4-fluorobenzyl alcohol (63 mg,
0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a yellow oil (102 mg, 95%, p:0 = 75:25 mixture of regioisomers).

'H NMR (CDCl3, 400 MHz): 6 7.10-7.06 (m, 2.38H), 7.00 (m, 0.79H), 6.98-6.93 (m, 4.04H), 4.03
(s, 0.46H, minor), 3.92 (s, 1.54H, major), 2.32 (s, 2.29H, major), 2.24 (s, 1.49, minor), 2.20 (s,
2.28, major);
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3C NMR (CDCls, 125 MHz): 5 161.3 (d, J = 243.7 Hz), 161.2 (d, J = 243.4 Hz), 137.1, 136.7,
136.3, 136.3 (d, J = 3.2 Hz), 136.1, 135.7, 135.3 (d, J = 3.2 Hz), 131.2, 130.0 (d, J = 7.7 Hz),
129.8, 129.1 (d, J = 7.4 Hz), 128.2, 126.7, 126.5, 115.1 (d, J = 21.1 Hz), 115.1 (d, J = 21.1 Hz),
38.3, 34.2, 21.0, 20.2, 19.6;

"F NMR (CDCl;, 376 MHz): 6 —117.8 (app quin, 0.75F, major), —117.9 (app quin, 0.25F, minor);
IR (Microscope, cm™): 3038, 3005, 2921, 1604, 1508, 1444, 1222, 1157, 813, 774;

HRMS (EIl) for C4sH4sF: calcd. 214.1158; found 214.1161.

2-35

1-(2-Bromobenzyl)-2,4-dimethylbenzene (2-35): Prepared from 2-bromobenzyl alcohol (94
mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (136 mg, 99%, p:0o:m = 76:17:7 mixture of regioisomers).

'H NMR (CDCls, 400 MHz): § 7.60-7.58 (m, 1.04H), 7.20-7.16 (td, J = 7.4, 1.3 Hz, 0.83H, major),
7.12-7.03 (m, 2.65H), 6.98-6.96 (dd, J = 7.7, 1.2 Hz, 0.81H, major), 6.90-6.87 (m, 1.68H), 6.56-
6.54 (m, 0.17H), 4.06 (s, 0.37H, minor), 4.02 (s, 1.67H, major), 2.33 (s, 2.43H, major), 2.21 (s,
2.41H, major), 2.20 (s, 1.10H, minor);

®C NMR (CDCl;, 125 MHz): & 140.0, 138.8, 138.0, 137.4, 136.6, 136.1, 136.0, 134.4, 132.6,
132.5, 131.1, 130.3, 129.6, 128.3, 128.2, 127.7, 127.5, 127.4, 126.7, 126.6, 125.2, 125.0, 39.1,
35.7, 21.0, 20.0, 19.5;

IR (Microscope, cm™): 3075, 3009, 2919, 1566, 1503, 1465, 1440, 1026, 746;

HRMS (El) for C4sH4sBr: calcd. 274.0357; found 274.0356.
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Br
2-36

1-(3-Bromobenzyl)-2,4-dimethylbenzene (2-36): Prepared from 3-bromobenzyl alcohol (94
mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (111 mg, 81%, p:0:m = 77:19:4 mixture of regioisomers).

'"H NMR (CDCls, 400 MHz):  7.31-7.26 (m, 0.99H), 7.25-7.24 (m, 0.76H), 7.14-7.05 (m, 1.98H),
7.02-7.00 (m, 0.82H), 6.97-6.95 (m, 2.35H), 6.89-6.87 (m, 0.21H), 4.00 (s, 0.39H, minor), 3.89
(s, 1.61H, major), 2.28 (s, 2.40H, major), 2.20 (s, 1.23H, minor), 2.16 (2s, 2.45H, major);

3C NMR (CDCls, 125 MHz): & 143.2, 142.4, 138.1, 137.1, 136.4, 136.3, 135.9, 134.9, 131.7,
131.3, 130.9, 129.9, 129.9, 129.0, 129.0, 128.3, 127.3, 126.8, 126.7, 126.5, 122.7, 122.6, 38.7,
34.7,21.0, 20.2, 19.6;

IR (Microscope, cm™): 3008, 2919, 2858, 1592, 1567, 1473, 1442, 1071, 764, 685;

HRMS (EIl) for CsH4sBr: calcd. 274.0357; found 274.0356.

- il Il OMe
2-37

1-(4-Methoxybenzyl)-2,4-dimethylbenzene (2-37): Prepared from 4-methoxybenzyl alcohol
(69 mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column

chromatography (hexane) and isolated as a yellow oil (69 mg, 61%).

'H NMR (CDCls, 400 MHz): & 7.02-7.00 (m, 2H), 6.96-6.91 (m, 3H), 6.80-6.77 (m, 2H), 3.86 (s,
2H), 3.75 (s, 3H), 2.28 (s, 3H), 2.18 (s, 3H);

®C NMR (CDCl;, 100 MHz): & 157.8, 136.4, 136.3, 135.8, 132.8, 131.1, 129.7, 129.6, 126.6,
113.8, 55.3, 38.2, 21.0, 19.6;

IR (Microscope, cm'1): 3003, 2918, 2834, 1611, 1510, 1463, 1246, 1037, 810;
HRMS (El) for C4sH450: calcd. 226.1358; found 226.1357.
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N02
2-39

2,4-Dimethyl-1-(4-nitrobenzyl)benzene (2-39): Prepared from 4-nitrobenzyl alcohol (77 mg,
0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography
(hexane:EtOAc = 10:1) and isolated as a yellow oil (12 mg, 10%, p:o:m = 75:20:5 mixture of

regioisomers).

'H NMR (CDCls, 500 MHz): & 8.17-8.12 (m, 2.13H), 7.29-7.28 (m, 1.88H), 7.19-7.11 (m, 1.19H),
7.04-7.02 (m, 2.26H), 4.17 (s, 0.42H), 4.07 (s, 1.58H), 2.34 (s, 2.38H), 2.24 (s, 1.27H), 2.19 (s,
2.36H);

3C NMR (CDCls, 125 MHz): & 148.7, 148.0, 146.4, 137.0, 136.8, 136.3, 135.2, 134.1, 131.5,
130.0, 129.6, 129.3, 128.6, 128.5, 127.0, 127.0, 123.7, 123.7, 39.0, 35.1, 21.0, 20.2, 19.6;

IR (Microscope, cm™): 3104, 3076, 2921, 1597, 1512, 1345, 1112, 860;

HRMS (ESI) for C45H1sNO, [M+Na] *: calcd. 264.0995; found 264.0993.

CN
2-40

4-(2,4-Dimethylbenzyl)benzonitrile (2-40): Prepared from 4-(hydroxymethyl) benzonitrile (67
mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography
(hexane:EtOAc = 10:1) and isolated as a yellow oil (13 mg, 12%, p:o:m = 73:22:5 mixture of

regioisomers).

'H NMR (CDCls, 500 MHz): § 7.58-7.54 (m, 2.04H), 7.24-7.22 (m, 1.51H), 7.17-7.07 (m, 1.18H),
7.03-7.00 (m, 2.25H), 4.13 (s, 0.46H, minor), 4.02 (s, 1.54H, major), 2.34 (s, 2.27H, major), 2.23
(s, 1.31H, minor), 2.18 (s, 2.21H, major);

®C NMR (CDCl;, 125 MHz): & 146.6, 145.8, 137.1, 136.7, 136.4, 134.2, 132.3, 132.2, 131.4,
130.0, 129.4, 128.6, 128.4, 126.9, 126.9, 119.1, 109.8, 109.8, 39.2, 35.2, 21.0, 20.2, 19.6;
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IR (Microscope, cm™): 3006, 2921, 2227, 1607, 1503, 1445, 812, 776;

HRMS (El) for C46H1sN: calcd. 221.1205; found 221.1207.

COzMe
2-41

Methyl 4-(2,4-dimethylbenzyl)benzoate (2-41): Prepared from methyl 4-(hydroxymethyl)
benzoate (83 mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column
chromatography (hexane:EtOAc = 10:1) and isolated as a colorless oil (80 mg, 63%, p:o:m =

72:23:5 mixture of regioisomers).

'"H NMR (CDCl3, 500 MHz): & 7.97-7.93 (m, 2.10H), 7.22-7.20 (m, 1.54H), 7.16-7.09 (m, 1.23H),
7.03-6.99 (m, 2.26H), 4.13 (s, 0.48H, minor), 4.04 (s, 1.52H, maijor), 3.92 (s, 2.16H, major), 3.91
(s, 0.71H, minor), 2.34 (s, 2.28H, major), 2.25 (s, 1.42H, minor), 2.20 (s, 2.30H, major);

3C NMR (CDCl;, 125 MHz): & 167.1, 167.1, 146.3, 145.5, 137.1, 136.4, 136.3, 134.9, 131.3,
130.0, 129.8, 129.7, 128.7, 128.3, 127.9, 127.9, 127.9, 126.8, 126.7, 52.0, 39.2, 35.2, 21.0, 20.2,
19.6;

IR (Microscope, cm™): 3004, 2950, 2920, 1721, 1610, 1435, 1280, 1178, 1108, 748;

HRMS (ES]I) for C47H10, [M+Na] *: calcd. 277.1200; found 277.1201.

2-42

2,4-Dimethyl-1-(3-(trifluoromethyl)benzyl)benzene (2-42): Prepared from 3-(trifluoromethyl)
benzyl alcohol (88 mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column
chromatography (hexane) and isolated as a colorless oil (132 mg, 99%, p:0:m = 76:18:6 mixture

of regioisomers).
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'H NMR (CDCls, 400 MHz): § 7.49-7.43 (m, 1.89H), 7.41-7.34 (m, 1.32H), 7.30-7.29 (m, 0.84H),
7.15-7.10 (m, 0.94H), 7.03-7.00 (m, 2.19H), 4.13 (s, 0.46H, minor), 4.02 (s, 1.54H, major), 2.34
(s, 2.30H, major), 2.26 (s, 1.34H, minor), 2.22 (s, 2.27H, major);

3C NMR (CDCls, 125 MHz): & 141.7, 140.9, 138.2, 137.1, 136.4, 136.3, 135.7, 134.8, 132.0,
131.3, 130.7 (q, J = 31.9 Hz), 129.9, 128.8, 128.3, 128.1, 127.8 (q, J = 263.8 Hz), 126.8, 125.4
(q, J = 3.7 Hz), 124.7 (q, J = 3.8 Hz), 124.2 (q, J = 272.6 Hz), 122.8 (q, J = 3.8 Hz), 122.8 (q, J =
4.2 Hz), 38.9, 34.9, 21.0, 20.2, 19.6;

"F NMR (CDCl;, 376 MHz):  —62.6 (s, minor), —62.6 (s, major);
IR (Microscope, cm™): 3010, 2922, 2864, 1615, 1504, 1446, 1330, 1161, 1121, 1074, 701, 658;

HRMS (El) for C4sH1sF3: caled. 264.1126; found 264.1125.

2-43

2,4-Dimethyl-1-(4-(trifluoromethyl)benzyl)benzene (2-43): Prepared from 4-(trifluoromethyl)
benzyl alcohol (88 mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column
chromatography (hexane) and isolated as a colorless oil (132 mg, 99%, p:0:m = 76:18:6 mixture

of regioisomers).

'H NMR (CDCl3, 400 MHz): 8 7.55-7.49 (m, 2.04H), 7.32-7.30 (m, 0.12H), 7.24-7.22 (m, 1.57H),
7.14-7.08 (m, 0.94H), 7.02-6.99 (m, 2.36H), 4.12 (s, 0.39H, minor), 4.01 (s, 1.61H, major), 2.33
(s, 2.42H, major), 2.24 (s, 1.14H, minor), 2.19 (s, 2.37H, major);

3C NMR (CDCls, 125 MHz): 5 144.9, 144.1, 138.2, 137.1, 136.4, 136.4, 135.8, 134.8, 131.3,
129.9, 129.2, 128.9, 128.3, 128.3 (q, J = 32.6 Hz), 128.1, 126.8, 126.8, 126.7, 125.3 (q, J = 3.9
Hz), 125.3 (q, J = 3.8 Hz), 124.3 (q, J = 271.6 Hz), 38.9, 34.9, 21.0, 20.2, 19.6;

'F NMR (CDCl,, 376 MHz): § —62.3 (s, 3F).
IR (Microscope, cm™): 3008, 2922, 1619, 1417, 1326, 1162, 1123, 1067, 814

HRMS (El) for C1¢H1sF3: calcd. 264.1126; found 264.1124.
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F
F
2-45 F

1-(2,4-Dimethylbenzyl)-2,3,4-trifluorobenzene (2-45): Prepared from 2,3,4-trifluorobenzyl
alcohol (81 mg, 0.50 mmol) and m-xylene (265 mg, 2.50 mmol). Purified by flash column
chromatography (hexane) and isolated as a colorless oil (79 mg, 60%, p:0:m = 72:22:6 mixture

of regioisomers).

'H NMR (CDCl3, 400 MHz): 6 7.16-7.08 (m, 0.71H), 7.02-6.95 (m, 2.24H), 6.87-6.79 (m, 1.07H),
6.78-6.72 (m, 0.22H, minor), 6.67-6.60 (m, 0.75H, maijor), 6.32-6.26 (m, 0.23H, minor), 4.00 (s,
0.47H, minor), 3.93 (s, 1.53H, major), 2.32 (s, 2.29H, major), 2.21 (m, 3.71H);

3C NMR (CDCls, 125 MHz): § 149.7 (ddd, J = 247.5, 10.1, 2.8 Hz), 149.6 (ddd, J = 248.2, 10.0,
2.8 Hz), 139.9 (ddd, J = 250.7, 15.6, 15.6 Hz), 138.7, 138.2, 137.3, 136.6, 136.3, 134.3, 133.4,
131.3, 129.7, 128.4, 128.3, 126.9, 126.9, 126.5, 125.2 (dd, J = 13.4, 2.8 Hz), 123.5 (ddd, J= 7.7,
4.5,43 Hz), 121.7 (ddd, J=7.4, 4.4, 4.0 Hz), 111.6 (dd, J = 17.1, 3.9 Hz), 111.6 (dd, J = 16.9,
3.9 Hz), 31.1, 271, 21.0, 19.9, 19.4;

F NMR (CDCl;, 376 MHz): § —137.7 (m, 0.06F, minor), —137.8 (app ddt, J = 20.3, 9.5, 6.0 Hz,
0.71F, major); —138.0 (app ddt, J = 20.4, 9.5, 5.9 Hz, 0.22F, minor), —138.2 (dt, J = 20.3, 6.3 Hz,
0.81F, major), —138.3 (m, 0.19F, minor), —160.9 (app tdd, J = 22.0, 6.4, 1.7 Hz, 0.06F, minor), —
161.2 (app tdd, J = 20.3, 7.1, 2.4 Hz, 0.71F, major), —161.4 (app tdd, J = 20.3, 7.1, 2.2 Hz,
0.21F, minor);

IR (Microscope, cm™): 3010, 2923, 2864, 1615, 1512, 1479, 1299, 1031, 959, 804, 679;

HRMS (El) for C4sH13F3: caled. 250.0969; found 250.0973.

Me

2-47

1,4-Dimethyl-2-(2-methylbenzyl)benzene (2-47): Prepared from 2-methylbenzyl alcohol (61
mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography

(hexanes) and isolated as a colorless oil (93 mg, 89%).
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'H NMR (CDCls, 500 MHz): & 7.22 (d, J = 6.9 Hz, 1H), 7.18 (t, J = 7.3 Hz, 1H), 7.13 (t, J = 7.1
Hz, 1H), 7.1 (d, J = 7.4 Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 6.89 (d, J = 7.5 Hz, 1H), 6.77 (s, 1H),
3.91 (s, 2H), 2.32 (s, 3H), 2.28 (s, 3H), 2.25 (s, 3H);

®C NMR (CDCl;, 125 MHz): & 138.6, 138.2, 136.5, 135.4, 133.5, 130.1, 130.0, 129.9, 129.0,
126.9, 126.1, 126.0, 36.7, 21.0, 19.6, 19.1;

IR (Microscope, cm™): 3017, 2969, 2921, 1604, 1500, 1493, 1461, 743;

HRMS (El) for C4sH1s: calcd. 210.1409; found 210.1409.

O O F

2-48

2-(4-Fluorobenzyl)-1,4-dimethylbenzene (2-48): Prepared from 4-fluorobenzyl alcohol (126
mg, 1.00 mmol) and p-xylene (530 mg, 5.00 mmol). Purified by flash column chromatography
(hexane) and isolated as a light yellow oil (164 mg, 77%).

'H NMR (CDCls, 400 MHz): & 7.09-7.05 (m, 3H), 6.99-6.94 (m, 3H), 6.91 (m, 1H), 3.92 (s, 2H),
2.30 (s, 3H), 2.19 (s, 3H);

3C NMR (CDCls, 125 MHz): & 161.3 (d, J = 243.6 Hz), 138.5, 136.2 (d, J = 3.2 Hz), 135.5,
133.4,130.7, 130.3, 130.0 (d, J = 7.7 Hz), 127.2, 115.1 (d, J = 21.1 Hz), 38.6, 21.0, 19.2;

F NMR (CDCls, 376 MHz): 6 —117.7 (m, 1F);
IR (Microscope, cm™): 3115, 3001, 2922, 2862, 1603, 1508, 1444, 1222, 812;

HRMS (El) for C4sH1sF: calcd. 214.1158; found 214.1156.
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Br

2-49

2-(2-Bromobenzyl)-1,4-dimethylbenzene (2-49): Prepared from 2-bromobenzyl alcohol (94
mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a yellow oil (135 mg, 98%).

'H NMR (CDCl;, 400 MHz): § 7.59 (dd, J = 7.9, 1.3 Hz, 1H), 7.18 (td, J = 7.5, 1.3 Hz, 1H), 7.09
(m, 2H), 7.00 (dd, J = 7.6, 1.3 Hz, 1H), 6.86 (dd, J = 7.6, 1.8 Hz, 1H), 6.83 (s, 1H), 4.03 (s, 2H),
2.28 (s, 3H), 2.19 (s, 3H);

3C NMR (CDCls, 125 MHz): & 139.9, 137.3, 135.5, 133.6, 132.6, 130.6, 130.2, 130.2, 127.7,
127.4,127.3, 125.0, 39.5, 21.0, 19.1;

IR (Microscope, cm™): 3054, 3003, 2969, 2920, 2863, 1616, 1566, 1503, 1465, 1440, 1025, 747;

HRMS (El) for C4sH4sBr: calcd. 276.0337; found 276.0335.

I CL
Cl

1,2-Dichloro-4-(2,5-dimethylbenzyl)benzene (2-50): Prepared from 3,4-dichlorobenzyl alcohol
(89 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Purified by flash column

chromatography (hexane) and isolated as a colorless oil (102 mg, 77%).

'H NMR (CDCl,, 500 MHz):  7.32 (d, J = 8.2 Hz, 1H), 7.19 (d, J = 8.2 Hz, 2.1 Hz, 1H), 7.10 (d,
J =76 Hz, 1H), 6.98 (d, J = 7.6 Hz, 1H), 6.94 (dd, J = 8.2, 2.1 Hz, 1H), 6.89 (s, 1H), 3.89 (s,
2H), 2.30 (s, 3H), 2.17 (s, 3H);

®C NMR (CDCls, 125 MHz): § 140.9, 137.3, 135.7, 133.3, 132.3, 130.7, 130.5, 130.4, 130.2,
129.9, 128.1, 127.6, 38.6, 21.0, 19.2;

IR (Microscope, cm™): 3000, 2921, 2863, 1562, 1504, 1470, 1131, 1031, 811;
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HRMS (El) for C15H14Cl,: calcd. 264.0472; found 264.0472.

SRS

2-51

1-Bromo-3-(2,5-dimethylbenzyl)-2-fluorobenzene (2-51): Prepared from 3-bromo-2-
fluorobenzyl alcohol (103 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Purified by flash

column chromatography (hexane) and isolated as a colorless oil (83 mg, 57%).

'H NMR (CDCls, 400 MHz): 5 7.39 (ddd, J = 8.5, 6.8, 2.7 Hz, 1H), 7.07 (d, J = 7.6 Hz, 1H), 6.98
(dd, J = 7.6, 1.2 Hz, 1H), 6.92-6.84 (m, 3H), 3.97 (s, 2H), 2.30 (s, 3H), 2.20 (s, 3H);

3C NMR (CDCls, 125 MHz): & 156.7 (d, J = 246.1 Hz), 136.1, 135.2, 133.0, 130.8, 130.2, 129.8,
129.1 (d, J = 4.0 Hz), 128.8 (d, J = 16.8 Hz), 127.1, 124.4 (d, J = 4.5 Hz), 108.5 (d, J = 21.8 Hz),
31.8 (d, J = 2.9 Hz), 20.5, 18.5;

®F NMR (CDCl;, 468 MHz): 6 —106.5 (t, 1F);
IR (Microscope, cm™): 3003, 2922, 2864, 1602, 1504, 1452, 1225, 812, 761;

HRMS (El) for C4sH14BrF: calcd. 292.0263; found 292.0260.

O,

2-52

1,4-Dimethyl-2-(4-(trifluoro-methoxy)benzyl) benzene (2-52): Prepared from 4-(trifluoro-
methoxy) benzyl alcohol (96 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Purified by

flash column chromatography (hexane) and isolated as a colorless oil (130 mg, 93%).

'H NMR (CDCls, 500 MHz): & 7.17-7.12 (m, 4H), 7.10-7.09 (d, J = 7.7 Hz, 1H), 7.02-7.01 (dd, J
= 7.6, 1.2 Hz, 1H), 6.95 (s, 1H), 3.97 (s, 2H), 2.33 (s, 3H), 2.21 (s, 3H);
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®C NMR (CDCls, 125 MHz): 8 147.5 (g, J = 1.7 Hz), 139.3, 138.0, 135.6, 133.4, 130.8, 130.4,
129.8, 127.4, 120.9, 120.5 (q, J = 256.6 Hz), 38.8, 21.0, 19.2;

F NMR (CDCl;, 468 MHz): 6 -57.9 (s, 3F);
IR (Microscope, cm™): 2924, 1507, 1444, 1260, 1222, 11649, 810;

HRMS (EI) for C4sH15F30: caled. 280.1075; found 280.1076.

I I SMe

2-53

(4-(2,5-Dimethylbenzyl)phenyl)(methyl)sulfane (2-53): Prepared from 4-methylthiobenzyl
alcohol (77 mg, 0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Purified by flash column

chromatography (hexane) and isolated as a colorless oil (54 mg, 44%).

'H NMR (CDCls, 400 MHz): § 7.20-7.17 (m, 2H), 7.06-7.04 (m, 3H), 6.97 (dd, 1H, J = 7.6, 1.4
Hz), 6.92 (s, 1H), 3.91 (s, 2H), 2.47 (s, 3H), 2.30 (s, 3H), 2.20 (s, 3H);

®C NMR (CDCl;, 125 MHz): & 138.5, 137.7, 135.4, 135.4, 133.4, 130.7, 130.2, 129.3, 127.2,
127.1, 38.9, 21.0, 19.2, 16.3;

IR (Microscope, cm'1): 3017, 2920, 2861, 1615, 1493, 1438, 1093, 807;

HRMS (El) for C1¢H+sS: calcd. 242.1129; found 242.1129.

! ! CO,Me

2-54

Methyl 4-(2,5-dimethylbenzyl)benzoate (2-54): Prepared from methyl 4-(hydroxymethyl)
benzoate (166 mg, 1.00 mmol) and p-xylene (265 mg, 5.00 mmol). Purified by flash column
chromatography (hexane:EtOAc = 10:1) and isolated as a white solid (217 mg, 85%).
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M.p. 62.1-62.4 °C;

'H NMR (CDCl,, 500 MHz): & 7.96 (m, 2H), 7.21 (m, 2H), 7.08 (d, J = 7.5 Hz, 1H), 7.01 (dd, J =
7.8, 1.3 Hz, 1H), 6.94 (s, 1H), 4.02 (s, 2H), 3.92 (s, 3H), 2.32 (s, 3H), 2.19 (s, 3H);

®C NMR (CDCl;, 125 MHz): & 167.1, 146.1, 137.8, 135.6, 133.4, 130.8, 130.3, 129.7, 128.7,
128.0, 127.4, 52.0, 39.5, 21.0, 19.2;

IR (Microscope, cm™): 3000, 2950, 2921, 1723, 1610, 1504, 1435, 1280, 1109, 798;

HRMS (ESI) for C47H150, [M+Na] *: calcd. 277.1199; found 277.1198.

‘ ‘ NO,

1,4-Dimethyl-2-(4-nitrobenzyl)benzene (2-55): Prepared from 4-nitrobenzyl alcohol (77 mg,
0.50 mmol) and p-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography
(hexane:EtOAc = 10:1) and isolated as a light yellow solid (56 mg, 46%).

M.p. 50.9-51.1 °C;

'H NMR (CDCly, 500 MHz): & 8.15 (m, 2H), 7.29 (m, 2H), 7.10 (d, J = 7.6 Hz, 1H), 7.03 (dd, J =
8.0, 1.5 Hz, 1H), 6.94 (s, 1H), 4.07 (s, 2H), 2.33 (s, 3H), 2.19 (s, 3H);

®C NMR (CDCls, 125 MHz): & 148.5, 146.4, 136.9, 135.8, 133.4, 130.8, 130.6, 129.4, 127.8,
123.7, 39.4, 21.0, 19.2;

IR (Microscope, cm™): 3076, 3043, 2999, 2922, 2864, 1604, 15158, 1448, 1345, 1110, 858, 798,
734;

HRMS (ESI) for C1sH:sNO, [M+Na] *: calcd. 264.0995; found 264.0995.
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Br
60

b
2

4-(4-Bromobenzyl)-1,2-dimethylbenzene (2-60): Prepared from 4-bromobenzyl alcohol (94
mg, 0.50 mmol) and o-xylene (265 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (132 mg, 96%, p:0 = 61:39 mixture of regioisomers).

'H NMR (CDCl3, 500 MHz): 6 7.42-7.40 (m, 2H), 7.10-7.07 (m, 2.66H), 7.01-6.98 (m, 1.18H),
6.96 (s, 0.59H), 6.93-6.91 (m, 0.6H), 3.99 (s, 0.77H, minor), 3.89 (s, 1.23H, major), 2.31 (s,
1.15H, minor), 2.26 (s, 1,85H, maijor), 2.25 (s, 1.85H, major), 2.13 (s, 1.16H, minor);

®C NMR (CDCls;, 125 MHz): & 140.5, 139.8, 138.1, 137.9, 137.2, 136.7, 135.2, 134.5, 131.5,
131.4, 130.6, 130.4, 130.2, 129.8, 128.5, 128.0, 126.2, 125.5, 119.8, 119.7, 40.9, 39.5, 20.7,
19.8, 19.3, 15.4;

IR (Microscope, cm™): 3006, 2919, 2856, 1504, 1486, 14534, 1071, 1012, 796;

HRMS (El) for C4sHsBr: calcd. 274.0357; found: 274.0353.

Br
-61

b
2

1-Bromo-4-(4-methylbenzyl)benzene (2-61):*° Prepared from 4-bromobenzyl alcohol (94 mg,
0.50 mmol) and toluene (230 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (109 mg, 84%, p:o = 57:43 mixture of regioisomers).

'H NMR (CDCls, 500 MHz): & 7.43-7.40 (m, 1.93H), 7.21-7.17 (m, 1.40H), 7.14-7.07 (m, 3.35H),
7.03-7.01 (m, 1.05H), 3.96(s, 0.92H, minor), 3.91 (s, 1.08H, major), 2.35 (s, 1.65H), 2.25 (s,
1.32H);

3C NMR (CDCl;, 125 MHz): & 140.4 (major), 139.4, 138.3, 137.4, 136.6 (major), 135.8 (major),
131.5, 131.5 (major), 130.6, 130.5, 130.4, 129.9, 129.3 (major), 128.8 (major), 126.7, 126.1,
119.9, 119.8, 40.9 (major), 38.9 (minor), 21.0 (major), 19.6 (minor);

IR (Microscope, cm™): 3021, 2919, 2857, 1514, 1487, 1404, 1071, 1012, 792, 742;
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HRMS (El) for C14H43Br: calcd. 260.0201; found 260.0199.

o,

1-Benzyl-4-bromobenzene (2-62): Prepared from 4-bromobenzyl alcohol (94 mg, 0.50 mmol)
and benene (195 mg, 2.50 mmol). Purified by flash column chromatography (hexane) and

isolated as a colorless oil (111 mg, 89%).

'H NMR (CDCl;, 500 MHz): § 7.43 (m, 2H), 7.34-7.31 (m, 2H), 7.26-7.23 (m, 1H), 7.20-7.18 (m,
2H), 7.08 (m, 2H), 3.96 (s, 2H);

3C NMR (CDCls, 125 MHz): 5 140.5, 140.1, 131.5, 130.7, 128.9, 128.6, 126.3, 120.0, 41.3;

IR (Microscope, cm™): 3084, 3062, 3026, 2911, 2843, 1946, 1901, 1780 1603, 1487, 1453,
1072, 1012, 743;

HRMS (El) for C43H¢4Br: calcd. 248.0024; found 248.0023.

F Br
b
2-63

1-Bromo-4-(4-fluorobenzyl)benzene (2-63):*’ Prepared from 4-bromobenzyl alcohol (94 mg,
0.50 mmol) and fluorobenzene (240 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (117 mg, 89%, p:o = 78:22 mixture of regioisomers).

'H NMR (CDCls, 500 MHz): § 7.44-7.42 (m, 1.93H), 7.25-7.20 (m, 0.32H), 7.17-7.12 (m, 2.29H),
7.07-7.05 (m, 1.88H), 7.02-6.98 (m, 1.43H), 3.97 (s, 0.55H, minor), 3.92 (s, 1.45H, major);

3C NMR (CDCl;, 125 MHz): & 161.2 (d, J = 244.6 Hz, major), 160.9 (d, J = 245.7 Hz, minor),
139.9 (major), 138.9, 136.1 (d, J = 3.4 Hz, minor), 131.6 (major), 131.6 (minor), 130.9 (major),
130.9 (minor), 130.6, 130.5, 130.3 (d, J = 7.8 Hz, major), 128.2 (d, J = 8.1 Hz), 127.4 (d, J =
15.7 Hz, minor), 124.2 (d, J = 3.5 Hz, minor), 120.1 (major), 115.4 (d, J = 21.9 Hz, minor), 115.4
(d, J = 21.3 Hz, major), 40.5 (major), 34.3 (d, J = 3.0 Hz, minor);
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F NMR (CDCl;, 468 MHz): 6 —116.9 (app sept, 0.78F, major), —117.8 (app g, 0.22F, minor);
IR (Microscope, cm'1): 3041, 2916, 2856, 1602, 1509, 1488, 1228, 1012, 799, 758;

HRMS (EI) for C43H4BrF: calcd. 263.9950; found 263.9952.

Cl Br
b
2-64

1-Bromo-4-(4-chlorobenzyl)benzene (2-64): Prepared from 4-bromobenzyl alcohol (94 mg,
0.50 mmol) and chlorobenzene (306 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (112 mg, 77%, p:0 = 58:42 mixture of regioisomers).

'H NMR (CDCl3, 500 MHz): 6 7.44-7.42 (m, 1.91H), 7.41-7.39 (m, 0.41H), 7.29-7.27 (m, 1.24H),
7.23-7.20 (m, 0.88H), 7.17-7.15 (m, 0.42H), 7.11-7.04 (m, 3.11H), 4.08 (s, 0.83H, minor), 3.92
(s, 1.17H, major);

®C NMR (CDCls, 125 MHz): & 139.5, 138.9, 138.5, 138.0, 134.2, 132.2, 131.7, 131.6, 131.0,
130.7, 130.6, 130.2, 129.7, 128.7, 128.0, 127.0, 120.2, 120.1, 40.6, 38.7,

IR (Microscope, cm™): 3025, 2912, 2844, 1594, 1572, 1488, 1443, 1404, 1071, 1012, 783, 751;

HRMS (EI) for C43H1,BrCl: calcd. 279.9655; found 279.9658.

Br Br
b
2-65

Bis(4-bromophenyl)methane (2-65):*® Prepared from 4-bromobenzyl alcohol (94 mg, 0.50
mmol) and bromobenzene (393, 2.50 mmol). Purified by flash column chromatography (hexane)

and isolated as a colorless oil (136 mg, 83%, p:0 = 57:43 mixture of regioisomers).

'"H NMR (CDCl;, 500 MHz): & 7.60 (d, J = 8.0 Hz, 0.42H, minor), 7.45-7.43 (m, 3.03H), 7.28-
7.25 (t, J = 7.4 Hz, 0.54H, minor), 7.17-7.12 (m, 0.86H, minor), 7.10-7.08 (m, 0.86H, minor),
7.06-7.05 (m, 2.21H, major), 4.09 (s, 0.85H, minor), 3.90 (s, 1.15H, major);
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3C NMR (CDCl;, 125 MHz): § 139.7 (minor), 139.4 (major), 138.5 (minor), 133.0 (minor), 131.7
(major), 131.6 (minor), 131.1 (minor), 130.7 (minor), 130.6 (major), 128.2 (minor), 127.6 (minor),
124.9 (minor), 120.2 (major), 120.2 (minor), 41.2 (minor), 40.7 (major);

IR (Microscope, cm™): 3058, 3039, 2920, 2852, 1591, 1487, 1438, 1403, 1070, 1012, 779, 750;

HRMS (EI) for C43H4Br2: calcd. 323.9149; found 323.9150.

(.
e
Br

2-66

1-(4-Bromobenzyl)naphthalene (2-66):*° Prepared from 4-bromobenzyl alcohol (94 mg, 0.50
mmol) and naphthalene (320 mg, 2.50 mmol). Purified by flash column chromatography

(hexane) and isolated as a colorless oil (130 mg, 88%, a:b = 70:30 mixture of regioisomers).

'H NMR (CDCl3, 400 MHz): 6 7.94-7.86 (m, 1.36H, major), 7.82-7.77 (m, 1.54H), 7.61 (s, 0.30H,
minor), 7.50-7.42 (m, 3.15H), 7.40-7.38 (m, 1.36H, major), 7.30-7.27 (m, 0.98H), 7.12 (m, 0.59H,
minor), 7.08-7.06 (m, 1.35H, major), 4.40 (s, 1.40H, major), 4.10 (s, 0.60H, minor);

3C NMR (CDCl3, 125 MHz): & 140.0, 139.7, 137.9, 135.9, 134.0, 133.6, 132.2, 132.0, 131.6,
131.5, 130.8, 130.4, 128.8, 128.3, 127.7, 127.6, 127.5, 127 .4, 127.4, 127.2, 126.1, 125.7, 125.6,
124.1,120.1, 119.9, 41.5 (minor), 38.5 (major);

IR (Microscope, cm™): 3047, 2909, 2840, 1597, 1509, 1487, 1011, 789;

HRMS (El) for C47H43Br: caled. 296.0201; found 296.0203.

AN

Br 2-68

4-Bromo-2-(4-bromobenzyl)phenol (2-68): Prepared from 4-bromobenzyl alcohol (47 mg, 0.25
mmol) and 4-bromophenol (215 mg, 1.25 mmol). Purified by flash column chromatography

(hexane:Et,0 = 10:1) and isolated as a yellow solid (45 mg, 52%).
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M.p. 67.7-68.0 °C;

'H NMR (CDCls, 500 MHz): § 7.44-7.43 (m, 2H), 7.24 (dd, J = 8.4, 2.5 Hz, 1H), 7.21 (d, J = 2.3
Hz, 1H), 7.12-7.10 (m, 2H), 6.67 (d, J = 8.4 Hz, 1H), 4.67 (s, 1H), 3.91 (s, 2H);

®C NMR (CDCl;, 125 MHz): & 152.6, 138.3, 133.4, 131.7, 130.7, 130.5, 129.0, 120.4, 117.3,
113.1, 35.5;

IR (Microscope, cm™): 3339, 2966, 2927, 2850, 1608, 1582, 1486, 1431, 1240, 1116, 814;

HRMS (EI) for C43H4,Br,0: calcd. 339.9099; found 339.9102.

|
MeO Br
b
2-69

4-(4-Bromobenzyl)-2-iodo-1-methoxybenzene (2-69): Prepared from 4-bromobenzyl alcohol
(47 mg, 0.25 mmol) and 1-iodo-2-methoxybenzene (293 mg, 1.25 mmol). Purified by flash
column chromatography (hexane:DCM = 6:1) and isolated as a white solid (92 mg, 91%, p:o =

95:5 mixture of regioisomers).
M.p. 65.7-65.9 °C;

'H NMR (CDCls, 500 MHz): § 7.60 (d, 1H, J = 2.2 Hz), 7.44-7.42 (m, 2H), 7.10 (dd, 1H, J = 8.4,
2.2 Hz), 7.06-7.04 (m, 2H), 6.76 (d, 1H, J = 8.4 Hz), 3.87 (s, 3H), 3.85 (s, 2H);

®C NMR (CDCls, 125 MHz): & 156.7, 139.8, 139.7, 134.7, 131.6, 130.5, 129.8, 120.1, 110.9,
86.2, 56.4, 39.9;

IR (Microscope, cm™): 3021, 2962, 2939, 2909, 2837, 1597, 1486, 1458, 1249, 802;

HRMS (El) for C14H,BrlO: calcd. 401.9116; found 401.9112.
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COzMe
2-70

Methyl 3-(4-bromobenzyl)-4-methoxybenzoate (2-70): Prepared from 4-bromobenzyl alcohol
(47 mg, 0.25 mmol) and methyl 4-methoxybenzoate (208 mg, 1.25 mmol). Purified by flash
column chromatography (hexane:Et,O = 10:1) and PTLC (hexanes:Et,O = 10:1) and isolated as
a white solid (79 mg, 94%).

M.p. 75.7-76.0 °C;

'H NMR (CDCls, 500 MHz): & 7.95 (dd, J = 8.6, 2.2 Hz, 1H), 7.82 (d, J = 2.1 Hz, 1H), 7.40-7.38
(m, 2H), 7.10-7.08 (m, 2H), 6.89 (d, J = 8.6 Hz, 1H), 3.94 (s, 2H), 3.89 (s, 3H), 3.87 (s, 3H);

®C NMR (CDCl;, 125 MHz): § 166.9, 161.1, 139.4, 131.8, 131.4, 130.5, 130.2, 129.0, 122.4,
119.8, 110.0, 55.6, 51.9, 35.5;

IR (Microscope, cm™): 2952, 2933, 2844, 1708, 1604, 1503, 1437, 1264, 1123, 772;

HRMS (EI) for C46H15BrOs: calcd. 334.0205; found 334.0208.

Methyl 2-(3-(4-bromobenzyl)-4-isobutylphenyl)propanoate (2-72): Prepared from 4-
bromobenzyl alcohol (47 mg, 0.25 mmol) and methyl 2-(4-isobutylphenyl)propanoate (165 mg,
0.75 mmol). Purified by flash column chromatography (hexane:Et,O = 10:1) and PTLC (and
hexane:Et;,O = 10:1) and isolated as a light yellow oil (50 mg, 52%, 75:25 mixture of

regioisomers).

'"H NMR (CDCls, 500 MHz): & 7.41-7.39 (m, 2.02H), 7.27-7.25 (d, J = 7.9 Hz, 0.26H, minor),
7.14-7.12 (m, 1.62H), 7.08-7.07 (dd, J = 7.9, 1.9 Hz, 0.26 H, minor), 7.00-6.98 (m, 2.73H), 6.94-
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6.93 (d, J = 1.8 Hz, 0.25H), 4.04 (ABq, Adag = 0.11, Jag = 16.1 Hz, 0.57H, minor), 3.97 (s, 1.52H,
major), 3.85 (q, J = 7.1 Hz, 0.28H, minor), 3.68 (q, J = 7.2 Hz, 0.75H, major), 3.67 (s, 2.37H,
major), 3.59 (s, 0.66H, minor), 2.45 (d, J = 7.2 Hz, 0.50H, minor), 2.43 (d, J = 7.2 Hz, 1.50H,
major), 1.86 (sep, J = 6.7 Hz, 0.25H, minor), 1.81 (sep, J = 6.7 Hz, 0.83H, major), 1.47 (d, J =
7.2 Hz, 2.25H, major), 1.34 (d, J = 7.1 Hz, 0.73H, minor), 0.93-0.90 (m, 6.06H);

®C NMR (CDCl;, 125 MHz): & 175.2, 175.1, 140.7, 140.0, 139.8, 138.9, 138.2, 138.2, 136.9,
136.6, 131.7, 131.4, 130.7, 130.4, 130.3, 129.6, 128.2, 127.1, 127.1, 125.3, 119.8, 119.8;

IR (Microscope, cm™): 2953, 2868, 1738, 1487, 1500, 1168, 1101, 796;

HRMS (El) for C,1H25BrO, [M+Na] *: calcd. 411.0930; found 411.0929.

2.10.6 Procedure for gram-scale Friedel-Crafts benzylation

_ B(OH),
SbFg Fe *
HO/\©\ BAC-26 (10 mol%) O O
+
HFIP:CH3NO, = 4:1,
Br 50 °C, [M], 24 h Br
2-23 2-29 2-84

(26.8 mmol) (1.00 g, 5.35 mmol)

To a 25 mL round bottom flask equipped with a stir bar, containing 4-bromobenzyl alcohol (1.00
g, 5.35 mmol) and p-xylene (2.84 g, 27.8 mmol) in a solvent mixture of 4:1 hexafluoro-
isopropanol and nitromethane with the indicated concentration, was added the ferrocenium
boronic acid catalyst (246 mg, 0.53 mmol). The flask was capped and stirred at the 50 °C for 24
h. The reaction mixture was concentrated and the resulting viscous oil was extracted with Et,O
(30 mL x 3). During the extractions, the viscous oil solidified. The resulting organic layer was
collected, concentrated and subjected to flash column chromatography with hexane as eluent.

The solid (crude catalyst) was recovered by recrystallization with acetone and Et,0.

2-(4-Bromobenzyl)-1,4-dimethylbenzene (2-84) was isolated as a colorless oil which solidified

slowly, the characterization matches that from a previous report as per Paquin et al.*’
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2.10.7 General procedure of Friedel-Crafts benzylation with optically

pure secondary benzyl alcohol 2-85 and p-xylene

B(OH),

SbFg Fe *

= 0,
) HO BAC-26 (10 mol%) O O
HFIP:CH3NO, = 4:1,

temp, 0.5 M, time

223 2.85 2-86 (0% ee)
(5.0 equiv) (1.0 equiv, 99% ee)
To a vial equipped with a stir bar, containing optically pure secondary benzyl alcohols 2-85 and
the p-xylene in a solvent mixture of 4:1 hexafluoroisopropanol and nitromethane, was added the
ferrocenium boronic acid catalyst. The vial was capped and stirred at the stated temperature
(25 °C, 0 °C and -20 °C) for indicated time. Upon completion, monitored by TLC, the reaction
mixture was concentrated and subjected to flash column chromatography using EtOAc/hexane
as the eluent to afford the product. The pure product 2-86 was then subjected to chiral HPLC
analysis. The characterization data of 2-86 matched that in the previous report by Rueping and

co-workers.%°

2.10.8 Synthesis of (R)-a-deuteriobenzyl alcohol 2-87

(0] 1. LiAID4 (1.0 equiv), D D

THF, reflux, 3 h, N
O/\ 2 OH
2.4 M KOH solution

benzyl-a,a-d, alcohol

Benzyl-a,a-d, alcohol:** To a solution of LiAID, (500 mg, 22.0 mmol) in THF (15 mL) in a
flamed-dried flask 100 mL round bottom flask was added a solution of ethyl benzoate (3.30 g,
22.0 mmol) in THF (10 mL) at O °C. The reaction mixture was heated to reflux under N, for 3 h.
The reaction mixture was then cooled down to 0 °C and quenched by 4 M KOH aqueous
solution and extracted by EtOAc (20 mL x 3). Organic layer was concentrated and subjected to
column chromatography (hexane:EtOAc = 3:1), affording the product benzyl-a,a-d, alcohol (511

mg, 21%) as a colorless oil.

"H NMR (CDCls, 500 MHz): & 7.40-7.37 (m, 4H), 7.35-7.31 (m, 1H), 1.71 (s, 1H).
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D D 1. pyridinium dichromate (1.5 equiv) H D
CHyCly, 1t, 24 h >
OH OH
©)< 2. (S)-CBS (20 mol%), ©/<
catecholborane (1.0 equiv)

toluene:cyclohexane:CH,Cl, = 2:2:1 2-87 (46%, 92% ee)
-78°C,0.13M,3.5h

(R)-a-Deuteriobenzyl alcohol 2-87:*" To a solution of benzyl-a,a-d, alcohol (511 mg, 4.64
mmol) in DCM (20 mL) in a flame-dried round bottom flask was added pyridinium dichromate
(1.51 g, 7.00 mmol) at room temperature. Reaction mixture was stirred for 24 h before filtered
through Celite 545. The filtrate was concentrated and subjected to a short silica plug with DCM
and eluent. The organic layer was collected and concentrated, affording the crude
benz(aldehyde-d) (312 mg, 2.91 mmol). The crude benzaldehyde-d was subjected to the next
step without further purification. A solution of (S)-2-methyl-CBS-oxazaborolidine (242 mg, 0.87
mmol) and benzaldehyde-d in a solvent mixture of toluene-cyclohexane-dichloromethane (2:2:1,
v/v) (22.4 mL) was prepared and stirred at -78 °C. A 1 M solution of catecholborane (2.2 mL,
4.36 mmol) in THF was added into the reaction over 40 min. The reaction mixture was stirred in
the same temperature for 3.5 h before quenched with MeOH (10 mL) and 1 M HCI aqueous
solution. The resulting mixture was washed by 1 M NaOH aqueous solution prior to drying over
MgSO,, filtration and concentration. The crude product was subjected to column
chromatography (hexane:EtOAc = 3:1) to give (R)-a-deuteriobenzyl alcohol (235 mg over two

steps, 46%) as a light yellow oil.

H D EDC (10.0 equiv) HD O
~ DMAP (10.0 equiv) “
o 2
(R)-Mosher's acid N
(1.5 equiv) FsC OMe
CHyCly, rt 92% ee

(R)-MTPA ester of (R)-a-deuteriobenzyl alcohol:*' To a 10 mL flamed round bottom flask was
added (R)-Mosher’s acid (44 mg, 0.19 mmol), 4-dimethylaminopyridine (153 mg, 1.25 mmol)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (240 mg, 1.25 mmol) in DCM
(5 mL). Reaction mixture was stirred for 15 min before the addition of (R)-a-deuteriobenzyl
alcohol (14 mg, 0.125 mmol). Reaction mixture was diluted with DCM after completion
monitored by TLC. The resulting organic layer was washed by 1 M HCI aqueous solution, 1M
NaOH solution and brine prior to drying over MgSQ,, filtration and concentration. The crude
product was subjected to column chromatography (hexane:Et,O = 20:1) to give the (R)-MTPA
ester of (R)-a-deuteriobenzyl alcohol as colorless oil. The enantiomeric excess of the (R)-a-

deuteriobenzyl alcohol was determined to be 92% by Mosher’s ester analysis.*
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'H NMR (CDCl;, 500 MHz): & 7.49-7.47 (m, 2.09H), 7.41-7.36 (m, 8.39H), 5.38 (br s, 1.00 H,
major), 5.33 (br s, 0.04H, minor), 3.58 (q, J = 1.2 Hz, 0.05H, minor), 3.54 (q, J = 1.2 Hz, 3.18H,

major).

533
L 533

N\ 5.33

f J—
Benzyl H
H// D O (major) DH O
e b
F3C OMe Benzyl H FsC OMe
major (minor) minor

»T«?

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
5.56 5.54 5.52 550 548 546 5.44 542 540 5.38 536 534 532 530 5.28 5.26 5.24 522 520 5.18 5.16
f1 (ppm)

2.10.9 Racemization of (R)-a-deuteriobenzyl alcohol 2-87

H D D EDC (10.0 equiv) D j\(@
> catalyst (1.0 equiv) DMAP (10.0 equiv)
OH OH o .
©/< CH3NO,:HFIP = 1:4 @ (R)-Mosher's Acid @ F C\‘ OMe
0.05 M, 50 °C, time (1.5 equiv) 3
2-87 (92% ee) CH,Cly, rt

To a vial equipped with a stir bar, containing (R)-a-deuteriobenzyl alcohol (14 mg, 0.13 mmol) in
a solvent mixture of 4:1 hexafluoro-isopropanol and nitromethane (2.5 mL), was added the
ferrocenium boronic acid (58 mg, 0.13 mmol) or tetrafluorophenyl boronic acid (24 mg, 0.13
mmol). The vial was capped and stirred at 50 °C. Reaction mixture was diluted with DCM (10
mL) at indicated time (15 min and 30 min) and subjected to a short silica plug with DCM as
eluent for removal of the boronic acid. The resulting organic solution was concentrated and re-
dissolved in DCM (2 mL) as solution A. To a solution of 4-dimethylaminopyridine (153 mg, 1.25
mmol), (R)-Mosher's acid (44 mg, 0.19 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (240 mg, 1.25 mmol) in DCM (3 mL) was added solution A at room
temperature. The reaction mixture was stirred at the same temperature till reaction completion

monitored by TLC. Reaction mixture was diluted with DCM after completion. The resulting
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organic layer was washed by 1 M HCI aqueous solution, 1 M NaOH solution and brine prior to

drying over MgSQ,, filtration and concentration. The crude product was subjected to column
chromatography (hexane:Et,O = 20:1) to give the (R)-MTPA ester of a-deuteriobenzyl alcohol

as a colorless oil.

entry
1
2
3
4

time (min)

B(OH),

SbFs Fe *

BAC-26

catalyst time (min) ee (%) yield (%)
BAC-26 15 75 14
BAC-26 30 63 22
BAC-16 15 92 48
BAC-16 30 92 48
0 15 30
N N N N Vi NY%
_— — _ S
/ ——
1y
|
A AL ‘
3 Y 1 . 1 ]
‘ 5j35 5;35 5;35 ' 5;30
f1 (ppm) f1 (ppm) f1 (ppm)
ST "o A WA
_ o o
/ —eee
AV 1)\l
| Ll \
8 3 g i ) i}
' 5;35 ' 5.‘35 5.‘30 5.‘35 ' 5.‘30
f1 (ppm) f1 (ppm) 1 (ppm)
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2.10.10 Isomerization experiment of diarylalkane 2-31b

B(OH), 4.5 M KHF, (3.5 equiv) BF3;K
MeOH, rt, 30 min
PdACly(dppf)-CH,Cly
BF3K (2 mol%)
Cs,CO3 (1.5 equiv) O O

THF:H,0 = 10:1,

77 °C,24h
benzyl bromide 2-31b

+

Diarylalkane 2-31b was prepared via Suzuki-Miyaura cross coupling according to the literature
procedure by Molander and co-workers. The characterization data of 2-31b matched those in

the previous report.*?

BAC-26 (10 mol%)
O O HFIP:CH3NO, = 4:1, O O
50°C,0.5M, 24 h

2-31b 2-31b

To a vial equipped with a stir bar, containing diarylalkane 2-31b (37 mg, 0.19 mmol) in a solvent
mixture of 4:1 hexafluoroisopropanol and nitromethane, was added the ferrocenium boronic acid
catalyst (9 mg, 0.02 mmol). The vial was capped and stirred at the 50 °C for 24 h. After the
indicated period of time, the reaction mixture was filtered through a silica plug with 20 mL of
DCM. The crude mixture was obtained and subjected to NMR study after the removal of solvent.

No isomerization of 2-31b was observed based on the 'H NMR analysis of the crude.
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Chapter 3 Dual Catalysis Merging Boronic Acid and
Chiral Amine: Acyclic Quaternary Carbon Centers via
Asymmetric Allylation of Branched Aldehydes with
Allylic Alcohols?

3.1 Introduction

The concept of catalyst engineering has generated many new strategies for reaction design.
Dual catalysis, where two catalysts act independently to activate otherwise unreactive starting
materials, has shown great potential for the rapid assembly of unconventional bonds." From this
perspective, it is envisioned that a more sophisticated nucleophilic system can be introduced in
parallel with boronic acid catalysis (BAC). Specifically, a dual catalytic system merging boronic
acid and chiral amine catalysis could lead to the facile allylation of enamines with carbocations
generated from the simultaneous activation of allylic alcohols and aldehydes (Scheme 3-1a).2 In
this context, BAC has been successfully applied in direct 1,3-transposition,® intramolecular
cyclization* and Friedel-Crafts alkylation® of allylic alcohols, as discussed in the previous
chapters. Mechanistic studies show that electrophilic boronic acids can either partially polarize a
C-0 bond or completely ionize an alcohol upon a reversible co-valent interaction.® Furthermore,
BAC displays a broader functional group tolerance due to the relatively mild acidity (pK, 5-9) of
boronic acids compared to other common Brgnsted or Lewis acid catalysts.” As straightforward
as it seems, synergistic catalysis using a Lewis acid and a Brgnsted base is highly challenging
due to the potential lack of chemoselectivity, outlined as follows: (a) catalyst deactivation from
the acid-base interactions; (b) carbocation interception leading to 1,3-transposition and
etherification of the allylic alcohol; (c) allylation of the amine catalyst; (d) facile aldol reactions

and oxidation of the aldehyde substrate (Scheme 3-1b).

* A version of this chapter has been published. Mo, X.; Hall, D. G. J. Am. Chem. Soc. 2016, 138, 10762—10765.
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a. Reaction design: Boronic Acid Catalysis

o 0} Ph
Ar *
HJ\/ ¥ H Zph
Me Ar Me
b. Side reactions:
Ar, /R1 Ph Ph Ph
HO—B-N—R? )\/\ )\/\ )\/\
o T H Ph” "oH Ph -"oRr Ph” NONRIR2
catalysts 1,3-transposition etherification amination
deactivation of allylic alcohol
(0] OH 0} O o
Ph Ph Ph
H)% H)S(\/ HO)H/ y )J\Ph
Me Ph Me Me Ph Me Me e
self-aldol reaction and condensation oxidation and decomposition of aldehyde

Scheme 3-1. Reaction design (a) and potential side reactions (b) of the dual catalytic

asymmetric allylation merging boronic acid catalysis and chiral amine catalysis.

Despite the aforementioned challenges, progress has been made in the field of dual acid-base
catalysis. In 2010, Cozzi and co-workers described a dual catalytic system using InBr; and
chiral imidazolidinone catalyst, thereby addressing the potential chemoselectivity problems
(Scheme 3-2a).8 In their research, it was found that InBr; was able to ionize activated internal
allylic alcohols, despite the presence of an amine and the production of water. Asymmetric
allylation of linear aldehydes was achieved in good enantioselectivity and moderate yield.
However, low diastereoselectivity was observed due to the lack of stereo-induction from the
nucleophilic enamine attack to the carbocation. Moreover, no branched aldehydes were
reported in the reaction scope. In fact, the development of dual catalysis for the direct
asymmetric allylation of branched aldehydes with alcohols is an ongoing challenge. In 2010, Xu
and co-workers described the use of diethylamine and p-toluenesulfonic acid (p-TsOH) for an
effective allylation of branched aldehydes with allylic alcohols (Scheme 3-2b, conditions A).°
Although the authors suggested that the dual activation of branched aldehydes and allylic

alcohols occurred via enamines and carbocations, this proposed synergistic mechanism was
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soon questioned. It was later found that the allylation was also possible without the use of an
amine as reported by Chi and co-workers (Scheme 3-2b, conditions B)."° It is possible that the
reaction occurs through a tandem enol formation and allylation mechanism catalyzed solely by
the p-TsOH. Consequently, no asymmetric variant was achieved in these reports due to this

highly favorable racemic background reaction.

InBr; (20 mol%) O Ph Ph

o . OH Ph A-1 (20 mol%) W
)J\/Me )\/k H g Ph
/ [e]
H Ph Ph CH20|2, 0 C, 48 h Z
Me
Me 63% yield
o] N anti:syn = 1:2
anti/syn = 80/88% ee
>--"tBu
B H
A-1
b
conditions A:
p-TsOH (20 mol%)
o oH Et,NH (10 mol%) O Ph
Me CH3CN, r1t, 24 h
H + )\/\ " H Z "Ph
Ph Ph conditions B: Me Me
Me p-TsOH (20 mol%)
toluene, rt, 20 h A: 83% yield
B: 93% vyield
R. _R
N OH 1
xR’ Vs H xR
H 2
R? R
enamine enol
potentially asymmetric racemic background

Scheme 3-2. (a) Asymmetric allylation of linear aldehydes with allylic alcohols using InBr; and

an imidazolidinone catalyst A-1; (b) racemic allylation of branched aldehydes with p-TsOH.

The challenges regarding the asymmetric allylation of branched aldehydes with allylic alcohols
have been partially addressed by the use of dual transition metal and chiral amine catalysis."" In
2011, List and co-workers described a remarkable catalytic system using palladium, a racemic
amine and a chiral phosphoric acid for the preparation of acyclic quaternary carbon centers
(Scheme 3-3a)." It was hypothesized that the chiral phosphoric acid not only provides transient

activation of the allylic alcohol but also affords sufficient selectivity to direct attack from the
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enamine via hydrogen bonding. Their protocol provides the linear allylated product in high yield
and good enantioselectivity. As a complementary procedure, Carreira and co-workers exploited
the differing regioselectivity of iridium 1r-allyl catalysis for the synthesis of branched allylated
aldehydes bearing all carbon quaternary centers (Scheme 3-3b)." The use of a chiral ligand for
iridium catalyst and a cinchona-derived primary amine afforded both good yield and high
diastereo- and enantioselectivity for the desired branched products embedding an all-carbon

quaternary center.

a Pd(PPhs), (1.5 mol%)
o) (S)-TRIP (3 mol%) o)

A-2 (40 mol%)
Ph
H)H/ + HO/\/\Ph HWPh
toluene, 5 A M.S. S

Me 40°C, 12 h Me' Ph

linear product
O O 96% yield
94:6 er

NH,

[{Ir(cod)CI},] (3 mol%)
O phosphoramidite (12 mol%) O H Ph

OH -
e A ne A A
Ph CI3CCOOH (50 mol%)

(CH,Cl)y, 25 °C, 24 h Me  Ph
branched product

— 86% yield
NHZ/% 99.5:0.5 er, > 20:1 dr
AN N

I
N A

A-3

Scheme 3-3. Dual catalysis uniting transition metal and chiral amine for the allylation of

branched aldehydes: (a) linear products using palladium; (b) branched products using iridium.

3.2 Objective

As highlighted in Section 3.1, the preparation of optically enriched acyclic all carbon quaternary
centers remains a challenge for organic chemists.' Specifically, the synthesis of methyl-aryl
quaternary carbons is of particular importance as they exist in a variety of natural products and
biologically active molecules (Figure 3-1)." Although different strategies have been developed

over the years, such as the use of chiral auxiliaries,® catalytic methods for the asymmetric
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synthesis of compounds containing these methyl-aryl stereogenic centers are in high demand."”
Previous synergistic catalysis using transition metals and amines displays promising results, but
suffers from limited functional group tolerance (Scheme 3-3)." For instance, the traditional
palladium chemistry may not be compatible with aryl halides, nitro containing compounds and
functional groups with basic binding sites. The lack of generality limits the utility of these
methods using transition metals. In contrast, catalytic asymmetric allylation of branched
aldehydes using a Brgnsted acid and a chiral amine is highly challenging due to the competing
racemic enol allylation (Scheme 3-1b). In this regard, it was proposed that dual catalysis
merging boronic acid and chiral amine catalysis could be a mild method to achieve the direct
asymmetric allylation of branched aldehydes for the synthesis of valuable methyl-aryl

quaternary carbon centers.

Ph cl
Me ==~/ H Q
S 0 N N
N ome HN M O
] 2TFA O Me
PH Me
N
o)
o
Me

LY426965
(+)-cuparene serotonin antagonist
F

o 0O
CCRS5 antagonist Ph - Me NK1/NK3 receptor antagonist

Figure 3-1. Examples of nature products and biologically active molecules containing methyl-

aryl stereogenic all-carbon quaternary centers.

3.3 Optimization of the dual catalytic racemic allylation

The dual catalytic allylation of branched aldehydes with allylic alcohols merging boronic acid
and amine catalysis poses great challenges for reaction development, as multiple side reactions
can occur (Scheme 3-1b). Considering that there was no previous report on a reaction of this

specific type, we first started by exploring the racemic variant.

The initial reaction optimization of the dual catalytic racemic allylation began with a screening of

different boronic acids. As a starting point, branched aldehyde 3-1 and benzhydrylamine
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catalyst A-2 were selected leading to reaction conditions similar to that reported by Carreira and
co-workers.” A slight excess of allylic alcohol 3-2 was used due to the favorable 1,3-
transposition reaction (Scheme 3-1a). Dichloromethane was chosen as the initial solvent due to
its use in a similar allylation of linear aldehydes using InBr; reported by Cozzi and co-workers
(Scheme 3-2a).® A one-to-one ratio of boronic acid and amine was used to minimize catalyst
deactivation. With these initial experiments, it was observed that the fluorinated electron poor
aryl boronic acids BAC-15 and BAC-16 were presumably deactivated in the presence of amine
A-2. The desired product was not observed, instead, only recovery of both aldehyde 3-1 and
alcohol 3-2 was obtained (Scheme 3-4). In comparison, ferrocenium boronic acid salts BAC-26
and BAC-27 provided moderate conversion to the allylated product 3-3. Even though the use of
SbF¢ and BF, anion provided similar results at this point, BAC-26 was selected for further

optimization since the SbF¢ anion is thought to be less coordinating to the allyl carbocation.

0 Bh BAC (25 mol%) o) Ph
H)H/Ph + HO>|\/ A2 (25 mot) W
Ph CH,Cl,, 0.5 M, 40 °C, 48 h H Ph
Me Me Ph
3-1 (1.0 equiv) 3-2 (1.2 equiv) 3-3
B(OH), B(OH),
F F F _ ; ~B(OH), Q\B(OH)Z
SbFg Fe * éF4 Fe *
F F F F
F
BAC-15 BAC-16 BAC-26 BAC-27
no reaction no reaction 41% conv. 38% conv.

Scheme 3-4. Boronic acid screening for dual catalytic racemic allylation.

Table 3-1 summarizes the optimization of the reaction parameters using catalyst BAC-26.
Unless otherwise stated, the major side reaction was 1,3-transposition of the allylic alcohol 323
In most cases, unreacted starting allylic alcohol and the rearranged allylic alcohol were
observed along with the desired product. When the decomposition of BAC-26 was observed (cf.
Chapter 2, Section 2.5), reactions showed mostly aldehyde 3-1 and allylic alcohol 3-2. A brief
solvent screen was performed. It was found that polar solvents containing basic atoms were not
compatible with the ferrocenium boronic acid BAC-26. Facile decomposition of BAC-26 was

observed in DMF, which led to no desired product (entry 1). The use of diethyl ether afforded a

111



low yield of product 3-3, presumably due to the coordinating effect of the oxygen lone pair to the
boronic acid moiety or the carbocation (entry 2). The allylation displayed moderate, however,
inconsistent results in various chlorinated solvents (entries 3-6). Nevertheless, dichloromethane
still provided the best yield (entry 6). It was suspected that the allylic alcohol 3-2 was not ionized
sufficiently in dichloromethane, thus the acidic additive was sought. However, the addition of
acid HBF, was detrimental, leading to decomposition of the allylic alcohol 3-2 (entry 7).
Considering that the 1,3-transposition could not be supressed effectively by changing solvents,
the loadings of both amine A-2 and boronic acid catalysts were increased to 40 mol% along with
a greater amount of the allylic alcohol substrate. As expected, a higher yield of the product 3-3
was obtained (entry 8). However, the reaction was not easily reproducible possibly due to a lack
of solubility of the ferrocenium boronic salt in less polar solvents. The solid of BAC-26 were
formed in dichloromethane. It was suspected that less homogeneous boronic acid was present
in the reaction media compared to the amine, which led to different degrees of ferrocenium
boronic acid decomposition. A more reliable system was then developed using a solvent mixture
of CH,Cl,:HFIP (1:1). The use of HFIP'® increased the solubility of BAC-26 as well as stabilized

the carbocation intermediate, although a slightly lower yield was observed (entry 9).

O Ph
0 BAC-26 (x mol%) Me Ph
H)S/Ph N Hojh\/ A2 (ymol%) 3-3
Ph Z solvent, 0.125 M, Ph
Me 40°C, 48 h
. . X
3-1 (1.0 equiv) 3-2 (z equiv) Ph OH
side product of
alcohol transposition
entry z X y solvent product yield (%)?
1 1.2 25 25 DMF 3-3 0
2 1.2 25 25 Et,O 3-3 12
3 1.2 25 25 DCE 3-3 6
4 1.2 25 25 CDCl3 3-3 23
5 1.2 25 25 CHCl, 3-3 47
6 1.2 25 25 CHCl, 3-3 42
7° 1.2 25 25 CH2Cl> 3-3 0
8 2.0 40 40 CHCl, 3-3 63
9 2.0 40 40 CH2Cl2:HFIP = 1:1 3-3 55

#Yields were determined by 'H NMR analysis of reaction mixture with 1,4-dinitrobenzene as an
internal standard. "Reaction was run with 20 mol% of HBF4 as an additive.

Table 3-1. Optimization of reaction conditions for dual catalytic racemic allylation-Part 1.

112



Since only a moderate yield of 55% could be obtained following the solvent screening (Table 3-
1, entry 9), other strategies were considered to increase the yield of the desired reaction and
suppress the undesirable 1,3-transposition of allylic alcohols (Table 3-2). Considering that the
diarylalkene moiety of the allylated product can be designed to be further transformed to more
useful functional groups by oxidation or alkene metathesis (Scheme 3-5), a series of allylic

alcohols were then tested in hope of finding a more suitable allylic alcohol starting material."®

0] o}
Ar . O
H H Z
Me Ar Me
aldehydes oxidation
boronic acid + amine
+ -
asymmetric allylation (0]

R Ar Me

alcohols alkene metathesis

Scheme 3-5. Projected functionalization of the alkene moiety in the allylated products.

An allylic alcohol with strong electron-withdrawing substituents, such as —CF3, was not suitable
due to destabilization of the putative carbocation (Table 3-2, entry 1). Other less activated allylic
alcohols such as 3-6 and 3-8 were shown to be completely unreactive even in pure HFIP
(entries 2 and 3). In contrast, the use of allylic alcohols 3-10 and 3-12 with electron rich aryl
groups only afforded the corresponding allylated products 3-11 and 3-13 in low yields, along
with large amounts of transposition side-product (entries 4 and 5). Gratifyingly, halides at the
para position of the aryl groups in the allylic alcohol substrates significantly increased the
reaction yield (entries 6 and 7). The installation of halides at the para position effectively
decreases the 1,3-transposition side reaction, yet still provided sufficient activation for the allylic
alcohol through lone pair donation. This was confirmed by the lack of reactivity of alcohol 3-18
with fluoride at the meta position, which could not provide stabilization of the benzylic
carbocation (entry 8). To our satisfaction, it was found that the catalyst loading could be
decreased to 20 mol% with allylic alcohol 3-14 to provide an increase in yield to 80% (entry 9).
Surprisingly, the allylated product 3-15 was obtained in even higher yield 88% when using a
smaller proportion of HFIP (entry 10). This observation could be attributed to the over ionization

of the allylic alcohol with excess HFIP, thus favoring the alcohol transposition.
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HWR

o BAC-26 (x mol%) Me Ph

A2 (y mol%) product

R
)H/Ph + HO>K/
H /
R solvent, 0.125 M, R
Me 40 °C, 48 h )\/\
R X OH

3-1 (1.0 equiv) alcohol (z equiv)

side product of
alcohol transposition

entry R alcohol z X y solvent product vyield (%)*

1 4-CF3-CgH4 3-4 20 40 40  CH2Cl2:HFIP =1:1 3-5 0
2 Cy 3-6 20 40 40 HFIP 3-7

3 Me 3-8 20 40 40 HFIP 3-9

4 4-t-Bu-CsHs 3-10 20 40 40  CH2CI2:HFIP =1:1 31 56
5 4-MeO-CgH4 3-12 20 40 40  CH2CI2:HFIP =1:1 313 40
6 4-F- CeH4 3-14 20 40 40  CHxClxHFIP = 1:1 3-15 73
7 4-Cl- CgHa 3-16 20 40 40  CHxClxHFIP = 1:1 317 71
8 3-F- CeH4 318 20 40 40  CH2CI2:HFIP =1:1 319 6
9 4-F- CeH4 3-14 20 20 20  CHClxHFIP = 1:1 3-15 80
10 4-F- CeH4 3-14 20 20 20 CHxClx:HFIP = 10:1 3-15 88

®Yields were determined by 'H NMR analysis of reaction mixture with 1,4-dinitrobenzene as an
internal standard.

Table 3-2. Optimization of reaction conditions for dual catalytic racemic allylation-Part 2.

3.4 Optimization of the dual catalytic asymmetric allylation

3.4.1 Screening of primary amine

At the outset, a number of chiral primary amines with a large range of structural features were
tested using the optimal racemic reaction conditions (Table 3-2, entry 10). Despite the lower
nucleophilicity compared to secondary amines, primary amines were tested first, because they
are more suitable for hindered substrates such as branched aldehydes (Scheme 3-6). The use
of cinchona alkaloids derived amines A-3 and A-4 was not productive even though they were
shown to display great results for a previous amination reaction of branched aldehydes.? In this
case, coordination from all the nitrogen atoms of the amine might be strongly deactivating for
the boronic acid. Similarly, reaction with a urea-amine bifunctional catalyst A-5 gave the product

3-15 in low yield with moderate enantioselectivity.?' Since the use of these traditional catalysts
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was not fruitful, amino acids were then tested because they are widely available and easily
functionalized. Unfortunately, free amino acids, such as phenylalanine, A-6, proved unsuitable
for the direct asymmetric allylation presumably because both the amine and carboxylic acid
moieties could chelate with the boronic acid. Consequently, simply protecting the carboxylic acid
as the methyl ester A-7 drastically increased the reaction yield; unfortunately the selectivity was
rather low. Increasing the steric bulk of the amino ester side chain did not result in a significant
change of er (see A-8 and A-10). Interestingly, when tryptophan methyl ester A-9 was used, a
moderate improvement in selectivity (63.5:36.5 er) was obtained along with a low yield (30%). It
appears that incorporation of one nitrogen atom can potentially increase the selectivity for the
allylation; however, excess basic binding sites on the amine catalyst may deactivate the boronic
acid. Based on this observation, installation of one extra nitrogen atom into the amine catalyst
was attempted. While the amino amide A-11 only gave a moderate yield with no improvement of
er, it was found that the use of the corresponding diamine A-12 resulted in a high yield and a

substantial increase in selectivity (72.5:17.5 er).

In light of the high reactivity and selectivity of A-12, more effort was then placed in search of the
optimal 1,2-diamines.?? A library of 1,2-diamines with various structures was prepared from
amino acids due to the synthetic modularity of these substrates (Scheme 3-7). A series of 1,2-
diamines (A-12 to A-17) derived from L-tert-leucine were tested (Scheme 3-7a).® It was
observed that reducing the steric hindrance of the tertiary amine moiety (A-13) further increased
the selectivity, while amine A-14 with bulkier tertiary amine side chains led to a lower er.
Introduction of the cyclic tertiary amine (A-15) unit led to much lower yield with no obvious
improvement of er. The pyrrolidine unit with high nucleophilicity could potentially deactivate the
boronic acid or attack the ferrocenium scaffold. It was found that installation of less hindered n-
butyl secondary amine unit (A-16) had a negative impact on the reaction yield while amine (A-
17) with less accessible cyclohexyl amine still provided good vyield but no significant

improvement in er (Scheme 3-6).
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Ph
H

Me

3-1 (1.0 equiv)

5

NH,

A-2 88% yield

NH,

A-6 no reaction

.2:
o
\

NH,

A-10 82% yield
52.5:47.5 er

i-Pr

7

NH, i-Pr

A-14° 36% vyield
63.5:36.5 er

:
NIE
—z
\

A-18°74% yield
54.5:45.5 er

3-14R = 4-F-CGH4
(2.0 equiv)

—
NH,
Z N
N

A-3 no reaction

0]

O
NH,

A-7 86% yield
53.5:46.5 er

(0]
>H/\kN/\
NH, k

A-11 44% yield
53.5:46.5 er

oo

A-15 15% yield
68.5:31.5 er

N/

NH, |

A-19 92% vyield
73.5:26.5 er

BAC-26 (20 mol%)
amine (20 mol%)

CH,Cly:HFIP = 10:1,
0.125 M, 40 °C, 48 h

N

= NH,

N

A-4 no reaction

C oYL
NH

2

A-8 87% yield
55:45 er

S

<

A-12 84% vyield
72.5:27.5 er

NH,

o} R
HWR
Me Ph

3-15 (yield® & er®)

CF3

A-5 10% yield
82.5:17.5 er

0]

|

HN NH»

A-9 30% yield
63.5:36.5 er

A-13 86% yield
76.5:23.5 er

N/\/\ /O
N N
NH NH,

A-16 38% yield

79:21 er

A-20° 89 yield%

77.5:22.5 er

A-17° 80% yield
80:20 er

A-21 92% yield
55:45 er
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- : N e N
- = = - H
NH, | NH, | NH, | NH;
A-22° 14% yield A-23° 15% yield A-24° 57% yield A-25°67% vyield
80:20 er 75.5:24.5 er 68.5:31.5 er 69.5:30.5 er

\N\\‘Q O >H/\OH
~
| NH, T Y NH,
NH,
A-26 trace A-27 92% vyield A-28 15% yield A-29 no reaction
85.5:14.5 er 52.5:47.5 er 56.5:43.5 er

Yields were determined by "H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an internal
standard. "Determined by chiral HPLC analysis of the corresponding alcohol product of aldehyde reduction.
°Reaction was in the solvent mixture of fluorobenzene:HFIP (v:v = 10:1).

Scheme 3-6. Screening of primary amines for the dual catalytic asymmetric allylation.

Compared to refining the tertiary/secondary amine unit, modification at the a-position of the
primary amine was more challenging. From commercially available amino acids, 1,2-diamines
A-18 to A-21 were prepared according to the method outlined in Scheme 3-7a. However, these
amines did not provide the allylated product 3-15 in satisfying yield or enantioselectivity.
Therefore, different 1,2-diamines with more sterically demanding substituents at the a-position
of the primary amine unit were synthesized from L-serine (Scheme 3-7b).?* Unfortunately,
amines A-22 and A-23 gave the desired product in very low yield with similar er as compared to
the conditions using A-13. It is possible that the primary amine units were not accessible for the
branched aldehyde due to an increased steric bulk effect. Another explanation would be that the
presence of a methoxy group rendered the amine less nucleophilic for enamine formation by
inductive effects. Amine A-24, devoid of the methoxy group, afforded a much higher yield. This
result is highly indicative that the reaction yield is affected by the nucleophilicity of the primary
amine. Further structural modifications were not fruitful. Reaction with A-25 gave a moderate
yield and er. Although a superior enantioselectivity was observed when using A-26, the allylated
product was obtained in trace amount presumably because A-26 displayed a lack of

nucleophilicity. Finally, new scaffolds were attempted using 1,2-diamines A-27 and A-28, but
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both resulted in low selectivity. The amino alcohol A-29 was also unreactive under the reaction

conditions (Scheme 3-6).

2. DCC (1.0 equiv)
HNR'R? (1.0 equiv)

CHyCly, rt, 24 h

4. LiAH, (1.5 equiv)

NR'R?
NHBoc

THF, reflux, 4 h

o] 1. Boc,0 (1.1 equiv) o]
>H)J\ NaOH (1.1 equiv)
OH H,0:dioxane = 1:1 OH
NH, 6h NHBoc
(0] (0]
., _3-AcCI(3.0equiv) R2
N
NR'R MeOH, reflux, 1 h p
NHBoc NH, R
b
(0] (0]

1. SOCl, (5.0 equiv)

OH
= MeOH,0°Ctort, 24 h

NH,
o}
(0] 4. MsClI (1.1 equiv)
)J\/\ EtsN (2.2 equiv) MeO™ 7
MO T OM i 0ec.48h NP
NHCPh; ’ ’ Ph
Ph

6. NaH (2.0 equiv)

R
MeO
Mel (2.0 equiv) RM

/ /N
Ph  DMF, 40°C, 24 h Ph
Ph Ph™
1 R’
MeO. 9. HNRZR? (1.5 equiv) MeO*/\
1 2R3
RM CH3CN, 1t, 24 h RO T NRR

B =
NNs NHNs

2. Et3N (2.0 equiv)
CHCl3,-10to 0 °C

3. Ph3CCI (1.0 equiv)
CH,Cly, 0 °C, 24 h

5. R"MgBr (3.0 equiv)
THF, 0 °C, 30 min,

then reflux, 2 h

7.TFA,0°C,3h
CHCI3:MeOH = 1:1

8. NsCl (1.1 equiv)
Et3N (3.0 equiv)
CH3CN, rt, 2 h

10. PhSH (4.0 equiv)

DIPEA (4.0 equiv)
CH3CN, 1t, 3 h

Scheme 3-7. General preparation methods for 1,2-diamines from amino acids: (a) from L-tert-

leucine; (b) from L-serine.
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3.4.2 Screening of conditions with primary amines

As described in the previous Section 3.4.1, structural modifications of the primary amine led to
the use of 1,2-diamines, such as A-13 and A-19 for screening of other reaction parameters.
Further solvent screening was performed primarily with A-19 due to purification difficulties with
A-13. In the following experiments, the desired product was observed along with different
amounts of the rearranged alcohol and remaining starting material 3-14. The amount of HFIP
was explored first. It was found that, under the same reaction conditions, a lower proportion of
HFIP was preferred since product 3-15 was isolated in lower er when DCM:HFIP (1:1) was used
as solvent mixture (Table 3-2, entries 1-4). Replacing DCM with other solvents (entries 5-12) for
the dual asymmetric allylation revealed that better yield (92%) and er (77.5:22.5) could be
obtained in fluorobenzene (entry 7). Facile decomposition of the ferrocenium boronic acid BAC-
26 was observed when THF was used as the solvent (entry 12). Attempts to replace HFIP with
other polar solvents such as ftrifluoroethanol (TFE) and nitromethane (CH3;NO,) were also
unsuccessful; only decomposition of BAC-26 was observed in these cases (entries 13 and 14).
A brief examination of other acid and base additives was performed. The addition of p-TsOH
only resulted in the facile decomposition of allylic alcohols 3-14 as a result of its strong acidity
(entry 15). In contrast, the use of diisopropylethylamine (DIPEA) led to decomposition of the
ferrocenium unit of BAC-26. Consequently, the allylated product 3-15 was not observed (entry
16). Given the high sensitivity of ferrocenium boronic acid BAC-26 in the presence of primary
amines and the difficulty of structurally modifying the 1,2-diamines, further optimization of the
dual catalytic asymmetric allylation of branched aldehydes with allylic alcohols using primary

amines was discontinued.
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o BAC-26 (20 mol%) o) R

R .
H)S/Ph . Ho>v amine (20 mol%) HWR
R solvent 1: solvent 2 = xy,

Me additives, Me Ph
3-1 (1.0 equiv) 3-14 R = 4-F-C¢gH,4 0.125M,40°C, 48 h 3-15 (yield & er)
(2.0 equiv)
entry amine solvent1  solvent 2 Xy additive  vyield (%)® er’
1 A-19 CHxCl> HFIP 1:1 - 81 62.5:37.5
2 A-19 CHCl HFIP 10:1 - 92 73.5:26.5
3 A-19 CHxCl> HFIP 20:1 - 85 75:25
4 A-19 CHCl, - - - n.r. n.d.
5 A-19 DCE HFIP 10:1 - 82 70:30
6 A-19 CHCls HFIP 10:1 - 64 79:21
7 A-19 Ph-F HFIP 10:1 - 92 77.5:22.5
8 A-19 Ph-H HFIP 10:1 - 48 78.5:21.5
9 A-19 Ph-Me HFIP 10:1 - 36 78:22
10 A-19 Ph-CI HFIP 10:1 - 87 77:23
11 A-19 Ph-CF3 HFIP 10:1 - 86 74:26
12 A-19 THF HFIP 10:1 - n.r. n.d.
13 A-19 Ph-F TFE 10:1 - n.r. n.d.
14 A-19 Ph-F CH3NO; 10:1 - n.r. n.d.
15 A-13 Ph-F HFIP 10:1 TsOH° 10 n.d.
16 A-13 Ph-F HFIP 10:1 DIPEA° n.r. n.d.

®Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an
internal standard. °Determined by chiral HPLC analysis of the corresponding alcohol product of
aldehyde reduction. °Reaction was run with 20 mol% of the indicated additive.

Table 3-3. Screening of solvents and additives for dual catalytic allylation with primary amine.

3.4.3 Proposed interaction of catalysts, starting materials and HFIP

To explain the observed experimental results, a possible model for the interaction between the
primary amine, aldehyde, and boronic acid in HFIP is proposed (Scheme 3-8). Condensation of
the primary amine and aldehyde leads to the formation of the desired reactive enamine A. Since
amino ester A-10 provided almost no selectivity for the allylation compared to A-13, a reversible
interaction of the boronic acid and the tertiary amine moiety from the enamine is proposed to
bring the catalysts into close proximity for the enantioselective allylation (shown as B). Although
the nature of this interaction is not clear, presumably occurring through hydrogen bonding or

acid-base interactions, it is expected to partially influence the enantioselectivity since increasing
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the steric hindrance of the amine led to lower er (Scheme 3-6, A-12, A-13 and A-14).
Considering the similar pK, of HFIP (9.3) and a protonated tertiary ammonium (10.8), a
reversible interaction between HFIP and the tertiary amine moiety from the enamine through
hydrogen bonding cannot be excluded (shown as C). Occupancy of the tertiary amine unit by
HFIP instead of the boronic acid might favor the racemic attack to the allyl carbocation, since
the use of increased amount of HFIP led to a lower er (Table 3-3, entries 1-3). It is believed that
the use of HFIP is critical, not only for stabilization of the allyl carbocation, but also for
stabilization of the catalyst BAC-26. Facile decomposition of BAC-26 was observed without
HFIP (Table 3-3, entry 4). This suggests that the hydrogen bonding between HFIP and the

enamine could partially inhibit the decomposition of ferrocenium boronic acid by the 1,2-diamine.

T

T H - HFIP ET +BAC =
\N/\'/ - - \N/\/ AN oH \N/\/
H | T

o _N H + HFIP _N H - BAC é _N H
PY " I H I A" oH M I
Fs€C° CFs  Me” “Ph Me” “Ph Me” “Ph

c A B

racemic enantioselective
allylation allylation
(0]

~ Z_H
/N/\’/
/N\

H H

+

412:
T
>

l + boronic acid

BAC decomposition

Scheme 3-8. Proposed interaction between chiral 1,2-diamine, aldehyde, HFIP and boronic

acid.

3.4.4 Screening of cyclic secondary amines

Despite many reports on successful functionalization of linear aldehydes using cyclic secondary

amine catalyst, similar reactions with branched aldehydes have met greater challenges. An
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example for a direct comparison of the catalytic reactivity of chiral cyclic secondary amines with
both linear and branched aldehydes is given in Scheme 3-9. With the same chiral secondary
amine A-30, a-alkylation of the linear aldehydes with vinyl sulfones provided the alkylated
products in high yield and enantioselectivity, while a much inferior result was obtained using a
branched aldehyde 3-1.%°

o (0]
. SO2Ph A-30 (10 mol%) y SO,Ph
H <]
Lo SO,Ph CHCl3, -60°C, 2 h i-Pr SO,Ph
10.0 equiv 1.0 equiv 90% yield
96:4 er
o (0]
SO,Ph
. Mo . A-30 (10 mol%) H . SO,Ph
Bh SOzph CHC|3, rt, 24 h Ph Me SOZPh
3-1 (10.0 equiv) 1.0 equiv 78% yield
73.5:26.5 er
T
Ho©
TMS
A-30

Scheme 3-9. A specific example of comparison of a-functionalization of linear and branched

aldehydes using chiral secondary amine A-30.

The low efficiency of these cyclic secondary amines in the functionalization of a-branched
aldehydes has been attributed to the relatively slow formation of the enamine intermediates in
comparison with primary amines. Although cyclic secondary amines are more nucleophilic than
primary amines, % these chiral secondary amines are much more sterically hindered and thus
less suitable for condensation with a-branched aldehydes (Scheme 3-10).%° Nevertheless, chiral
secondary amines, such as the Jorgensen’s catalyst (A-31, Scheme 3-12),%” were investigated

for the dual catalytic asymmetric allylation system of interest with BAC-26.
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primary amines:

(0] .\R'I/H _H+ ‘\N/H

e, - S — 1 ==
H —_— M Me
NHz )H/ H)\/ ° HY
Ph
Ph Ph
less nucleophilic fast imine formation less hindered enamine

secondary amines:
H H
(0] gr + H+ ‘e
#H N - #H N
+ Me - | ~

N H Me H Me._ =~ H

H Ph
Ph Ph
more nucleophilic slow imine formation sterically hindered enamine

Scheme 3-10. Comparison of the efficiency of primary amines and cyclic secondary amines in

the condensation with branched aldehydes.

Following the synthetic sequence from L-proline described in Scheme 3-11, secondary amines
A-30 to A-36 were prepared (Scheme 3-12). Unsurprisingly, when secondary amine A-30 was
used, no desired product was observed. It is possible that the amine of A-30 is too nucleophilic,
which led to deactivation of the boronic acid since both starting branched aldehyde 3-1 and
allylic alcohol 3-2 were recovered. The use of a less nucleophilic amine A-31 gave a low yield,
but a relatively high er of product 3-15. Encouraged by this result, secondary amines with
different silyl protecting groups were then synthesized and tested (A-32 to A-36). While the
product 3-15 was obtained in only a moderate yield of 47%, allylation with A-35 provided the
highest enantioselectivity (90:10 er) of all the amines tested. As expected, the more sterically

hindered A-36 was not reactive in the allylation reaction, with only recovered branched obtained.

1. ethyl chloroformate O‘COZMe . Ar
O<C02H (2.4 equiv) N 2. AMgBr (3.0 equiv) Ar
N K2CO3 (2.0 equiv) )<o THF >//0

(0]
L-proline MeOH /\ ©
3. KOH (3.0 i [ > A i > o
. (3. equw)‘ Ar 4, TMSOTf (1.5 equwl Ar
MeOH, reflux, 24 h N oH CHaCly, 1t, 24 h N oTms

Scheme 3-11. Representative preparation method for the synthesis of the Jargensen’s amines.
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o BAC-26 (20 mol%) ) R
amine (20 mol%)

R
Ph N HO _
RONF CH,Cly:HFIP = 10:1, H R

Me 0.125 M, 40 °C, 48 h Me Ph

3-1 (1.0 equiv) 3-14 R = 4-F-CgH,4 3-15 (yield® & er®)
(2.0 equiv)

FsC CF3 FsC CF4 FsC CF,
O O CF3 O CFs3 O CF3

N o N o o) N o
Hoo Hod CF ' CF Hol CF
T™MS TMS 3 TES 3 TIPS 3
A-30 no reaction A-3120% yield A-32 34% yield A-33 51% yield
87.5:12.5 er 83.5:16.5 er 85.5:14.5 er

FsC CF3 FsC CF;
e
2T W,
C

N
HoT CF HO?
SiPhs 3 TBS Fs
A-34 31% yield A-35 47% yield A-36 no reaction
85.5:14.5 er 90:10 er

®Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an internal
standard. "Determined by chiral HPLC analysis of the corresponding alcohol product of aldehyde reduction.

Scheme 3-12. Screening of secondary amines for the dual catalytic asymmetric allylation.

3.4.5 Screening of conditions with secondary amine A-35

With amine A-35 in hand, other reaction parameters such as the reaction solvent, temperature,
time, and the effect of additives, concentration were examined (Table 3-4). The most significant
side product was still the rearranged alcohol in these attempts. The use of a toluene and HFIP
mixture (10:1) as a promising solvent system was quickly identified (entries 1-6) providing
product 3-15 in good er (95.5:4.5), albeit, in low yield 32%. Since a satisfactory er was obtained,
more effort was put into increasing the reaction yield. It was soon discovered that neither
changing the temperature nor prolonging the reaction time helped improve the formation of the
product (entries 7-9). The low yield of 3-15 was attributed to the sluggish enamine formation
between A-35 and the hindered branched aldehyde. Different additives such as water, acetic
acid®® and Et;N were reported to promote a faster enamine formation and equilibrium. However,

no improvement of the yield was observed (entries 10-12). Due to the sensitivity of the dual
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catalytic system, efforts towards identifying an additive to promote faster enamine formation
were discontinued. Finally, a slightly increased yield was observed when a higher concentration

was used (entries 13 and 14).

; R g
HJ\/Ph ¥ HO>K/ — HWR
R solvent, additive,

Me [M], temp, time Me Ph
3-1 (1.0 equiv) 3-14 R = 4-F-CgHy 3-15 (yield & er)
(2.0 equiv)

entry solvent T (°C) t (h) M] additive®  yield (%)? er®
1 CH2Cl2:HFIP = 10:1 40 48 0.125 - 47 90:10
2 DCE:HFIP = 10:1 40 48 0.125 - 40 88.5:11.5
3 Ph-F:HFIP =10:1 40 48 0.125 - 36 93:7
4 Ph-Me:HFIP = 10:1 40 48 0.125 - 32 95.5:4.5
5 Ph-Me:HFIP = 1:1 40 48 0.125 - 18 n.d.
6 Ph-Me 40 48 0.125 - 4 n.d.
7 Ph-Me:HFIP = 10:1 60 48 0.125 - 26 92.5:7.5
8 Ph-Me:HFIP = 10:1 25 48 0.125 - 14 n.d.
9 Ph-Me:HFIP = 10:1 40 144 0.125 - 36 n.d.
10 Ph-Me:HFIP = 10:1 40 48 0.125 H,0° 24 93:7
11 Ph-Me:HFIP = 10:1 40 48 0.125 AcOH? 29 93.5:6.5
12 Ph-Me:HFIP = 10:1 40 48 0.125 EtsN° n.r.e n.d.
13 Ph-Me:HFIP = 10:1 40 48 0.050 - 17 n.d.
14 Ph-Me:HFIP = 10:1 40 48 0.250 - 36 95:5

Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an
internal standard. °Determined by chiral HPLC analysis of the corresponding alcohol product of
aldehyde reduction. °Reaction was run with 100 mol% of the indicated additive. Reaction was run
with 20 mol% of the indicated additive. “Decomposition of BAC-26 was observed.

Table 3-4. Screening of other reaction parameters in the asymmetric allylation with secondary

amine-Part 1.

Further attempts to improve the reaction yield with A-35 are listed in Table 3-5. To obtain a
better conversion, the catalyst ratio was re-examined. Unfortunately, increasing the amount of
either boronic acid or amine resulted in lowered or no conversion to the desired product. The
use of excess boronic acid promoted a faster 1,3-rearrangement of 3-14 and supressed the
reactivity of the amine (Table 3-5, entries 1 and 2). The presence of excess amine also afforded
low yields (entries 3 and 4). These results suggested that a 1:1 ratio of both catalysts had to be
maintained. Thus, a higher yield (42%) of 3-15 was obtained with 30 mol% of both catalysts
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(entry 5). As described by Brase and co-workers, faster enamine formation of branched
aldehydes with secondary amines can be achieved under microwave irradiation conditions.?
When applied to the asymmetric allylation, this protocol led to a slightly increased yield of 3-15,
the reaction time was reduced to 12 hours (entry 6). Since all the previous attempts were
somewhat less productive (Table 3-5, entries 1-6), the allylic alcohol was then re-examined.
Considering that the enamine formation was sluggish, it was thought that the use of a more
ionizable allylic alcohol could potentially compensate for the low concentration of the enamine
partner. Indeed, a two-fold catalytic turnover was observed when allylic alcohol 3-2 was used.
The corresponding product 3-3 was isolated in moderate yield and good er (entry 7). At this

point, the optimization of the dual-catalyzed asymmetric allylation was concluded.

0] BAC-26 (x mol%) (0] R

H)J\/Ph + HO>RK/ A-35 (y mol%) HWR
R toluene:HFIP = 10:1,

Me heating method Me Ph
3-1 (1.0 equiv) 3-2R = Ph 0.250 M, temp, time 3-3 (R =Ph)
3-14 R = 4-F-CgHy 3-15 (R = 4-F-CgHy)

(2.0 equiv) (yield & er)

entry  alcohol X y heating method T (°C) t(h) vyield (%)® er’
1° 314 40 20 oil bath 40 48 22 n.d.
2° 314 100 20 oil bath 40 48 n.r. n.d.
3° 314 20 40 oil bath 40 48 17 n.d.
4° 314 20 100 oil bath 40 48 11 n.d.
5 314 30 30 oil bath 40 48 42 95:5
6 3-14 30 30 microwave 60 12 47 94:6
7 3-2 30 30 microwave 60 12 60° 94:6

®Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an
internal standard. "Determined by chiral HPLC analysis of the corresponding alcohol product after
aldehyde reduction. *Reaction was run in 0.125 M concentration. YIsolated yield of product 3-3.

Table 3-5. Screening of other reaction parameters in the asymmetric allylation with secondary

amine-Part 2.

3.5 Scope of the dual catalytic asymmetric allylation

With the optimized conditions for the dual-catalyzed asymmetric allylation in hand (Table 3-5,
entry 7), the substrate scope for the branched aldehydes was examined (Scheme 3-13, 3-14
and 3-16). The allylated aldehydes were reduced to the corresponding alcohol for isolation

purpose. When branched aldehydes with electron rich arenes were used, the allylated products
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3-21 and 3-22 were isolated in moderate yield. It is suspected that these electron rich aldehydes
are less electrophilic, which leads to slow enamine formation and lower yields. Moreover, the
E/Z enamine equilibrium is also slow, since the a-proton of the aldehydes are less acidic, which
resulted in a lower enantioselectivity (Scheme 3-17a). Although List and co-workers have
reported better results with allylated aldehydes similar to 3-21 and 3-22," it was satisfying to
find that our dual catalytic method displays a broader functional group tolerance. Branched
aldehydes with haloaryl substituents (such as —Cl and —Br) served as good coupling partners in
the protocol. The chlorinated and brominated products 3-23 to 3-25 were isolated in good yield
and high er (up to 96.5:3.5). The construction of these all carbon quaternary centers with
halogenated arenes is amenable to further functionalization using cross-coupling reactions. To

the best of our knowledge, palladium and enamine dual catalysis has not been achieved for the

11,12

asymmetric allylation of branched aldehydes with brominated arenes.

1. BAC-26 (30 mol%),
A-35 (30 mol%),

(0] Ph toluene:HFIP = 10:1,
R, HO 60 °C, 12 h, 0.250 M,
H Ph*/ microwaves
Me 2. NaBH, (10.0 equiv),
aldehydes alcohol 3-2 CH,Cl>:MeOH = 10:1
0.25 mmol 0.50 mmol

OMe
3-20 3-21 3-22
60%°2 (60%)b 54% (42%) 62% (57%)
94:6 ef 92.5:7.5 er 93:7 er

3-23 3-24 3-25
77% (70%) 73% (68%) 87% (82%)
95.5:4.5 er 96:4 er 96.5:3.5 er

%Yield of the first step were determined by H NMR analysis of the reaction crude mixture with
1,4-dinitrobenzene as an internal standard. "Isolated yield over two steps of the alcohol product
of aldehyde reduction. “Determined by chiral HPLC analysis of the alcohol product.

Scheme 3-13. Scope of branched aldehydes for the dual catalytic asymmetric allylation-Part 1.
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Moreover, as highly challenging substrates, branched aldehydes with aryl units bearing electron
withdrawing groups (-CO,Me, —NO, and —CF3;) were also suitable substrates in our reaction
protocol. As previously examined by Brise and co-workers (Scheme 3-15),*° asymmetric
functionalization of these aldehydes generally suffers from a severe racemic background
reaction due to facile enol isomerization from the increased acidity of the a-protons (Scheme 3-
17b).% In our case, such a background enol allylation was not observed. Thus, products 3-26 to
3-29 were isolated in high enantiomeric excess. In addition, the asymmetric allylation performed
well with aldehydes containing extended arene systems such as a naphthyl group (3-30). An
aldehyde with a protected indolyl group also gave moderate yield and good er of product 3-31,
which demonstrates the applicability of our method to substrates with heterocycles and
increased functionalities.

1. BAC-26 (30 mol%),
A-35 (30 mol%),

(0] Ph toluene:HFIP = 10:1,
R, HO 60 °C, 12 h, 0.250 M,
H Ph>|\/ microwaves
Me 2. NaBH, (10.0 equiv),
aldehydes alcohol 3-2 CH,Cly,:MeOH = 10:1
0.25 mmol 0.50 mmol

NO, CF3
3-26 3-27 3-28
69%2 (58%)° 82% (79%) 90% (80%)
95:5 e 97:3 e 96:4 er

Fs;C
3-29 3-30 3-31
70% (70%) 76% (71%) 52% (49%)
95.5:4.5 er 96:4 er 94:6 er

%Yield of the first step were determined by H NMR analysis of the reaction crude mixture with
1,4-dinitrobenzene as an internal standard. °Isolated yield over two steps of the alcohol product
of aldehyde reduction. ‘Determined by chiral HPLC analysis of the alcohol product.
YEnantiomeric ratio of 3-27 was obtained by Mosher’s acid analysis of the reduced alcohol
product.

Scheme 3-14. Scope of branched aldehydes for the dual catalytic asymmetric allylation-Part 2.
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_CO,Et
R . O HN
0 1. L-proline (50 mol%), | DEAD:
DEAD (1.5 equiv) H ) N\COZEt o)
H v > eto. _Ne J
CH,Cly, rt °N OEt
Me \n/
0
R

aldehydes R =H, 62% yield, 90:10 er
(1.0 equiv) R = NO,, 99% yield, 68:32 er

Scheme 3-15. Difficult a-functionalization of branched aldehydes with electron poor arenes.

Substrates that are too sterically hindered did not perform well in the reaction. For instance,
when a branched aldehyde with an aryl unit bearing an ortho-bromo substituent was used, the
desired product 3-32 was not observed. The starting aldehyde was not consumed. Similarly, a
branched aldehyde with an ethyl side chain also exhibited poor reactivity providing a low vyield
and low er of the product 3-35 (19%, 80:20). A branched aldehyde with a thiophene moiety
provided a complicated mixture in the reaction conditions, which could result from the oxidation
of the thiophene unit by the ferrocenium cation. It was also discovered that an aldehyde with a
trifluoromethyl side chain was not suitable for the allylation due to the lack of nucleophilicity of
the corresponding enamine; product 3-34 was not formed.

1. BAC-26 (30 mol%),
A-35 (30 mol%),

(0] toluene:HFIP = 10:1,
R?2 Ph
+ HO 60 °C, 12 h, 0.250 M,
H Ph>|\/ microwaves
R1

2. NaBH4 (10.0 equiv),
aldehydes alcohol 3-2 CH,Cl,:MeOH = 10:1
0.25 mmol 0.50 mmol

3-33 3-34 3-35
complicated mixture n.r. 24%2 (19%)°
80:20 er®

®Yield of the first step were determined by 'H NMR analysis of the reaction crude mixture with 1,4-dinitrobenzene
as an internal standard. "Isolated yield over two steps of the alcohol product of aldehyde reduction. “Determined
by chiral HPLC analysis of the alcohol product.

Scheme 3-16. Scope of branched aldehydes for the dual catalytic asymmetric allylation-Part 3.
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Based on the observations of the current system for allylation of branched aldehydes, a general
analysis is proposed in Scheme 3-17a. Condensation of the aldehydes and the chiral
secondary amine can result in both £ and Z enamines. With decreased steric hindrance, the E
enamine is the thermodynamically favored species.?® Allylation of the allylic carbocation by the
E enamine provides the major enantiomer. A faster equilibrium between the E and Z enamine
will result in higher reaction yield and selectivity. Nucleophilic attack from the enamine to the
carbocation occurs at the backside of the enamine presumably, since the front face, as depicted
in Scheme 3-17a, is shielded. With more acidic a-protons, branched aldehydes with electron
poor arenes are presumed to undergo a faster equilibrium favoring the E enamine, which
afforded a higher reaction efficacy. Although the enol allylation can also be facilitated due to the
increased acidity of a-protons, such a racemic background allylation is not observed (Scheme
3-17b). This effect is attributed to the lower nucleophilicity of the corresponding enols compared

to the enamine and the relative low concentration of the allylic carbocation in solution.

a. General analysis

H/, H/ H//,

DM -H* R -H H

N
Me
W/\H

Me Ar Ar

|
|

Z enamine iminium E enamine

more hindered
less favorable

backside attack

less hindered
more favorable

backside attack

+H,0 | | +h0
(0] Ph 0 (0] Ph
Me
prh Q\. + H)S/ prh
Me Ar Ar Ar Me

minor enantiomer

major enantiomer

b. When Ar = electron poor arenes

OH 0 H.,
amine H N
Me Me -
N H& )
H eF
Ar Ar H
Ar

less nucleophilic

¥

racemic allylation

enol formation can be

facilitated by the increased

acidity of the a proton

more nucleophilic

'

enantioselective allylation

Scheme 3-17. Stereochemical analysis of the dual catalytic asymmetric allylation using A-35.
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3.6 Determination of the absolute stereochemistry

In order to determine the absolute stereochemistry of the products of this dual catalytic
asymmetric allylation, derivatization of compound 3-20 to compound 3-36 by sequential
ozonolysis and reduction was performed. The absolute configuration of compound 3-36 was
determined as (S) according to a chemical correlation with the known compound (R)-3-36
reported by Aggarwal and co-workers (Scheme 3-18).%" The absolute configuration of all other
compounds was assigned by analogy based on a uniform reaction mechanism. The obtained (S)
configuration of the allylated product supports a nucleophilic attack from the E enamine to the

carbocation, as illustrated in Scheme 3-17.

literature

O

(S)-3-36 (R)-3-36 (er > 99:1)
3-20 (94:6 er) [o]p2°: —3.10 (c 0.49, CHCI3) [0]p2: +5.0 (c 0.9, CHCI3).

OH

ph 1.03, CHyCly, -78 °C HO

2.NaBHg, rt, 1 h

Scheme 3-18. Determination of absolute stereochemistry of allylated products.

3.7 Application of the dual catalytic asymmetric allylation

To demonstrate the application of the dual catalytic asymmetric allylation, a gram-scale
synthesis was performed using branched aldehyde 3-37 (1.00 g, 4.95 mmol) and allylic alcohol
3-2. Gratifyingly, the allylated product 3-25 was isolated in a comparable yield and excellent
enantioselectivity after two steps (Scheme 3-19). The slight loss of yield could possibly arise
from a less sufficient stirring mechanics and heat transfer on a large scale. The application of
the method was further demonstrated through the first catalytic asymmetric synthesis of a
precursor for an NK1/NK3 receptor antagonist.”® Protection of compound 3-25 with TBSCI
afforded the silyl ether 3-38 in a near-quantitative yield. Upon ozonolysis, the diphenyl alkene
moiety of compound 3-38 was successfully removed and after a reductive work up, chiral
alcohol 3-39 was obtained. The diphenyl alkene moiety of 3-38 could also be converted into a
new alkene by sequential ozonolysis and Wittig olefination, providing product 3-40. Further
deprotection of the TBS group and Pinnick oxidation of 3-40 provided chiral acid 3-41. Both 3-39
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and 3-41 could serve as convenient synthetic precursors for the NK1/NK3 receptor antagonist
(Scheme 3-19). For comparison, a previously reported synthetic sequence to obtain compound

3-41 by resolution of a diastereomeric salt is also presented in Scheme 3-19."

1. BAC-26 (30 mol%),

o Cl A-35 (30 mol%),
Ph toluene:HFIP = 10:1,
M 0.250 M, 60 °C, 12 h,
H cl Ph microwaves
Me
2. NaBH4 (10.0 equiv)
3-37 3.2 CH,Cly:MeOH = 10:1, 0 °C 3-25
(1.00 g, 5.0 mmol) (9.9 mmol) (67% yield, 96:4 er)
Ph
OH
TBSCI (1.1 equiv) TBSO > Ph . TBSO R
imidazole (2.0 equiv) Me 1. O3, CHyCl, -78 °C Mé
g cl
CH,Cly, rt, 16 h cl 2.NaBH,, rt, 1h
Cl (¢]]
3-38 (96% yield) 3-39 (89% yield)

From 3-38:
1. (a) O3, CH,Cl,, -78 °C, TBSO

(b) PhaP, 1t, 16 h, 59% Ph o cl
, H
2. n-BuLi
' N
Ph3PCH3Br, THF HNT \HJ\'}‘ W Cl
2TFA O Me Me
3-40 (71% yield)
N

From 3-40: F o
1. TBAF, THF, 96% /g
2. (a) IBX, EtOAc, reflux, N© 0
(b) NaClO,, NaH,PO,, Me

2-methyl-2-butene,
t-BuOH

previous synthesis for the precusor towards NK1/NK3 receptor antagonist
Me
1. LIHMDS, THF, -25 °C "
cl then allyl bromide HO = HoN™ "Ph
(0] 2. SOCly, MeOH, rt 5. resolution
/U\/©: Me _— > 3-41
HO Cl 3. NaH, Mel, THF/DMF, rt Cl 6. HCI

4. LiOH, MeOH/H,0, reflux

Cl

Scheme 3-19. Application of the dual catalytic asymmetric allylation: gram-scale reaction and

the synthesis of precursor 3-41 for NK1/NK3 receptor antagonist.

132



3.8 Comparison and mechanistic studies of the dual catalytic

asymmetric allylation

3.8.1 Comparison experiments with other acid catalysts

During the course of the comprehensive reaction optimization process, comparison experiments
between ferrocenium boronic acid BAC-26 and other acid catalysts against were performed at
various stages to assess the potential advantages of our method via BAC. These results are
listed in Table 3-6, 3-7 and 3-8, which demonstrate the superior reactivity of BAC-26. With
primary amine A-13, asymmetric allylation using InBr; only provided the product 3-15 in a low
yield of 15% with no enantioselectivity (Table 3-6, entry 2).2 It is possible that the facile
chelation of 1,2-diamine A-13 with InBr; inhibited its Lewis acidity for the ionization of the allylic
alcohol. Since p-TsOH is also known to promote similar reactions,’ a direct comparison with
BAC-26 (entry 1) was also conducted under the same reaction conditions. Although the reaction
with p-TsOH provided a moderate 60% yield of product 3-15, a drastically decreased
enantioselectivity was observed under these Brgnsted acidic conditions, possibly due to the

racemic background enol allylation (entry 3).

o acid (20 mol%) (0] R

H)H/Ph + HO;L/ A13 (20 moth) W
R CH,Cly:HFIP = 10:1, H R

Me 0.125 M, 40 °C, 48 h Me Ph
3-1 (1.0 equiv) 3-14 R = 4-F-CgH, 3-15 (yield & er)
(2.0 equiv)
entry acid yield (%)? er’
1 InBr; 15 50:50
2 BAC-26 86 76.5:23.5
3 p-TsOH 60 59.5:40.5

®Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an
internal standard. °Determined by chiral HPLC analysis of the corresponding alcohol product of
aldehyde reduction.

Table 3-6. Comparison experiments with other acid catalysts using primary amine A-13.

Similar comparison experiments using secondary amine A-35 were also performed (Table 3-7).

Ferrocenium boronic acid BAC-26 still provided the highest yield (32%, entry 1) compared to
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InBr; (21%, entry 2), p-TsOH (<5%, entry 3), tetrafluorophenyl boronic acid BAC-16 (12%, entry
4) and pentafluorophenyl boronic acid BAC-15 (5%, entry 5).

1) R acid (20 mol%), (0] R
H)H/Ph + Ho*/ A-35 (20 mol%), W
R toluene:HFIP = 10:1, H R
Me 0.125 M, 60 °C, 12 h, Me Ph
3-1 (1.0 equiv) 3-14 R = 4-F-CgH,4 microwaves 3-15 (yield & er)
(2.0 equiv)
entry acid yield (%) er’
1 BAC-26 32 95.5:4.5
2 InBr3 21 93:7
3 p-TsOH <5 n.d.
4 BAC-16 12 n.d.
5 BAC-15 5 n.d.

Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an
internal standard. °Determined by chiral HPLC analysis of the corresponding alcohol product of
aldehyde reduction.

Table 3-7. Comparison experiments with other acid catalysts with secondary amine A-35 Part 1.

Lastly, other acid catalysts for the asymmetric allylation were also tested with the optimal
conditions (Table 3-8). Notably, the conditions used in Table 3-8 differ from that in Table 3-7.
While decent yield and high enantioselectivity was achieved with BAC-26 (entry 1), reactions
using FeCl; and TFA* afforded low yield and slightly lower er (entry 2 and 3). The performance
of these strong Lewis or Brgnsted acid could be attributed to the high tendency of catalyst

deactivation with the amine.

0 Ph acid (30 mol%), 0 Ph
A-35 (30 mol%), W
Ph N HO _
H
)S/ Phw toluene:HFIP = 10:1, H Ph
Me 0.250 M, 60 °C, 12 h, Me Ph
3-1 (1.0 equiv) 3-2 (2.0 equiv) microwaves 3-3 (yield & er)
entry acid yield (%)? er’
1 BAC-26 60 94:6
2 FeCl; 17 92:8
3 TFA 18 88:12

#Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an
internal standard. °Determined by chiral HPLC analysis of the corresponding alcohol product of
aldehyde reduction.

Table 3-8. Comparison experiments with other acid catalysts with secondary amine A-35 Part 2.
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3.8.2 Mechanistic controls of the dual catalytic asymmetric allylation

Mechanistic controls were performed to reveal the nature and the effective components of the
novel ferrocenium boronic acid BAC-26 (Table 3-9). As discussed in Chapter 2, it is proposed
that the superior reactivity of BAC-26 can be partially attributed to the non-coordinating anion
SbFe, which induces an ion exchange mechanism. Therefore, the SbFg anion was replaced with
other anions in the ferrocenium boronic acid salt, which should result in a significant change in
the yield. As expected, when the reaction was performed with BAC-27 (containing the BF, anion)
or an iodide additive, a lower yield and er of product 3-3 was obtained (entries 1-3). Without a
boronic acid moiety present in the structure, the reaction using ferrocenium salt (Fc*SbFg’) also
afforded the product 3-3, however, with no catalytic turnover (entry 4). Although this result
confirms the critical role of the boronic acid, cooperative activation of the alcohol from the
electrophilic ferrocenium and the boron center cannot be ruled out. Moreover, the superior
activity of BAC-26 does not come from the possible protodeboronation of the catalyst since the

combined use of Fc*SbFs and boric acid or BAC-16 also provided low yield (entries 5 and 6).

acid (30 mol%),

i Ph a(ﬁi-i:tsisé: (()3%]?:@/0) i i
H)k(Ph . o]’ o Oomem) HWP“
Ph toluene:HFIP = 10:1,
Me 0.125 M, 60 °C, 12 h, Me Ph
3-1 (1.0 equiv) 3-2 (2.0 equiv) microwaves 3-3 (yield & er)
B(OH),
F i @\B(OH)Z Q\B(OH)Z i
SbFg Fe * BF, Fe?* SbFg Fe *
F F
F
BAC-16 BAC-26 BAC-27 Fc*SbFg
entry acid additives yield (%)*® er’
1 BAC-26 - 60 (60) 94:6
2 BAC-27 - 43 (34) 93:7
3 BAC-26 (n-Bu)aNI 32 (26) 89:11
4 Fc'SbFg - 35 93:7
5 Fc'SbFe boric acid 38 (38) 93.5:6.5
6 Fc'SbFe BAC-16 32 (32) 94:6

¥Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an
internal standard. ®lsolated yield in parentheses indicates product obtained over two steps after
reduction of the aldehyde into corresponding alcohol. *Determined by chiral HPLC analysis of the
corresponding alcohol product of aldehyde reduction.

Table 3-9. Investigation of the active components in BAC-26 for the dual asymmetric allylation.
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3.8.3 "'B NMR studies of the dual catalytic asymmetric allylation

The possible interaction between boronic acid BAC-26 and amine A-35 was explored through
"B NMR study and mass spectrum analysis. The ferroceniumboronic acid SbFg salt BAC-26
(17 mg) was dissolved in the reaction solvents (10:1 toluene-d8:HFIP, 0.6 mL) without the
amine and was subjected to "B NMR analysis, as shown in Figure 3-2. According to the
previous study (see Chapter 2, section 2.10.4), the peak at 37.9 ppm is attributed to the free
boronic acid of BAC-26. In addition, the peak at 18.1 ppm is assigned as a non-fully-ionized half
boronate. While the exact structure of this species remains unclear, it is proposed that it
originates from the weak coordination of HFIP to the boronic acid, although the formation of the

boroic anhydride cannot be ruled out.

B B(OH), ~ ; ~B(OR),*HFIP
SbFg Fe + toluene-d8:HFIP = 10:1 SbF; Fe *

BAC-26 non-fully ionized boronate
37.9 ppm R =H or CH(CF3),
18.1 ppm

37.896
18.100

I V.

60 40 20 0 -20

Figure 3-2. ''B NMR spectrum of BAC-26 in reaction solvent (10:1 toluene-d8:HFIP).
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When 1.0 equivalent of the amine A-35 was introduced to the aforementioned solution of BAC-
26 (17 mg) in the reaction solvents (10:1 toluene-d8:HFIP, 0.6 mL) and subjected to the "'B
NMR study, the peak at 18.1 ppm (Figure 3-2) disappeared and a new peak at 5.6 ppm was
evident (Figure 3-3). The structure of this newly formed species was assigned to be the
tri(hexafluoroisopropoxy) borate complex 3-42, as observed by MS analysis of the mixture.
Although the base-triggered formation of complex 3-42 seemed favorable, it is believed that a
slow equilibrium between BAC-26 and the complex 3-42 was established since the peak (31.5

ppm) of the free boronic acid was also observed.

B[OCH(CFs),l3

, B(OH). toluene-d8:HFIP = 10:1 - .

SbFg Fe * A-35 (1.0 equiv) SbFg Fe
BAC-26 3-42 (ionized boronate, 5.6 ppm)
31.5 ppm MS Spectrum:

ESI for C19H1zBF24F9038b [M]:
calcd. 931.8895; found 931.8890

31.481
—5.587

—_——132.127

Figure 3-3. "'B NMR spectrum of BAC-26 with 1.0 equiv A-35 in reaction solvent (10:1 toluene-
d8:HFIP).

137



Later, the reaction solution of branched aldehyde 3-1, allylic alcohol 3-2, BAC-26 and A-35 was
studied by "'B NMR before subjecting the content to the microwave thermal reactor. As shown
in Figure 3-4, no significant difference was observed when both aldehyde and alcohol were
added compared to Figure 3-3. However, it was discovered that post-reaction, the ferrocenium
boronic acid BAC-26 and the complex 3-42 were largely consumed and transferred into other
unidentifiable species after the reaction (Figure 3-5). At this point, it is not clear whether these
species resulted from the complexation of BAC-26 with the remaining starting materials, product
or water by-product. Another possible rationale would be a slow decomposition of BAC-26 in
the presence of A-35.
A-35 (1.0 equiv)

aldehyde 3-1 (3.3 equiv) -
B(OH), alcohol 3-2 (3.3 equiv) _ B[OCH(CF3),]s

SbF; Fe * toluene-d8:HFIP = 10:1 SbFs Fe *

standard conditions
BAC-26 before microwave heating 3-42 (ionized boronate)
31.3 ppm 5.8 ppm

31.253

60 40 20 0 -20

Figure 3-4. "'B NMR spectrum of reaction mixture (Table 3-4, entry 7) before the thermal

microwave-promoted reaction (10:1 toluene-d8:HFIP).
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A-35 (1.0 equiv)
B(OH), aldehyde 3-1 (3.3 equiv)
- alcohol 3-2 (3.3 equiv)

+ .
SbFs Fe toluene-d8&:HFIP = 10:1 complex mixture

based on "B NMR

standard conditions

BAC-26 after microwave heating

—1.980
—ao.801

o o.476

40 20 0 -20 -40

Figure 3-5. "'B NMR spectrum of reaction mixture (Table 3-4, entry 7) after the thermal

microwave-promoted reaction for 12 h (10:1 toluene-d8:HFIP).

3.9 Proposed mechanism

Based on the previous results, a Sy1 mechanism for the dual catalytic asymmetric allylation of
branched aldehydes is proposed in Scheme 3-20. In the boronic acid cycle, it is suggested that
HFIP not only stabilizes the carbocation but also increases the electrophilicity of the boron
center by a reversible covalent exchange (Figure 3-2). Due to the ionic nature of BAC-26, a
facile ion exchange mechanism (see Table 3-9) is proposed for the formation of carbocation E.

In the chiral amine cycle, condensation of the amine and aldehyde leads to the formation of
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reactive enamine H. The rigid structure of A-35 provides excellent control for the nucleophilic

attack of enamine H to the carbocation E, providing the allylated product (Scheme 3-20).

- B(OR)s Ho Ph
SbFg Fe * Ph Phw
<§ §> +
Ph)\%

lon Ex¢hange C (tetra-ion)

B(OH); Q\B(OR)Z Q\B(OH)Z

Fo + - Fo + HFIP = Fo +
° Boronic Acid Cycle SPFe ™€ ——~ SbF; Fe
D (zwitterion) B (R = H or CH(CF),) BAC-26
Ph
ﬂ\/ SbF
Ph 6 o oh
E (carbocation)
HWPh
R' R? Me Ar H,0
X _Me
S
Ar
FsC CF
RIIQ/RZ H (enamine) S 3
I Rl R? CF3
Me N
H H
Ar Chiral Amine Cycle A-35 O
- N o
G (imine) N | ;
TBS CFs
A-35
2
H,0 R o)
R'-N OH Ar
Ar H
Me
Me

Scheme 3-20. Proposed mechanism of the dual catalytic asymmetric allylation.

3.10 Summary

In summary, this chapter describes efforts towards the first successful dual catalytic asymmetric
allylation of branched aldehydes with allylic alcohols merging boronic acid catalysis and chiral
amine catalysis. This noble metal-free strategy provides optically enriched all carbon quaternary

centers in good yield and high enantioselectivity. It exhibits good functional group tolerance and
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serves as a complementary method to the existing transition metal catalyzed methods. The
method was successfully applied to gram-scale for the first catalytic asymmetric preparation of
an important building block for an NK1/NK3 receptor antagonist. The reaction mechanism is
proposed to go through allylation of the enamine via a carbocation intermediate, which stems
from the dual activation of the allylic alcohol and aldehyde by a Lewis acidic boronic acid and a

Lewis basic chiral amine.

3.11 Experimental

3.11.1 General information

The following materials include representative experimental procedures and details for the
synthesis and isolation of compounds. Full characterization of all new compounds and partial
characterization of known compounds presented in this chapter are described. Unless otherwise
stated, all reactions were performed in capped regular glassware under nitrogen atmosphere
with no further precautions. Tetrahydrofuran (THF) and dichloromethane (DCM) were purified
using a cartridge solvent purification system with 4 A molecular sieves as absorbent. All other
solvents were purchased as ACS reagents and used without further purification. Unless
otherwise noted, all other chemicals were purchased from commercial sources and used as
received. Chromatographic separations were performed on silica gel 60 using ACS grade
hexanes, ethyl acetate, dichloromethane, diethylether, tert-butyl methyl ether and methanol as
eluents. Preparative thin-layer chromatography (PTLC) was run on silica gel 60 F 254 plates.
Thin layer chromatography (TLC) was performed on silica gel 60 F254 plates, which were
visualized under UV light and with KMnO,, p-anisaldehyde, ninhydrin or phosphomolybdic acid
(PMA) stains. '"H NMR, *C NMR, "B NMR and '*F NMR spectra were recorded on 400 MHz,
500 MHz or 700 MHz instruments. The residual solvent protons (*H / CHCI;) or the solvent
carbon (™*C) were used as internal references. '"H NMR data is presented as follows: chemical
shifts in ppm downfield from tetramethylsilane (multiplicity, coupling constant, integration). The
following abbreviations are used in reporting NMR data: s, singlet; br s, broad singlet; d, doublet;
t, triplet; q, quartet; quin, quintet; sext, sextet; sept, septet; dd, doublet of doublets; m, multiplet.
The error of coupling constants from 'H NMR spectra is estimated to be 0.3 Hz. High-resolution
mass spectra were recorded by the University of Alberta mass spectrometry services laboratory

using either electron impact (El) or electrospray ionization (ESI) techniques. Infrared (IR)
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spectra were obtained using cast-film technique with frequencies expressed in cm™. The
resolution of the IR instrument is 4 wavenumbers. Optical rotations were measured using a 1
mL cell with a 10 cm length on a polarimeter by University of Alberta analytical and
instrumentation laboratory. Melting points (m. p.) were measured on a melting point apparatus
and are uncorrected. The enantiomeric ratio for chiral compounds were determined using an
HPLC instrument with Chiralcel-OD, IC, IB, or Chiralpak-AS columns as specified in the

following individual procedures.

3.11.2 Synthesis and characterization of amines and boronic acids

Amines A-2, A-6 to A-10 are commercially available from Sigma-Aldrich and were used directly.
Cinchona based amines A-2 and A-3 were synthesized according to a procedure by Connon
and co-workers.** Aminourea derivatives A-4 was prepared according to Jacobsen and co-
workers.”" Chiral 1,2-diamines and amino alcohol A-11 to A-21,% A-14,%2°° A-23 to A-23,** A-
2429 A-25 to A-26,** A-27 to A-28,* and A-29%*° were synthesized based on the known
procedures as indicated in the references. Secondary amines A-30 to A-36 were prepared

according to a general procedure by Lin and co-workers.*

Ferrocenium boronic acids salt BAC-26, BAC-27 and ferrocenium hexafluoroantimonate salt
Fc'SbFs were synthesized according to the procedure from Chapter 2, Section 2.10.4.
Tetrafluorophenyl boronic acid BAC-16 was prepared based on the known procedure by
Starichenko and co-workers. ** Pentafluorophenyl boronic acid BAC-15 is commercially

available from Sigma-Aldrich and was used directly.

Characterizations of new compounds A-22, A-24 to A-26 and A-36 are shown as follows.

A-22

(S)-3-Ethyl-3-methoxy-N",N'-dimethylpentane-1,2-diamine (A-22):

'H NMR (CDCls, 500 MHz): § 3.23 (s, 3H), 3.00 (dd, J = 10.7, 2.5 Hz, 1H), 2.34 (dd, J = 12.1,
10.7 Hz, 1H), 2.24 (s, 6H), 2.21 (ddd, J = 12.1, 2.5, 0.7 Hz, 1H), 1.64-1.57 (m, 6H), 0.91 (t, J =
7.5 Hz, 3H), 0.90 (t, J = 7.5 Hz, 3H);
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3C NMR (CDCl;, 125 MHz): 6 79.4, 62.1, 53.2, 49.7, 46.0, 25.3, 24.8, 8.6, 8.4;
IR (Microscope, cm™): 3238, 2926, 2851, 1672, 1464, 1082;
HRMS (ESI) for C1oH5N,0 [M+H]*: calcd. 189.1961; found 189.1960;

[a]p?®: +0.9 (c 0.13, CHCI5).

(R)-N',N'-Dimethyl-3,3-diphenylpropane-1,2-diamine (A-24):

'H NMR (CDCls, 500 MHz): & 7.41-7.39 (m, 2H), 7.35-7.26 (m, 6H), 7.24-7.15 (m, 2H), 3.80
(ddd, J = 10.1, 9.6, 2.8 Hz, 1H), 3.71 (d, J = 9.6 Hz, 1H), 2.28 (dd, J = 12.1, 10.1 Hz, 1H), 2.25
(s, BH), 2.12 (dd, J = 12.2, 2.8 Hz, 1H), 1.82 (br s, 2H);

3C NMR (CDCls, 125 MHz): & 142.7, 142.6, 128.7, 128.6, 128.4, 128.1, 126.6, 126.4, 64.6, 58.0,
51.4,45.7,

IR (Microscope, cm™): 3386, 3313, 3027, 2970, 2826, 1950, 1597, 1493, 1454,
HRMS (ESI) for C47H3N, [M+H] *: caled. 255.1856; found 255.1855;

[a]o?’: —54.7 (c 0.82, CH,Cl).

A-25

(S)-N'-Cyclohexyl-3-methoxy-3,3-diphenylpropane-1,2-diamine (A-25):
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'H NMR (CDCl;, 500 MHz): § 7.43-7.39 (m, 2H), 7.38-7.27 (m, 8H), 3.88 (dd, J = 9.6, 2.4 Hz,
1H), 2.98 (dd, J = 11.6, 2.4 Hz, 1H), 2.93 (s, 3H), 2.28 (dddd, J = 10.8, 10.8, 3.9, 3.9 Hz, 1H),
1.86-1.83 (m, 1H), 1.78 (dd, J = 11.5, 9.6 Hz, 1H), 1.72-1.65 (m, 3H), 1.59-1.57 (m, 1H), 1.48
(br s, 3H), 1.24-1.09 (m, 3H), 1.09-0.99 (m, 2H);

®C NMR (CDCl3, 125 MHz): & 140.0, 134.0, 129.3, 129.3, 127.7, 127.7, 127.5, 127.4, 86.2, 57 .1,
55.6, 51.2, 49.7, 33.6, 33.5, 26.2, 25.1, 25.0;

IR (Microscope, cm™): 3383, 3306, 3057, 2927, 2852, 1600, 1493, 1447, 1074;
HRMS (ESI) for CxH3:N,O [M+H] ": calcd. 339.2431; found 339.2435;

[a]p?®: +26.8 (c 0.77, CHCI5).

A-26

(S)-3,3-Bis(3,5-bis(trifluoromethyl)phenyl)-3-methoxy-N',N'-dimethylpropane-1,2-diamine
(A-26):

'H NMR (CDCls, 500 MHz): & 7.90 (s, 2H), 7.88 (s, 4H), 3.94 (dd, J = 10.4, 2.3 Hz, 1H), 3.04 (s,
3H), 2.41 (dd, J = 12.3, 2.2 Hz, 1H), 2.23 (s, 6H), 1.57 (dd, J = 12.3, 10.4 Hz, 1H), 1.35 (br s,
2H);

3C NMR (CDCl, 125 MHz): & 143.7, 142.4, 131.6 (q, J = 33.9 Hz), 131.1 (q, J = 32.7 Hz),
129.3, 129.0, 123.2 (q, J = 272.7 Hz), 123.1 (q, J = 272.7 Hz), 122.2 (q, J = 3.8 Hz), 121.9 (q, J
= 3,8 Hz), 84.31, 62.06, 52.12, 51.60, 46.08;

F NMR (CDCl;, 476 MHz): 6 —62.7 (s, 6F), —-62.8 (s, 6F);
IR (Microscope, cm™): 3101, 2949, 2829, 1623, 1466, 1372, 1279, 1173, 1135;
HRMS (ESI) for C,H,1F1,N,0O [M+H]*: calcd. 557.1457; found 557.1459;

[a]p?®: +4.8 (c 0.81, CHCI5).
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(2S,3aS,7aS)-2-(Bis(3,5-bis(trifuoromethyl)phenyl)((tert-butyldimethylsilyl)oxy)methyl)
octahydro-1H-indole (A-36):

'H NMR (CDCls, 500 MHz): & 8.03 (s, 2H), 7.90 (d, J = 4.6 Hz, 2H), 7.78 (s, 2H), 4.27 (dd, J =
9.0, 7.3 Hz, 1H), 3.20 (m, 1H), 2.09-1.98 (m, 1H), 1.92-1.82 (m, 1H), 1.42-1.33 (m, 1H), 1.31-
1.23 (m, 1H), 1.19-0.96 (m, 7H), 0.94 (s, 9H), -0.10 (m, 1H), -0.27 (s, 3H), -0.46 (s, 3H);

®C NMR (CDCls, 125 MHz): & 146.7, 145.3, 131.5 (q, J = 33.9 Hz), 130.3 (q, J = 32.7 Hz),
129.9, 1294, 123.4 (q, J = 272.7 Hz), 123.1 (q, J = 272.7 Hz), 122.1, 121.5, 82.8, 62.9, 57.0,
36.4,32.9,29.2,27.4, 25.8,24.1, 21.0, 18.7, -2.9, -3.5;

F NMR (CDCl;, 476 MHz): 5 -62.8 (s, 6F), —62.9 (s, 6F);
IR (Microscope, cm™): 2934, 2862, 1623, 1473, 1373, 1278, 1175, 1136;
HRMS (ESI) for C31HaeF 1o,NOSi [M+H] *: calcd. 694.2369; found 694.2359;

[a]o®®: +0.2 (c 1.73, CHCI;).

3.11.3 Synthesis and characterization of branched aldehydes

1. n-BulLi (1.6 equiv)

cr THF HBr (48% aq) o
+ . ~OMe "
PhsP OMe o o R actone:H,0 = 4:1 H
1.6 (equiv)
R

1.0 (equiv)

(Methoxymethyl)triphenylphosphonium chloride (2.74 g, 8.00 mmol) was suspended in 20 mL of

anhydrous THF in a 100 mL round bottom flask. The resulting mixture was then cooled to 0 °C
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and stirred for 15 min. n-BuLi (3.2 mL of 2.5 M solution in hexane, 8.00 mmol) was added to the
suspension slowly under inert atmosphere over 10 min to give a dark red solution. After stirring
at 0 °C for 30 min, the reaction mixture was warmed to room temperature. After continuous
stirring for 1 h, the dark red solution was cooled to 0 °C and a solution of ketone (5.00 mmol) in
10 mL of anhydrous THF was added slowly over 10 min. The reaction mixture was then allowed
to stir at room temperature overnight. When the reaction was complete as monitored by TLC, 50
mL of H,O was added to quench the reaction. The resulting mixture was extracted with Et,O (3
x 20 mL). The combined organic layer was washed with 50 mL of brine, dried over MgSO,,
filtered and concentrated. The methyl enol ether product was obtained after flash column
chromatography. The methyl enol ether was dissolved in a solvent mixture of acetone and H,O
(viv = 4:1, 0.9 M). The resulting mixture was then cooled to 0 ° C under inert atmosphere.
Concentrated HBr (48%, 1 mL) was added slowly to the solution. The reaction was warmed to
room temperature and stirred until completion monitored by TLC. If the reaction was not
complete after 24 h, 0.5 mL of concentrated HBr was added every 4 h until all the methyl enol
ether was consumed. The reaction mixture was then quenched and neutralized by saturated aq.
NaHCO; solution and extracted with Et,O (3 x 20 mL). The combined organic layers were
washed with 50 mL of brine, dried over MgSQ,, filtered and concentrated. The branched
aldehyde was obtained after flash column chromatography using the solvent mixture indicated

below.

OMe
(0]
H/\H/©/

3-43

2-(4-Methoxyphenyl)propanal (3-43): Prepared from 4'-methoxyacetophenone (751 mg, 5.00
mmol) using the general procedure. Purified by flash column chromatography (50:1 to 25:1

hexane:Et,0) and isolated as a colorless oil (157 mg, 19%).

'H NMR (CDCl;, 500 MHz): & 9.65 (d, J = 1.5 Hz, 1H), 7.15-7.11 (m, 2H), 6.94-6.90 (m, 2H),
3.81 (s, 3H), 3.58 (qd, J = 7.1, 1.5 Hz, 1H), 1.42 (d, J = 7.1 Hz, 3H);

®C NMR (CDCls, 125 MHz): § 201.1, 159.0, 129.6, 129.3, 114.5, 55.3, 52.2, 14.7.
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Me
(0]
H/\H/©/

3-44

2-(p-Tolyl)propanal (3-44): Prepared from 4'-methylacetophenone (671 mg, 5.00 mmol) using
the general procedure. Purified by flash column chromatography (50:1 to 25:1 hexane:Et,0)
and isolated as a colorless oil (316 mg, 43%).

'H NMR (CDCls, 500 MHz): 5 9.67 (d, J = 1.5 Hz, 1H), 7.19 (m, 2H), 7.13-7.08 (m, 2H), 3.60 (qd,
J=7.1,1.5Hz, 1H), 2.35 (s, 3H), 1.43 (d, J = 7.1 Hz, 3H);

3C NMR (CDCl;, 125 MHz): 5 201.2, 137.3, 134.7, 129.8, 128.2, 52.6, 21.1, 14.7.

Br
(@)

2-(4-Bromophenyl)propanal (3-45): Prepared from 4'-bromoacetophenone (995 mg, 5.00
mmol) using the general procedure. Purified by flash column chromatography (50:1 to 25:1

hexane:Et,0) and isolated as a colorless oil (422 mg, 40%).

'H NMR (CDCl;, 500 MHz): & 9.66 (d, J = 1.3 Hz, 1H), 7.59-7.42 (m, 2H), 7.16-6.99 (m, 2H),
3.60 (qd, J = 7.1, 1.3 Hz, 1H), 1.44 (d, J = 7.1 Hz, 3H);

3C NMR (CDCls, 125 MHz): § 200.3, 136.7, 132.2, 130.0, 121.6, 52.4, 14.6.

(0]
H Br

2-(3-Bromophenyl)propanal (3-46): Prepared from 3'-bromoacetophenone (995 mg, 5.00
mmol) using the general procedure. Purified by flash column chromatography (50:1 to 30:1

hexane:Et,0) and isolated as a colorless oil (262 mg, 25%).

147



'H NMR (CDCls, 500 MHz): 5 9.67 (d, J = 1.4 Hz, 1H), 7.44 (ddd, J = 8.0, 2.0, 1.1 Hz, 1H), 7.37
(t, J = 1.8 Hz, 1H), 7.25 (t, J = 7.8 Hz, 1H), 7.16-7.11 (m, 1H), 3.61 (qd, J = 7.1, 1.4 Hz, 1H),
1.44 (d, J = 7.1 Hz, 3H);

®C NMR (CDCl;, 125 MHz): 5 200.2, 140.0, 131.4, 130.7, 130.6, 126.9, 123.1, 52.6, 14.6.

Cl
(0]
3-37

2-(3,4-Dichlorophenyl)propanal (3-37): Prepared from 3',4'-dichloroacetophenone (3.02 g,
16.0 mmol) using the general procedure. Purified by flash column chromatography (30:1
hexane:Et,0) and isolated as a light yellow oil (1.96 g, 61%).

'"H NMR (CDCl;, 500 MHz): § 9.66 (d, J = 1.3 Hz, 1H), 7.45 (d, J = 8.3 Hz, 1H), 7.31 (d, J = 2.1
Hz, 1H), 7.05 (dd, J = 8.3, 2.1 Hz, 1H), 3.61 (qd, J = 7.1 Hz, 1.3 Hz, 1H), 1.45 (d, J = 7.1 Hz,
3H);

3C NMR (CDCl,, 125 MHz): 5 199.7, 137.9, 133.2, 131.8, 131.0, 130.3, 127.6, 52.0, 14.6.

CO,Me
(0]
H/\H/©/

3-47

Methyl 4-(1-oxopropan-2-yl)benzoate (3-47): Prepared from methyl 4-acetylbenzoate (1.28 g,
7.20 mmol) using the general procedure. Purified by flash column chromatography (10:1
hexane:EtOAc) and isolated as a light yellow oil (170 mg, 12%).

'H NMR (CDCl;, 500 MHz): § 9.70 (d, J = 1.3 Hz, 1H), 8.08-8.01 (m, 2H), 7.32-7.27 (m, 2H),
3.92 (s, 3H), 3.71 (qd, J= 7.1, 1.3 Hz, 1H), 1.48 (d, J = 7.1 Hz, 3H);

3C NMR (CDCl;, 125 MHz): § 200.2, 166.7, 142.9, 130.3, 129.5, 128.3, 53.0, 52.2, 14.6.
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NO
0 2
H

3-48

2-(4-Nitrophenyl)propanal (3-48): Prepared from 4'-nitroacetophenone (1.20 g, 7.20 mmol)
using the general procedure. Purified by flash column chromatography (4:1 hexane:EtOAc) and

isolated as an orange-red oil (273 mg, 31%).

'H NMR (CDCl;, 500 MHz): & 9.72 (d, J = 1.2 Hz, 1H), 8.28-8.21 (m, 2H), 7.42-7.37 (m, 2H),
3.79 (qd, J= 7.2, 1.2 Hz, 1H), 1.52 (d, J = 7.2 Hz, 3H);

3C NMR (CDCls, 125 MHz): 5 199.3, 147.4, 145.1, 129.2, 124.2, 52.7, 14.7.

CF
0 3
H

3-49

2-(4-(Trifluoromethyl)phenyl)propanal (3-49): Prepared from 4'-(trifluoromethyl)
acetophenone (941 mg, 5.00 mmol) using the general procedure. Purified by flash column

chromatography (100:1 hexane:Et,O) and isolated as a colorless oil (871 mg, 86%).

'H NMR (CDCls, 500 MHz): § 9.70 (d, J = 1.3 Hz, 1H), 7.64 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.3
Hz, 2H), 3.1 (qd, J=7.1, 1.3 Hz, 1H), 1.49 (d, J = 7.1 Hz, 3H);

3C NMR (CDCls, 125 MHz): § 200.1, 141.8, 129.9 (q, J = 32.7 Hz), 128.7, 126.0 (q, J = 3.8 Hz),
124.0 (g, J = 272.7 Hz), 52.8, 14.6;

'F NMR (CDCl,, 476 MHz): § —62.6 (s, 3F).
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CF;

H CF;

3-50

2-(3,5-Bis(trifluoromethyl)phenyl)propanal (3-50): Prepared from 2-(3,5-bis(trifluoromethyl)
phenyl)propanal (1.28 g, 5.00 mmol) using the general procedure. Purified by flash column
chromatography (30:1 hexane:Et,0) and isolated as a light yellow oil (446 mg, 33%).

'H NMR (CDCls, 500 MHz): § 9.74 (d, J = 1.1 Hz, 1H), 7.84 (s, 1H), 7.67 (s, 2H), 3.82 (qd, J =
7.3,1.1 Hz, 1H), 1.55 (d, J = 7.2 Hz, 3H);

3C NMR (CDCls, 125 MHz): § 199.0, 140.3, 132.4 (q, J = 32.7 Hz), 128.5, 123.1 (q, J = 272.7
Hz), 121.7 (sept, J = 3.8 Hz), 52.4, 14.7;

F NMR (CDCl;, 476 MHz): 5 —62.9 (s, 6F).

Y
H
3-51

2-(Naphthalen-2-yl)propanal (3-51): Prepared from 2-acetylnaphthalene (851 mg, 5.00 mmol)
using the general procedure. Purified by flash column chromatography (30:1 hexane:Et,O) and
isolated as a white solid (750 mg, 82%).

'H NMR (CDCl3, 500 MHz): 6 9.77 (d, J = 1.4 Hz, 1H), 7.91-7.79 (m, 3H), 7.70-7.64 (m, 1H),
7.54-7.46 (m, 2H), 7.33 (dd, J = 8.4, 1.8 Hz, 1H), 3.81 (qd, J=7.0, 1.4 Hz, 1H), 1.55(d, J=7.0
Hz, 3H);

®C NMR (CDCls, 125 MHz): § 201.0, 135.2, 133.6, 132.7, 128.9, 127.7, 127.7, 127.2, 126.4,
126.2, 126.1, 53.1, 14.7.
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3-52

2-(1-tosyl-1H-indol-5-yl)propanal (3-52): Prepared from 1-(1-tosyl-1H-indol-5-yl) ethanone
(1.04 g, 3.32 mmol) using the general procedure. Purified by flash column chromatography (6:1
hexane:EtOAc) and isolated as a light yellow viscous oil (625 mg, 58%).

"H NMR (CDCl3, 500 MHz): 8 9.67 (d, J = 1.5 Hz, 1H), 7.98 (d, J = 8.6 Hz, 1H), 7.79-7.73 (m,
2H), 7.58 (d, J = 3.7 Hz, 1H), 7.36 (d, J = 1.8 Hz, 1H), 7.25-7.19 (m, 2H), 7.14 (dd, J = 8.6, 1.8
Hz, 1H), 6.63 (dd, J = 3.7, 0.8 Hz, 1H), 3.69 (qd, J = 7.0, 1.5 Hz, 1H), 2.35 (s, 3H), 1.46 (d, J =
7.1 Hz, 3H);

®C NMR (CDCl;, 125 MHz): § 201.0, 145.1, 135.3, 134.2, 132.7, 131.4, 129.9, 127.0, 126.9,
124.9, 121.0, 114.1, 108.7, 52.8, 21.6, 14.9.

3-53

2-Phenylbutanal (3-53): Prepared from propiophenone (671 mg, 5.00 mmol) using the general
procedure. Purified by flash column chromatography (30:1 hexane:Et,O) and isolated as a
colorless oil (233 mg, 31%).

'H NMR (CDCls, 500 MHz): 5 9.68 (d, J = 2.1 Hz, 1H), 7.40-7.34 (m, 2H), 7.33-7.28 (m, 1H),
7.22-7.17 (m, 2H), 3.41 (ddd, J = 8.4, 6.9, 2.1 Hz, 1H), 2.18-2.05 (m, 1H), 1.84-1.70 (m, 1H),
0.91 (dd, J = 7.4, 7.4 Hz, 3H);

3C NMR (CDCl;, 125 MHz): 5 201.0, 136.3, 129.0, 128.8, 127.5, 60.9, 23.0, 11.7.

3.11.4 Synthesis and characterization of allylic alcohols

Allylic alcohols were prepared according to Xia and co-workers from the corresponding ketone

substrates and vinyl magnesium bromide solution in THF.*
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HO

3-2
1,1-Diphenylprop-2-en-1-ol (3-2):

'H NMR (CDCls, 500 MHz): § 7.45-7.39 (m, 4H), 7.35 (m, 4H), 7.31-7.24 (m, 2H), 6.58-6.51 (m,
1H), 5.39-5.35 (m, 1H), 5.34 (m, 1H), 2.30 (s, 1H);

3C NMR (CDCls, 125 MHz): 5 145.8, 143.5, 128.2, 127.3, 126.9, 114.0, 79.4.

F

HO
S
F
3-14

1,1-Bis(4-fluorophenyl)prop-2-en-1-ol (3-14):

'H NMR (CDCls, 500 MHz): § 7.39-7.29 (m, 4H), 7.05-6.95 (m, 4H), 6.45 (dd, J = 17.1, 10.6 Hz,
1H), 5.33 (dd, J = 10.6, 1.0 Hz, 1H), 5.28 (dd, J = 17.1, 1.0 Hz, 1H), 2.24 (s, 1H);

3C NMR (CDCly, 125 MHz): § 162.0 (d, J = 246.5 Hz), 143.2, 141.4 (d, J = 3.8 Hz), 128.7 (d, J
= 8.1 Hz), 115.0 (d, J = 21.4 Hz), 114.5, 78.7;

F NMR (CDCls, 476 MHz): 5 —115.26 (tt, J = 8.6, 5.4 Hz, 2F).

3.11.5 General procedure for dual catalytic asymmetric allylation

To a 2-5 mL microwaves glass vessel charged with a stir bar under a stream of N,, was added
ferrocenium boronic acid BAC-26 (35 mg, 0.075 mmol) followed by 0.1 mL HFIP. The mixture
was allowed to stir at room temperature for 5 min. Allylic alcohol 3-2 (105 mg, 0.50 mmol),
amine catalyst A-35 (48 mg, 0.075 mmol) and branched aldehyde (0.25 mmol) in 1 mL of

toluene was added to the reaction mixture under N,. The microwaves vessel was then sealed
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and heated up to 60 °C in a Biotage™ microwave reactor (absorption level: normal, 30 W) for 12
h. After the indicated time, the reaction mixture was diluted with 5 mL of DCM and run through a
silica plug with 50 mL of DCM as eluent. The crude mixture was obtained after removal of DCM.
To a 50 mL of round bottom flask charged with the crude mixture, was added 20 mL of DCM
and 2 mL of MeOH followed by NaBH, (95 mg, 2.50 mmol) at 0 °C. The reaction mixture was
then allowed to warm up to room temperature and stirred for 2 h before quenching with 20 mL
saturated aqueous NH,CI solution. The resulting mixture was extracted with DCM (3 x 10 mL).
The combined organic layers were then washed with brine, dried over and, filtered and
concentrated. The reduced allylation product was obtained after flash column chromatography

using the solvent mixture indicated below.

3-20

2-Methyl-2,5,5-triphenylpent-4-en-1-ol (3-20): Prepared from aldehyde 3-1 (34 mg, 0.25 mmol)
using the general procedure. Purified by flash column chromatography (10:1 to 5:1
hexane:EtOAc), PTLC (5:1 hexane:EtOAc) and isolated as a light yellow solid (49 mg, 59.7%).

M.p. 69-71 °C.

'H NMR (CDCls, 500 MHz): & 7.43-7.30 (m, 7H), 7.28-7.16 (m, 4H), 7.15-7.10 (m, 2H), 7.09-
7.04 (m, 2H), 5.88 (dd, J = 7.3, 7.3 Hz, 1H), 3.71 (dd, J = 10.9, 4.8 Hz, 1H), 3.57 (dd, J = 10.8,
7.0 Hz, 1H), 2.65 (dd, J = 14.9, 6.9 Hz, 1H), 2.44 (dd, J = 14.9, 7.8 Hz, 1H), 1.39 (s, 3H), 1.16
(dd, J = 6.2, 6.2 Hz, 1H);

3C NMR (CDCls, 125 MHz): & 144.4, 143.5, 142.7, 140.1, 130.0, 128.5, 128.3, 128.1, 127.2,
127.1,126.9, 126.8, 126.4, 125.5, 71.9, 44.2, 38.2, 22.2,;

IR (Microscope, cm™): 3570, 3431, 3056, 3024, 2965, 2931, 1599, 1496, 1444;
HRMS (EI) for Ca4H,40: calcd. 328.1827; found 328.1826;
[0]o2%: +7.57 (c 2.64, CHCl.);

HPLC (Chiralpak AS): 5:95 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tgjor = 18.0 min,
Tinor = 15.1 min, er = 94:6.
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2-(4-Methoxyphenyl)-2-methyl-5,5-diphenylpent-4-en-1-ol (3-21): Prepared from aldehyde 3-
43 (41 mg, 0.25 mmol) using the general procedure. Purified by flash column chromatography
(10:1 to 5:1 hexane:EtOAc), PTLC (5:1 hexane:EtOAc) and isolated as a light yellow viscous
liquid (38 mg, 42%).

'H NMR (CDCls, 500 MHz): & 7.40-7.36 (m, 2H), 7.34-7.30 (m, 1H), 7.26-7.17 (m, 5H), 7.14-
7.12 (m, 2H), 7.08-7.06 (m, 2H), 6.91-6.85 (m, 2H), 5.90-5.85 (dd, J = 10.9, 10.7 Hz, 1H), 3.81
(s, 3H), 3.66 (d, J = 10.9 Hz, 1H), 3.52 (d, J = 10.7 Hz, 1H), 2.61 (dd, J = 14.9, 6.8 Hz, 1H), 2.40
(dd, J = 14.8, 7.8 Hz, 1H), 1.35 (s, 3H), 1.14 (br s, 1H);

®C NMR (CDCls, 125 MHz): 5 158.0, 143.4, 142.7, 140.2, 136.3, 130.0, 128.3, 128.0, 127.9,
127.2,127.0, 126.9, 125.6, 113.9, 72.1, 55.3, 43.6, 38.3, 22.3;

IR (Microscope, cm'1): 3438, 3024, 2959, 2932, 1610, 1514, 1443, 1251, 1032;
HRMS (EI) for C,5H,50,: calcd. 358.1933; found 358.1935;
[a]o®: +8.14 (c 1.92, CHCI,);

HPLC (Chiralpak AS): 5:95 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tmaor = 33.2 min,
Tminor = 22.4 min, er = 93:7.

2-Methyl-5,5-diphenyl-2-(p-tolyl)pent-4-en-1-ol (3-22): Prepared from aldehyde 3-44 (37 mg,
0.25 mmol) using the general procedure. Purified by flash column chromatography (10:1

hexane:EtOAc) and isolated as a light yellow viscous liquid (49 mg, 57%).
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'H NMR (CDCl,, 500 MHz): § 7.40-7.38 (m, 2H), 7.36-7.30 (m, 1H), 7.27-7.12 (m, 9H), 7.10-
7.08 (m, 2H), 5.90 (dd, J = 7.7, 6.9 Hz, 1H), 3.69 (dd, J = 10.9, 5.5 Hz, 1H), 3.54 (dd, J = 10.9,
7.4 Hz, 1H), 2.63 (dd, J = 14.9, 6.8 Hz, 1H), 2.43 (dd, J = 14.9, 7.8 Hz, 1H), 2.36 (s, 3H), 1.37 (s,
3H), 1.17 (dd, J = 6.6, 6.6 Hz, 1H);

®C NMR (CDCls, 125 MHz): 5 143.4, 142.8, 141.3, 140.2, 135.8, 130.0, 129.3, 128.3, 128.1,
127.2,127.0, 126.9, 126.7, 125.7, 71.99, 43.9, 38.2, 22.2, 20.9;

IR (Microscope, cm™): 3579, 3375, 3055, 3025, 2965, 2923, 2827, 1598, 1515, 1494, 1444,
1032;

HRMS (El) for CysH260: calcd. 342.1984; found 342.1986;
[a]p®®: +7.22 (c 3.83, CHCly);

HPLC (Chiralpak AS): 5:95 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tmaor = 15.0 min,
Tuminor = 13.2 min, er = 93:7.

2-(4-Bromophenyl)-2-methyl-5,5-diphenylpent-4-en-1-ol (3-23): Prepared from aldehyde 3-
45 (53 mg, 0.25 mmol) using the general procedure. Purified by flash column chromatography
(10:1 to 5:1 hexane:EtOAc), PTLC (5:1 hexane:EtOAc) and isolated as a light yellow viscous
liquid (70 mg, 70%).

'H NMR (CDCls, 500 MHz): & 7.49-7.43 (m, 2H), 7.41-7.36 (m, 2H), 7.35-7.30 (m, 1H), 7.24-
7.15 (m, 5H), 7.14-7.10 (m, 2H), 7.09-7.04 (m, 2H), 5.85 (dd, J = 7.4, 7.4 Hz, 1H), 3.66 (dd, J =
11.0, 5.6 Hz, 1H), 3.54 (dd, J = 11.0, 7.2 Hz, 1H), 2.62 (dd, J = 14.9, 7.0 Hz, 1H), 2.42 (dd, J =
14.9, 7.7 Hz, 1H), 1.36 (s, 3H), 1.19 (dd, J = 6.5, 6.5 Hz, 1H);

®C NMR (CDCls, 125 MHz): 5 143.9, 143.7, 142.6, 140.0, 131.5, 129.9, 128.7, 128.3, 128.1,
127.2,127.1,127.1,124.9, 120.3, 71.6, 44.1, 38.0, 22.1,
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IR (Microscope, cm™): 3582, 3375, 3056, 3025, 2929, 2877, 1598, 1492, 1443, 1008;
HRMS (EI) for C,4H,3BrO: calcd. 406.0932; found 406.0925;
[a]p?®: +12.65 (c 5.11, CHCIs);

HPLC (Chiralpak AS): 5:95 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tmaor = 17.4 min,
Tminor = 16.2 min, er = 95.5:4.5.

3-24

2-(3-Bromophenyl)-2-methyl-5,5-diphenylpent-4-en-1-ol (3-24): Prepared from aldehyde 3-
46 (53 mg, 0.25 mmol) using the general procedure. Purified by flash column chromatography
(10:1 to 5:1 hexane:EtOAc), PTLC (5:1 hexane:EtOAc) and isolated as a yellow viscous liquid
(69 mg, 68%).

'H NMR (CDCls, 500 MHz): & 7.45 (t, J = 1.7 Hz, 1H), 7.42-7.36 (m, 3H), 7.36-7.31 (m, 1H),
7.25-7.18 (m, 5H), 7.14-7.10 (m, 2H), 7.08-7.06 (m, 2H), 5.84 (dd, J = 7.4, 7.4 Hz, 1H), 3.67 (d,
J = 11.1 Hz, 1H), 3.55 (d, J = 10.9 Hz, 1H), 2.61 (dd, J = 14.9, 7.2 Hz, 1H), 2.42 (dd, J = 14.9,
7.6 Hz, 1H), 1.37 (s, 3H), 1.22 (br s, 1H);

3C NMR (CDCls, 125 MHz): 5 147.2, 144.0, 142.6, 139.9, 130.2, 130.0, 129.9, 129.5, 128 .4,
128.1,127.2,127.2,127.1, 125.6, 124.8, 122.9, 71.6, 44.4, 38.1, 22.1;

IR (Microscope, cm™): 3585, 3379, 3028, 2973, 2927, 1593, 1562, 1476, 1443, 1031;
HRMS (EI) for C,4H,3BrO: calcd. 406.0932; found 406.0935;
[a]o®: +8.99 (c 4.57, CHCI);

HPLC (Chiralpak AS): 3:97 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 230 nM, Traor = 25.1 min,
Tminor =23.1 min, er=964.
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2-(3,4-Dichlorophenyl)-2-methyl-5,5-diphenylpent-4-en-1-ol (3-25): Prepared from aldehyde
3-37 (51 mg, 0.25 mmol) using the general procedure. Purified by flash column chromatography
(10:1 to 5:1 hexane:EtOAc) and isolated as a yellow solid (81 mg, 82%).

M.p. 50-52 °C.

'H NMR (CDCls, 500 MHz): & 7.44-7.37 (m, 4H), 7.37-7.31 (m, 1H), 7.28-7.19 (m, 3H), 7.14-
7.12 (m, 3H), 7.11-7.05 (m, 2H), 5.85 (dd, J = 7.4, 7.4 Hz, 1H), 3.65 (d, J = 10.9 Hz, 1H), 3.54 (d,
J =10.8 Hz, 1H), 2.61 (dd, J = 14.9, 7.3 Hz, 1H), 2.43 (dd, J = 14.9, 7.6 Hz, 1H), 1.37 (s, 3H),
1.30 (br s, 1H);

3C NMR (CDCls, 125 MHz): § 145.3, 144.3, 142.5, 139.8, 132.5, 130.4, 130.2, 129.9, 129.2,
128.4,128.2,127.2,127.2, 126.5, 124.4, 71.4, 441, 37.9, 22 1,

IR (Microscope, cm™): 3595, 3367, 3055, 3023, 2967, 2933, 1598, 1555, 1473, 1444, 1028;
HRMS (EI) for Cp4H,,Cl,O: calcd. 396.1048; found 396.1045;
[a]o®’: +12.39 (c 7.57, CHCI,);

HPLC (Chiralpak AS): 2.5:97.5 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tnajor = 27.4 min,
Tminor = 24.8 min, er = 96.5:3.5.

Methyl 4-(1-hydroxy-2-methyl-5,5-diphenylpent-4-en-2-yl)benzoate (3-26): Prepared from
aldehyde 3-47 (48 mg, 0.25 mmol) using the general procedure. Purified by flash column
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chromatography (5:1 to 3:1 hexane:EtOAc), PTLC (3:1 hexane:EtOAc) and isolated as a light
yellow viscous liquid (56 mg, 58%).

'H NMR (CDCls, 500 MHz): & 8.03-7.97 (m, 2H), 7.42-7.36 (m, 4H), 7.34-7.30 (m, 1H), 7.21-
7.17 (m, 3H), 7.11-7.19 (m, 2H), 7.05-6.99 (m, 2H), 5.81 (dd, J = 7.4, 7.4 Hz, 1H), 3.92 (s, 3H),
3.73 (dd, J = 11.0, 5.9 Hz, 1H), 3.59 (dd, J = 11.0, 7.2 Hz, 1H), 2.66 (dd, J = 14.9, 7.2 Hz, 1H),
2.45 (dd, J = 14.8, 7.7 Hz, 1H), 1.40 (s, 3H), 1.14 (dd, J = 7.1, 5.9 Hz, 1H);

®C NMR (CDCls, 125 MHz): 5 167.0, 150.2, 144.0, 142.5, 139.9, 129.9, 129.7, 128.3, 128.2,
128.1,127.1,127.1,127.1, 126.9, 124.7, 71.6, 52.1, 44.6, 38.1, 22.2;

IR (Microscope, cm'1): 3488, 3056, 3025, 2951, 2876, 1722, 1610, 1437, 1283, 1117;
HRMS (El) for CysH2s03: calcd. 386.1882; found 386.1882;
[a]o®’: +12.36 (c 5.74, CHCI;);

HPLC (Chiralcel I1B): 25:75 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tmnajor = 6.2 min,
Tminor = 7.1 min, er = 95:5.

2-Methyl-2-(4-nitrophenyl)-5,5-diphenylpent-4-en-1-ol (3-27): Prepared from aldehyde 3-48
(45 mg, 0.25 mmol) using the general procedure. Purified by flash column chromatography (5:1

to 3:1 hexane:EtOAc) and isolated as a yellow viscous liquid (74 mg, 79%).

'H NMR (CDCl,, 500 MHz): & 8.21-8.13 (m, 2H), 7.50-7.44 (m, 2H), 7.42-7.29 (m, 3H), 7.25-
7.15 (m, 3H), 7.13-7.06 (m, 2H), 7.06-6.98 (m, 2H), 5.81 (t, J = 7.4, 7.4 Hz, 1H), 3.75 (d, J =
11.0 Hz, 1H), 3.63 (d, J = 10.9 Hz, 1H), 2.69 (dd, J = 14.9, 7.3 Hz, 1H), 2.50 (dd, J = 14.9, 7.6
Hz, 1H), 1.43 (s, 3H), 1.31 (br s, TH);

®C NMR (CDCls, 125 MHz): 5 153.0, 146.4, 144.5, 142.3, 139.7, 129.8, 128.4, 128.2, 127.9,
127.3,127.3,127.1,124.0, 123.4, 71.2, 44.8, 38.0, 22.3;
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IR (Microscope, cm™): 3579, 3430, 3055, 3024, 2968, 2930, 1602, 1517, 1444, 1347, 1032;
HRMS (EI) for C,4H,3N303: caled. 373.1678; found 373.1678;
[a]p?®: +17.26 (c 0.69, CHCIs);

The enantiomeric ratio of chiral compound 3-27 was determined by (R)-Mosher’s acid

derivatization due to a difficult HPLC separation (see below).

2-Methyl-5,5-diphenyl-2-(4-(trifluoromethyl)phenyl)pent-4-en-1-ol (3-28): Prepared from
aldehyde 3-49 (51 mg, 0.25 mmol) using the general procedure. Purified by flash column
chromatography (10:1 hexane:EtOAc), PTLC (5:1 hexane:EtOAc) and isolated as a yellow
viscous liquid (79 mg, 80%).

'H NMR (CDCl;, 500 MHz):  7.59 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.41-7.30 (m,
3H), 7.25-7.16 (m, 3H), 7.11-7.08 (m, 2H), 7.07-7.02 (m, 2H), 5.84 (dd, J = 7.4, 7.4 Hz, 1H),
3.73 (dd, J = 11.6, 3.6 Hz, 1H), 3.60 (dd, J = 11.0, 5.4 Hz, 1H), 2.66 (dd, J = 14.8, 7.2 Hz, 1H),
2.47 (dd, J = 14.8, 7.7 Hz, 1H), 1.41 (s, 3H), 1.19 (br s, 1H);

3C NMR (CDCls, 175 MHz): & 149.0, 144.1, 142.4, 139.8, 129.8, 128.5 (q, J = 33.4 Hz), 128.3,
128.1, 127.2, 127.1, 127.1, 127.1, 125.3 (q, J = 3.5 Hz), 124.5, 124.2 (q, J = 272.8 Hz), 71.4,
44.4,38.0, 22.1;

"F NMR (CDCl;, 476 MHz): 5 —62.4 (s, 3F);

IR (Microscope, cm™): 3583, 3376, 3080, 3056, 3024, 2930, 1618, 1599, 1444, 1328, 1167,
1124,

HRMS (El) for CzsH23F30: caled. 396.1701; found 396.1697;

[a]o®: +9.53 (c 4.53, CHCI;);
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HPLC (Chiralcel OD): 10:90 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tmgor = 12.0 min,
Tminor = 14.6 min, er = 96:4.

3-29

2-(3,5-Bis(trifluoromethyl)phenyl)-2-methyl-5,5-diphenylpent-4-en-1-ol  (3-29): Prepared
from aldehyde 3-50 (68 mg, 0.25 mmol) using the general procedure. Purified by flash column

chromatography (10:1 hexane:EtOAc) and isolated as a yellow viscous liquid (82 mg, 70%).

'"H NMR (CDCl3, 500 MHz): 8 7.77 (m, 3H), 7.42-7.32 (m, 3H), 7.25-7.18 (m, 3H), 7.10-7.06 (m,
2H), 7.06-7.01 (m, 2H), 5.80 (dd, J = 7.4, 7.4 Hz, 1H), 3.77 (d, J = 12.3 Hz, 1H), 3.64 (d, J =
10.0 Hz, 1H), 2.67 (dd, J = 14.9, 7.6 Hz, 1H), 2.51 (dd, J = 14.9, 7.3 Hz, 1H), 1.46 (s, 3H), 1.34
(brs, 1H);

3C NMR (CDCls, 125 MHz): & 147.9, 144.9, 142.3, 139.6, 131.5 (q, J = 33.9 Hz), 129.7, 128.4,
128.2, 127.3, 127.3, 127.2, 127.2, 123.7, 123.5 (q, J = 272.2 Hz), 120.4 (sept, J = 3.8 Hz), 70.9,
44.5,38.0, 22.3;

F NMR (CDCl;, 476 MHz): 5 —62.6 (s, 6F);

IR (Microscope, cm™): 3592, 3405, 3059, 3030, 2975, 2924, 1620, 1599, 1495, 1445, 1376,
1278, 1174, 1135;

HRMS (EI) for Co6H,5FsO: calcd. 464.1575; found 464.1574;
[a]o®®: +10.09 (c 3.71, CHCIs);

HPLC (Chiralcel OD): 5:95 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tnaor = 13.5 min,
Tminor = 15.3 min, er = 95.5:4.5.
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2-Methyl-2-(naphthalen-2-yl)-5,5-diphenylpent-4-en-1-ol (3-30): Prepared from aldehyde 3-
51 (46 mg, 0.25 mmol) using the general procedure. Purified by flash column chromatography
(10:1 to 5:1 hexane:EtOAc), PTLC (5:1 hexane:EtOAc) and isolated as a light yellow solid (67
mg, 71%).

M.p. 73-74 °C.

'H NMR (CDCl,, 500 MHz): & 7.85-7.83 (m, 3H), 7.78 (s, 1H), 7.54-7.46 (m, 3H), 7.42-7.39 (m,
2H), 7.37-7.34 (m, 1H), 7.21-7.12 (m, 5H), 7.11-6.99 (m, 2H), 5.92 (dd, J = 7.3, 7.3 Hz, 1H),
3.80 (d, J = 11.0 Hz, 1H), 3.65 (d, J = 11.0 Hz, 1H), 2.79 (dd, J = 14.9, 6.9 Hz, 1H), 2.53 (dd, J =
14.9, 7.8 Hz, 1H), 1.51 (s, 3H), 1.23 (br s, 1H);

®C NMR (CDCl;, 125 MHz): & 143.6, 142.6, 141.8, 140.2, 133.4, 132.1, 130.0, 128.3, 128.2,
128.1, 128.1, 127.4, 127.2, 127.1, 127.0, 126.1, 125.9, 125.8, 125.4, 125.0, 71.9, 44.4, 38.1,
22.3;

IR (Microscope, cm™): 3577, 3401, 3056, 3022, 2966, 2928, 2875, 1631, 1598, 1506, 1443,
1376, 1031;

HRMS (EI) for CosH,60: calcd. 378.1984; found 378.1984;
[a]p®’: +2.06 (c 3.85, CHCI,);

HPLC (Chiralpak AS): 5:95 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, T a0 = 22.4 min,
Tminor = 19.2 min, er = 96:4.
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3-31

2-Methyl-5,5-diphenyl-2-(1-tosyl-1H-indol-5-yl)pent-4-en-1-ol  (3-31): Prepared  from
aldehyde 3-52 (82 mg, 0.25 mmol) using the general procedure. Purified by flash column
chromatography (6:1 to 3:1 hexane:EtOAc) and isolated as a white solid (64 mg, 49%).

M.p. 49-52 °C.

'H NMR (CDCls, 500 MHz): § 7.92 (d, J = 8.7 Hz, 1H), 7.76 (m, 2H), 7.54 (d, J = 3.6 Hz, 1H),
7.44 (d, J = 1.6 Hz, 1H), 7.35-7.23 (m, 5H), 7.20-7.14 (m, 5H), 7.00 (m, 3H), 6.61 (d, J = 3.7 Hz,
1H), 5.82 (dd, J = 7.4, 7.4 Hz, 1H), 3.71 (dd, J = 10.9, 5.6 Hz, 1H), 3.56 (dd, J = 10.9, 7.7 Hz,
1H), 2.64 (dd, J = 14.8, 7.1 Hz, 1H), 2.42 (dd, J = 14.8, 7.7 Hz, 1H), 2.30 (s, 3H), 1.41 (s, 3H),
1.08 (dd, J = 7.6, 5.7 Hz, 1H);

®C NMR (CDCl;, 125 MHz): & 144.9, 143.6, 142.7, 140.0, 139.4, 135.4, 133.4, 131.0, 129.9,
128.2, 128.0, 127.1, 127.0, 126.9, 126.8, 126.5, 125.3, 123.5, 119.7, 113.4, 109.2, 72.1, 44.2,
38.5, 22.4, 21.6;

IR (Microscope, cm'1): 3575, 3452, 3055, 3023, 2969, 2926, 1597, 1577, 1494, 1461, 1371,
1264, 1172, 1132;

HRMS (EI) for Ca3HeNO,S [M-H,0]": calcd. 503.1919; found 503.1922;
[a]p®’: +24.88 (c 0.79, CHCI;);

HPLC (Chiralcel I1B): 25:75 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tmajor = 8.6 min,
Trinor = 9.2 min, er = 94:6.
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3-35

2-Ethyl-2,5,5-triphenylpent-4-en-1-ol (3-35): Prepared from aldehyde 3-53 (37 mg, 0.25 mmol)
using the general procedure. Purified by flash column chromatography (10:1 to 5:1
hexane:EtOAc), PTLC (5:1 hexane:EtOAc) and isolated as a yellow viscous liquid (16 mg, 19%).

'H NMR (CDCls, 500 MHz): & 7.41-7.32 (m, 5H), 7.31-7.29 (m, 2H), 7.25-7.15 (m, 6H), 7.11-
7.06 (m, 2H), 5.92 (dd, J = 7.4, 7.4 Hz, 1H), 3.78 (d, J = 5.3 Hz, 2H), 2.58 (d, J = 7.2 Hz, 2H),
1.84-1.72 (m, 2H), 0.99 (dd, J = 6.6 Hz, 1H), 0.66 (dd, J = 7.4, 7.4 Hz, 3H):

®C NMR (CDCls, 125 MHz): 5 143.8, 143.5, 142.8, 140.0, 129.9, 128.5, 128.3, 128.1, 127.2,
127.2,127.0, 126.9, 126.2, 125.6, 67.4, 47.0, 34.3, 27.7, 8.1;

IR (Microscope, cm™): 3587, 3426, 3055, 3023, 2964, 2928, 2879, 1599, 1496, 1444, 1032;
HRMS (EI) for CpsH,60: calcd. 342.1984; found 342.1977;
[a]p®’: +0.07 (c 0.84, CHCI);

HPLC (Chiralpak AS): 5:95 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tmaor = 14.4 min,
Trinor = 12.5 min, er = 80:20.

3-54

5,5-Bis(4-fluorophenyl)-2-methyl-2-phenylpent-4-en-1-ol (3-54): Prepared from aldehyde 3-1
(34.0 mg, 0.25 mmol) and allylic alcohol 3-14 (123 mg, 0.50 mmol) with general procedure.
Purified by flash column chromatography (10:1 to 5:1 hexane:EtOAc) and isolated as a light
yellow oil (47 mg, 52.0%).
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'H NMR (CDCls, 500 MHz): & 7.38-7.28 (m, 4H), 7.27-7.22 (m, 1H), 7.08-7.01 (m, 4H), 7.00-
6.95 (m, 2H), 6.91-6.85 (m, 2H), 5.79 (dd, J = 7.3, 7.3 Hz, Hz, 1H), 3.71 (d, J = 11.0 Hz, 1H),
3.56 (d, J = 10.9 Hz, 1H), 2.62 (dd, J = 14.8, 7.0 Hz, 1H), 2.39 (dd, J = 14.8, 7.7 Hz, 1H), 1.37 (s,
3H), 1.16 (br s, TH):

3C NMR (CDCls, 125 MHz): 5 162.1 (d, J = 246.4 Hz), 161.9 (d, J = 245.1 Hz), 144.15, 141.54,
138.7 (d, J = 3.2 Hz), 135.8 (d, J = 3.4 Hz), 131.5 (d, J = 7.9 Hz), 128.7 (d, J = 7.9 Hz), 128.6,
126.8, 126.5, 125.8, 115.3 (d, J = 21.3 Hz), 114.9 (d, J = 21.4 Hz), 72.0, 44.2, 38.2, 22.1;

F NMR (CDCl;, 476 MHz): 6 -115.0 (ddd, J = 14.1, 8.2, 6.0 Hz, 1F), —-115.7 (ddd, J = 13.9, 8.6,
5.5 Hz, 1F);

IR (Microscope, cm™): 3386, 3056, 2965, 2931, 1894, 1602, 1508, 1223, 840;
HRMS (EI) for Cp4H,,F,0: calcd. 328.18271; found 328.18263;
[a]p?®: +10.28 (c 0.84, CHCI;);

HPLC (Chiralpak AS): 5:95 i-PrOH/hexane, 20 °C, 0.5 mL/min, A = 254 nm, Tgjor = MIN, Trinor =

min, er = 94:6.

3.11.6 Enantiomeric ratio determination of compound 3-27

The enantiomeric ratio of chiral compound 3-27 was determined by comparison of the
diastereomeric ratio of the corresponding (R)-Mosher’s ester due to a difficult separation of
racemic 3-27 with chiral HPLC. Both racemic and chiral 3-27 were subjected to the following

procedure for the synthesis of the corresponding (R)-Mosher’s ester.
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Ph 0 Ph

. EDC+HCI (10.0 equiv x =
HO Zpn DMAP (1(0.0 eqSiv) ) - 0 Ph
Me - __» F3C OMe Me
(R)-Mosher's acid (2.0 equiv)
CH,Cl,
3-27

(R)-Mosher's ester of 3-27

The -CF3 of the two diastereomers
are distinguishable on 9F NMR

(R)-Mosher’s ester of compound 3-27: To a 10 mL flamed round bottom flask was added (R)-
Mosher’s acid (14 mg, 0.06 mmol), 4-dimethylaminopyridine (37 mg, 0.30 mmol) and 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (58 mg, 0.30 mmol) in DCM (0.5 mL).
Reaction mixture was stirred for 15 min before the addition of compound 3-27 (11 mg, 0.03
mmol) in DCM (0.5 mL). Reaction mixture was diluted with 10 mL DCM after 96 h. The resulting
organic layer was washed by 1 M HCI aqueous solution, 1M NaOH solution and brine prior to
drying over MgSQ,, filtration and concentration. The crude product was subjected to column
chromatography (hexane:EtOAc = 4:1) to give the (R)-MTPA ester of compound 3-27 as a light

yellow oil.

F NMR (CDCl3, 476 MHZ): 8gjor = —=71.3 ppm, Sminor = =7 1.4 ppm, dr = 97:3, er (compound 3-
27) = 97:3.

Racemic:

-71.32
71.47

k140
120
100

80

40

r20

T T T T T T T T T T T T T T T T T T
'0.0 -70.1 -70.2 -70.3 -70.4 -70.5 -70.6 -70.7 -70.8 -70.9 -71.0 -71.1 -71.2 -71.3 -71.4 -71.5 -71.6 -71.7
f1 (ppm)
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Optically enriched:

f-400

71.29
71.44

350
300
F250

| e 200

r150

r 100

50

T T T T T —‘\ T = T T --50
-70.1 -70.2 -70.3 -70.4 -70.5 -70.6 -70.7 -70.8 -70.9 -71.0 -71.1 -71.2 -71.3 -71.4 -71.5 -71.6
f1 (ppm)

3.11.7 Determination of absolute stereochemistry

The absolute configuration of compound 3-20 was determined as (S) by chemical correlation
with the known compound (R)-3-36 by Aggarwal and co-workers.*’ All other absolute

configurations were assigned by analogy based on a uniform reaction mechanism.

ph 1.03, CHyCly, -78 °C
2.NaBH,, rt, 1 h

3-20 (94:6 er) (S)-3-36

(S)-2-Methyl-2-phenylbutane-1,4-diol (3-36): To a flame-dried 5 mL round bottom flask
charged with a stir bar, was added a solution of compound 3-20 (13 mg, 0.04 mmol) in 3 mL of
DCM/MeOH (v:v = 1:1). The solution was cooled down to -78 °C and stirred for 10 min. Ozone
was bubbled through the alkene solution until a blue color persisted for 5 min. Nitrogen was
bubbled through the solution to get rid of the excess ozone for 10 min. The reaction was then
quenched with sodium borohydride (14 mg, 0.38 mmol) at -78 °C before warming up to room
temperature. The reaction mixture was stirred at room temperature for another 1 h. Upon
completion, 15 mL of water was added and the resulting mixture was extracted with DCM (3 x

10 mL). The combined organic layers were washed by 10 mL brine, dried over MgSOQ,, filtered
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and concentrated. Pure product was isolated as a colorless oil (5 mg, 72%) after flash column

chromatography (5:1 to 1:1 hexane:EtOAc).

'H NMR (CDCls, 500 MHz): & 7.40-7.32 (m, 4H), 7.25-7.20 (m, 1H), 3.79 (d, J = 11.2 Hz, 1H),
3.74-3.67 (m, 2H), 3.58 (dt, J = 10.8, 6.3 Hz, 1H), 2.09-1.79 (m, 4H), 1.36 (s, 3H).

3C NMR (CDCls, 125 MHz): 6 145.2, 128.6, 126.4, 126.4, 71.3, 59.5, 42.5, 41.6, 23.3;
[a]p?®: —3.10 (c 0.49, CHCI5);

Lit. [a]p?: +5.0 (c 0.90, CHCI; for (R) enantiomer, er > 99:1).%

3.11.8 Derivatization of compound 3-25

(S)-tert-Butyl ((2-(3,4-dichlorophenyl)-2-methyl-5,5-diphenylpent-4-en-1-yl)oxy) dimethyl
silane (3-38): To a 25 mL round bottom flask charged with a stir bar, was added a solution of
chiral alcohol 3-25 (500 mg, 1.26 mmol) in 2 mL of DCM followed by imidazole (172 mg, 2.52
mmol). The reaction mixture was then cooled down to 0 °C and stirred for 10 min. A solution of
tert-butyldimethylsilyl chloride (190 mg, 1.39 mmol) in 2 mL of DCM was added slowly to the
flask. White solid precipitated upon the complete addition. The reaction mixture was allowed to
warm up to room temperature and stirred overnight. Upon completion, 15 mL of water was
added and the resulting mixture was extracted with EtOAc (3 x 20 mL). The combined organic
layers were washed by 20 mL brine, dried over MgSOy,, filtered and concentrated. Pure product
was isolated as a yellow oil (623 mg, 96%) after flash column chromatography (40:1
hexane:EtOAc).

'H NMR (CDCls, 500 MHz): & 7.39-7.29 (m, 5H), 7.23-7.16 (m, 3H), 7.12-7.08 (m, 3H), 7.07-
7.03 (m, 2H), 5.82 (dd, J = 7.4, 7.4 Hz, 1H), 3.51 (d, J = 9.7 Hz, 1H), 3.46 (d, J = 9.7 Hz, 1H),
2.60 (dd, J = 15.0, 7.2 Hz, 1H), 2.43 (dd, J = 15.0, 7.6 Hz, 1H), 1.29 (s, 3H), 0.79 (s, 9H), -0.09
(s, 3H), -0.10 (s, 3H);
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®C NMR (CDCls, 125 MHz): 5 146.1, 143.8, 142.6, 140.0, 131.9, 129.9, 129.8, 129.6, 129.5,
128.2,128.1, 127.1, 127.0, 127.0, 126.6, 125.1, 71.6, 44.0, 37.8, 25.8, 22.1, 18.1, -5.6, -5.7,

IR (Microscope, cm™): 3080, 3958, 3024, 2929, 2956, 2856, 1598, 1555, 1472, 1257, 1105;

[a]p?®: +22.01 (c 1.67, CHCI;).

(S)-4-((tert-Butyldimethylsilyl)oxy)-3-(3,4-dichlorophenyl)-3-methylbutan-1-ol (3-39): To a
flame-dried 5 mL round bottom flask charged with a stir bar, was added a solution of compound
3-38 (46 mg, 0.09 mmol) in 3 mL of DCM/MeOH (v:v = 1:1). The solution was cooled down to -
78 °C and stirred for 10 min. Ozone was bubbled through the alkene solution until a blue color
persisted for 5 min. Nitrogen was bubbled through the solution to get rid of the excess ozone for
10 min. The reaction was then quenched with sodium borohydride (34 mg, 0.90 mmol) at -78 °C
before warming up to room temperature. The reaction mixture was stirred at room temperature
for another 1 h. Upon completion, 15 mL of water was added and the resulting mixture was
extracted with DCM (3 x 10 mL). The combined organic layers were washed by 20 mL brine,
dried over MgSQ,, filtered and concentrated. Pure product was isolated as a colorless oil (29

mg, 89%) after flash column chromatography (8:1 to 1:1 hexane:MTBE).

"H NMR (CDCl;, 500 MHz): & 7.44 (d, J = 2.3 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H), 7.18 (dd, J = 8.5,
2.3 Hz, 1H), 3.65-3.58 (m, 2H), 3.55-3.47 (m, 2H), 1.99 (dd, J = 6.9. 6.9 Hz, 2H), 1.30 (s, 3H),
0.86 (s, 9H), -0.00 (s, 3H), -0.01 (s, 3H);

®C NMR (CDCls, 125 MHz): & 146.4, 132.2, 130.0, 129.9, 128.9, 126.0, 71.6, 59.3, 42.2, 41.5,
25.8,22.4,18.2,-5.6,-5.7;

IR (Microscope, cm™): 3353, 2954, 2930, 2885, 2857, 1555, 1473, 1388, 1257, 1098, 1028;

[a]o?: —1.04 (c 1.54, CHCI;).
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3-55

(S)-4-((tert-Butyldimethylsilyl)oxy)-3-(3,4-dichlorophenyl)-3-methylbutanal (3-55): To a
flame-dried 5 mL round bottom flask charged with a stir bar, was added a solution of compound
3-38 (46 mg, 0.09 mmol) in 2 mL of DCM. The solution was cooled down to -78 °C and stirred
for 10 min. Ozone was bubbled through the alkene solution until a blue color persisted for 5 min.
Nitrogen was bubbled through the solution to get rid of the excess ozone for 10 min. The
reaction was then quenched with triphenylphosphine (58 mg, 0.22 mmol) at -78 °C before
warming up to room temperature. The reaction mixture was stirred at room temperature for
another 16 h. Upon completion, the solvent was removed in vacuo to afford the crude mixture.
Pure product was isolated as a colorless oil (19 mg, 59%) after flash column chromatography
(100:1 to 40:1 hexane:MTBE).

'H NMR (CDCls, 500 MHz): 5 9.59 (t, J = 2.6 Hz, 1H), 7.48 (d, J = 2.3 Hz, 1H), 7.40 (d, J = 8.5
Hz, 1H), 7.20 (dd, J = 8.5, 2.3 Hz, 1H), 3.67 (d, J = 9.8 Hz, 1H), 3.57 (d, J = 9.8 Hz, 1H), 2.81
(dd, J = 16.1, 2.7 Hz, 1H), 2.70 (dd, J = 16.0, 2.6 Hz, 1H), 1.42 (s, 3H), 0.87 (s, 9H), -0.01 (s,
6H);

3C NMR (CDCls, 125 MHz): § 201.6, 144.9, 132.5, 130.6, 130.2, 128.9, 126.0, 71.3, 51.6, 42.2,
25.8,23.1,18.2,-5.7, -5.7;

IR (Microscope, cm'1): 2955, 2930, 2889, 2857, 2739, 1722, 1473, 1141;

[a]o®: +3.67 (c 0.92, CHCI;).

3-40

(S)-tert-Butyl((2-(3,4-dichlorophenyl)-2-methylpent-4-en-1-yl)oxy)dimethylsilane (3-40): To
a suspension of methyltriphenylphosphonium bromide (250 mg, 0.70 mmol) in 5 mL of THF was

added n-BuLi solution (318 pL of 2.2 M solution in hexane, 0.70 mmol) at 0 °C under inert
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atmosphere to give a light orange solution. The reaction mixture was warmed up to room
temperature and stirred for 1 h before the addition of compound 3-55 (168 mg, 0.47 mmol)
solution in 5 mL of THF. After full consumption of the aldehyde, 10 mL of water was added to
qguench the reaction. The resulting mixture was then extracted with EtOAc (3 x 10 mL). The
combined organic layers were washed by 20 mL of brine, dried over MgSQ,, filtered and
concentrated. Pure product was isolated as a colorless oil (119 mg, 71%) after flash column

chromatography (100:1 haxane:Et,0).

'H NMR (CDCls, 500 MHz): & 7.44 (d, J = 2.2 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H), 7.18 (dd, J = 8.5,
2.3 Hz, 1H), 5.59-5.47 (m, 1H), 5.05-4.95 (m, 2H), 3.55 (d, J = 9.6 Hz, 1H), 3.52 (d, J = 9.6 Hz,
1H), 2.51 (dd, J = 14.0, 6.8 Hz, 1H), 2.35 (dd, J = 14.0, 7.7 Hz, 1H), 1.24 (s, 3H), 0.85 (s, 9H), -
0.04 (s, 3H), -0.05 (s, 3H);

®C NMR (CDCl3, 125 MHz): § 146.5, 134.2, 131.8, 129.7, 129.6, 129.3, 126.5, 117.8, 71.0, 42.9,
42.5,25.8,22.0, 18.2, -5.6, -5.7;

IR (Microscope, cm'1): 3078, 2955, 2929, 2857, 1640, 1556, 1472, 1257, 1101;

[a]o®’: +19.79 (c 0.48, CHCI;).

(S)-2-(3,4-Dichlorophenyl)-2-methylpent-4-en-1-ol (3-56): To a 10 mL round bottom flask
charged with a stir bar and compound 3-40 (119 mg, 0.33 mmol) in 5 mL THF, was added
tetrabutylammonium fluoride solution (0.5 mL of 1.0 M solution in THF, 0.50 mmol) at 0 °C. The
reaction mixture was stirred at 0 °C for 30 min before warming up to room temperature. After 24
h, 10 mL of saturated NH,Cl aqueous solution was added to quench the reaction. The resulting
mixture was extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with
20 mL of brine, dried over MgSQ,, filtered and concentrated. Pure product was isolated as a

colorless oil (77.0 mg, 96%) with flash column chromatography (10:1 to 5:1 hexane:EtOAc).

'H NMR (CDCly, 500 MHz): § 7.44 (d, J = 2.3 Hz, 1H), 7.40 (d, J = 8.5 Hz, 1H), 7.21 (dd, J = 8.5,
2.3 Hz, 1H), 5.62-5.51 (m, 1H), 5.09-5.00 (m, 2H), 3.73 (d, J = 10.9 Hz, 1H), 3.61 (d, J = 11.0
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Hz, 1H), 2.50 (dd, J = 13.9, 6.7 Hz, 1H), 2.35 (dd, J = 14.0, 7.8 Hz, 1H), 1.37 (br s, 1H), 1.31 (s,
3H);

®C NMR (CDCl3, 125 MHz): § 145.5, 133.7, 132.5, 130.3, 130.2, 129.1, 126.3, 118.3, 71.2, 43.1,
42.8, 21.9;

IR (Microscope, cm™): 3368, 3076, 2976, 2926, 2881, 1640, 1557, 1474, 1386, 1141, 1028;

[a]p?®: +23.72 (c 0.65, CHCIs).

3-41

(S)-2-(3,4-Dichlorophenyl)-2-methylpent-4-enoic acid (3-41): To a suspension of IBX (482
mg, 1.72 mmol) in 2 mL of EtOAc in a 10 mL round bottom flask, was added a solution of
compound 3-56 (70 mg, 0.29 mmol) in 2 mL of EtOAc under inert atmosphere. The reaction was
then heated up to 80 °C and stirred for 16 h. After full consumption of the starting material, the
reaction mixture was cooled down to 0 °C for 15 min and then filtered. The filter cake was
washed with EtOAc (3 x 5 mL). The combined organic layers were concentrated and gave the
crude aldehyde, which was subjected to next step without further purification. The crude
aldehyde product was dissolved in 9 mL of 1:1 mixture of fert-butanol and 2-methyl-2-butene at
0 °C. Sodium chlorite (52 mg, 0.57 mmol) and sodium phosphate monobasic monohydrate (79
mg, 0.57 mmol) in 1 mL of water was added slowly to the aldehyde solution. The reaction
mixture was stirred at 0 °C until full consumption of the aldehyde as monitor by TLC. After 1 h,
10 mL of 1 M HCI was added to quench the reaction. The resulting mixture was extracted with
EtOAc (3 x 10 mL). The combined organic layers were washed with 10 mL of brine, dried over
MgSQ,, filtered and concentrated. Pure product was isolated as a light yellow oil (43 mg, 58%)

after flash column chromatography (10:1 to 3:1 hexane:EtOAc).

"H NMR (CDCls, 500 MHz): § 7.46 (d, J = 2.3 Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H), 7.22 (dd, J = 8.5,
2.3 Hz, 1H), 5.58 (ddt, J = 16.5, 10.6, 7.2 Hz, 1H), 5.10 (m, 1H), 5.08 (m, 1H), 2.78 (dd, J = 13.9,
7.4 Hz, 1H), 2.66 (dd, J = 13.8, 7.1 Hz, 1H), 1.55 (s, 3H);
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®C NMR (CDCls, 125 MHz): 5 180.3, 142.5, 132.8, 132.6, 131.4, 130.4, 128.6, 126.0, 119.5,
49.3, 43.3, 221,

IR (Microscope, cm™): 3080, 2982, 2927, 2637, 1703, 1642, 1559, 1475, 1385, 1272, 1030;
HRMS (ESI) for C1,H1Cl,0, [M-H] ": calcd. 257.0142; found 257.0143;

[a]p?®: +36.07 (c 3.51, CHCI;).
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Chapter 4 Boronic Acid Catalyzed Beckmann

Rearrangement

4.1 Introduction

As described in the previous chapters, boronic acid catalysis (BAC) displays diverse
applications in the area of direct activation of alcohol C—O bonds." By taking advantage of the
ability of boronic acids to form covalent bonds with alcohols in a reversible manner, successful
benzylation of arenes and asymmetric allylation of branched aldehydes were achieved with -
activated alcohol substrates.? It can be envisioned that this transient activation could be
expanded to other hydroxyl-containing functional groups, such as N-OH. In this regard, the
direct activation of oxime N—OH bonds for the Beckmann rearrangement is particularly attractive.
The Beckmann rearrangement has received great attention since its discovery in 1886.°
Empowered by its ability to transform an oxime into an amide, this reaction has not only been
extensively studied in academic laboratories, but also has been applied in industrial synthesis.
Notably, the Beckmann rearrangement is exploited for the transformation of cyclohexanone to €-
caprolactam, which is the amide monomer to produce synthetic fabric material, such as Nylon-
6.* Moreover, it is widely used in the production of pharmaceutical agents and in the field of

natural product synthesis.’

Traditionally, the Beckmann rearrangement of free oximes requires high temperatures with
stoichiometric amounts of strong Brgnsted or Lewis acids, such as concentrated sulfuric acid,
polyphosphoric acid (PPA), phosphorus pentachloride (PCls), thionyl chloride (SOCI,) and
hydroxylamine sulfonic acid.® These methods not only use harsh conditions leading to great
limitations on suitable substrates, but also generate large amounts of by-products (Scheme 4-
1a). In this regard, various stoichiometric or sub-stoichiometric methods with milder Lewis acid
were developed, such as HgCl,,’ Yb(OTf)s,® [RhCI(COD)],,° BiCls, " Cu(OAc),,"" In(NO,)s, "2
iodine, "® FeCl;-AgSbFs'* and bromodimethyl sulfonium bromide—ZnCl,."® However, many of
these milder promoters still require refluxing conditions. Although milder conditions using oxime
derivatives (e.g. O-picryl oxime ethers, O-sulfonyl or O-acetyl oxime ester) were studied,’® the
need for pre-activation of the oxime adds extra synthetic steps and renders this strategy less

attractive (Scheme 4-1b). From this perspective, organocatalysis presents itself as a mild

176



alternative for the direct Beckmann rearrangement with the potential for broader substrate
tolerance. Previously reported organocatalyzed or mediated systems include the use of cyanuric
chloride (CNC), " triphosphazene (TAPC),' TsCl, ' dichloridecyclopropene (CPI-Cl)? and
propylphosphonic anhydride (T3P).?" Despite their efficiency, elevated temperature or extra
Bronsted/Lewis acid are generally required by these chlorine or phosphorus based catalytic
systems. Moreover, the toxicity of these reagents, such as cyanuric chloride, places limitations
on their application (Scheme 4-1c).

N/OH stoichiometric

| H,S0,, PCl;, SOCI, etc. NH amide monomer for
elevated temperature Nylon-6 production

g-caprolactam

b
N,OH N,OX 0] )
) — ) — RLNJ\RZ + R2 )J\R1
R' "R? R" "R? H H
X =EWG
heat or catalytic acid
¢ _OH organocatalytic or (0] (0]
JN|\ mediated processes R' )]\ , . R2 )J\ .
R" TR2 elevated temperature ” R ” R
e.g.
Cl_ Cl O, n-Pr
¢l Ny O\\ cl Cl_ ClI L
)\ /P\\ s~ Ps
N \N N N W\ O (0]
)I\ /)\ CI—P.. /,IID\—CI o bh Ph n-Pr—/F'\ /IID\:O
cI” >N el o NG g 9 hpr
CNC TAPC TsClI CPI-CI T3P

Scheme 4-1. (a) The traditional Beckmann rearrangement with strong acid under elevated
temperature; (b) Beckmann rearrangement under milder conditions via oxime ester formation;

(c) Reported organocatalytic or mediated Beckmann rearrangement.

4.2 Objective

After 130 years of development, the Beckmann rearrangement still suffers from limitations such

as the use of relative harsh conditions, inert atmosphere, anhydrous conditions and the lack of
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platforms for potential asymmetric variants. This chapter will describe our efforts towards the
development of an organocatalytic Beckmann rearrangement under relatively mild conditions

using boronic acid catalysis.

4.3 Optimization of Beckmann rearrangement via BAC

4.3.1 Initial attempts with BAC-16 and BAC-26

Based on our previous observations, electron poor arylboronic acids generally exhibit a higher
polarization effect on alcohol C—O bonds. At the outset of this project, it was assumed that the
same idea could be applicable to the N—O bonds of oximes. Therefore, the direct Beckmann
rearrangement of oxime 4-1 was attempted with boronic acids BAC-16 and BAC-26 under the
previously optimized solvent mixture HFIP:CH3;NO, (4:1) for the direct Friedel-Craft benzylation.
Unfortunately, it was found that the previously optimal electron poor boronic acids did not result
in any significant conversion of oxime 4-1 to the desired product 4-2, even under high
temperatures and prolonged reaction times (Scheme 4-2). In both cases, the oxime 4-1 was
recovered along with trace amount of the hydrolyzed acetophenone. Decomposition of the

ferrocenium boronic acid BAC-26 was observed when oxime 4-1 was present.

_OH o)

BAC (10 mol? "
)Nl\ HFIP'CI-(I NO -/04)~1 Ph\NJ\Me ' )l\
Ph” e 05M.80°C 72h " e
441 ’ ’ 4-2 trace
B(OH),
F . QB(OH)Q
SbFg Fe *
F F
F
BAC-16 BAC-26
trace 23% yield

Scheme 4-2. Initial attempts of Beckmann rearrangement with electron poor boronic acids.

4.3.2 Screening of different boronic acids

Since the initial attempts to catalyze the Beckmann rearrangement with BAC-16 and BAC-26

were not successful, we turned our efforts to the screening of other boronic acids and different
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solvents. A number of boronic acids were selected for screening; particularly a diversity of ortho-
substituted arylboronic acids, as well as those previously shown to be reactive in various
transformations (Scheme 4-3). Thus, along with 14 different solvents, over 250 experiments
were performed for reaction evaluation. Reactions that showed significant amounts of product
on thin layer chromatography (TLC) were subjected to further '"H NMR analysis; the reactions
were otherwise discarded. The results are presented in Table 4-1. In most cases, the starting

oxime 4-1 was recovered along with a trace amount of the acetophenone when no desired

reaction took place.

el BAC (10 mol%) ?
)l\ Pho J\
Ph Me various solvents H Me
50°C,72h,05M
41 4-2
boronic acids:
B(OH), B(OH), B(OH), B(OH), B(OH),
MeO FaC CF3 F F F F
F F
BAC-8 BAC-9 BAC-11 BAC-15 BAC-16
B(OH), B(OH), B(OH), B(OH), B(OH),
| o F FC. i CF3 i i Br
Pz
N~ F O.N CO,Me
NH,CI
BAC-28 BAC-29 BAC-30 BAC-31 BAC-32
B(OH), B(OH), B(OH), B(OH), B(OH),
©/NHCOMe ©/802Me SO3Me ©/CN ©/CHO
BAC-33 BAC-34 BAC-35 BAC-36 BAC-37
B(OH), B(OH), B(OH), B(OH), B(OH),
/©/CHO ©/CONH2 ©/COMe ©/COOH ©/002Me
Me
BAC-38 BAC-39 BAC-40 BAC-41 BAC-42
solvents:
$1: hexane $2: CH,Cl, $3: CDCl, S4: Et,0 S5: THF
S6: toluene S7: acetone S8: DMF $9: DMSO S$10: MeOH
S$11: EtOAc S$12: MeCN S$13: MeNO, S14: HFIP:CH3NO, = 4:1

Scheme 4-3. Various boronic acids and solvents screened in the Beckmann rearrangement of

4-1.
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yield (%)* S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14

BAC-8 x x x x x x x x x x x x x x

BAC-9 x x x x x x x x x x x x x x
BAC-11 x X x x X x x x x x x x x x
BAC-15 x X x x X x x x x x x x x x
BAC-16 x x x x x x x x x x x x x x
BAC-28 x X x x x x x x x x x x x x
BAC-29 x X x x x x x x x x x x x x
BAC-30 x x x x x x x x x x x x x x
BAC-31 x X x x x x x x x x x x x x
BAC-32 x X x x x x x x x x x x x x
BAC-33 x x x x x x x x x x x x x x
BAC-34 x x x x x x x x x x x x x x
BAC-35 - - - - - - - - - - - - - x
BAC-36 x x x x x x x x x x x x x x
BAC-37 x x x x x x x x x x x x x 8

BAC-38 x x x x x x x x x x x x x 13
BAC-39 x x x x x x x x x x x x x 18
BAC-40 x x x x x x x x x x x x x x
BAC-41 x x x x X x x x x x x x x 9
BAC-42 x x x x x x x x x x x x x 100

Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an internal standard.
Reaction with trace or no product was marked as “x”. The reaction that was not run was marked as “-”.

Table 4-1. Boronic acid and preliminary solvent screening for the Beckmann rearrangement.

As shown in Table 4-1, most of the experiments afforded negative results with no desired amide
product obtained; mostly oxime 4-1 and trace acetophenone from oxime hydrolysis were
recovered. Yet, a noticeable amount of product was detected with five different boronic acids in
the solvent mixture of HFIP:CH3NO, (v:v = 4:1). While most of these boronic acids (BAC-37, 38,
39 and 41) only provided low conversion to amide 4-2, boronic acid BAC-42 with an ortho
methyl carboxyester substituent gave full conversion to the desired amide product 4-2. In light of
this discovery, we decided to explore other reaction parameters such as solvent, concentration,

temperature and additives to improve the efficiency of the BAC Beckmann rearrangement.
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4.3.3 Optimization of other reaction parameters

Considering that a high yield was obtained during the initial boronic acid screening (Table 4-1),
the optimization of the reaction conditions was performed with the following objectives: (a)

minimizing the use of HFIP; (b) decreasing the amount of the boronic acid catalyst loading.
4.3.3.1 Solvent optimization to decrease the amount of HFIP

Even though the use of HFIP is generally beneficial to many cationic reactions,? its use is less
desirable due to its higher cost in comparison to other solvents. To decrease the amount of
HFIP, differing ratios of HFIP:CH3NO, were explored at various concentrations (Table 4-2). As
expected, decreasing the amount of HFIP led to lower conversion to the product. The use of at
least 50% HFIP was required to obtain high conversion at 50 °C (entries 1-4). Since a large
proportion of HFIP is inevitable, we sought to decrease the amount of solvent by increasing the
concentration (entries 5-6). The reaction provided decent yield with up to 1.0 M of oxime 4-1 in
the HFIP:CH3NO, 1:1 mixture after 72 hours (entry 5). Moreover, the reaction time could be
shortened to 24 hours by increasing the amount of catalyst to 20 mol% (entry 7). However,
lowering the temperature (entry 8) and decreasing the reaction time to 5 hours with or without
molecular sieves (entry 9) were unsuccessful. All in all, the conditions of entry 7 best minimize

the amount of HFIP. Moreover, no pre-drying of solvent or inert atmosphere is required.

_OH } o (0] 0
)N|\ lBACt 42 (x mc:l /:) N Ph\N)J\Me . )l\
on e ohent concenaton N P e
4-1 (0.5 mmol) 4-2 trace
entry X solvent (x:y) [M] T (°C) t (h) yield (%)*
1 10 HFIP:CH3NO (4:1) 0.5 50 72 100
2 10 HFIP:CH3NO> (2:1) 0.5 50 72 93
3 10 HFIP:CH3NO2 (1:1) 0.5 50 72 79
4 10 HFIP:CH3NO; (1:4) 0.5 50 72 60
5 10 HFIP:CH3NO> (1:1) 1.0 50 72 79
6 10 HFIP:CH3NO> (1:1) 2.0 50 72 45
7 20 HFIP:CH3NO (1:1) 1.0 50 24 84
9 20 HFIP:CH3NO> (1:1) 1.0 rt 24 26
8 20 HFIP:CH3NO> (1:1) 1.0 50 5 59 (70)°

#Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-
dinitrobenzene as an internal standard. "Reaction was run with 100 mg 4 A MS.

Table 4-2. Evaluation of other parameters to decrease the amount of HFIP solvent.
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4.3.3.2 Optimization of the boronic acid stoichiometry

As detailed in Table 4-3, efforts were also placed on developing conditions that minimize the
amount of boronic acid and achieve the rearrangement under mild conditions. Similar to the
previous observation, as the reaction concentration increased, the yield of amide 4-2 slightly
decreased (entries 1-3). The rearrangement still provided a good yield of 87% under 1.0 M
concentration of oxime 4-1 with 10 mol% of BAC-42 (entry 2). It was soon discovered that
higher reaction temperature was unnecessary; the reaction could be performed in ambient
conditions without sacrificing the reaction yield (entry 4). Although a moderate, 72% vyield of the
amide was obtained within 24 hours (entry 5), a very low conversion to 4-2 was observed when
5 mol% of BAC-42 was used (entry 6). Since altering the other reaction parameters was
unfruitful, the effect of additives was explored next. Inspired by the need for a large amount of
HFIP, it was suspected that HFIP might form a boronic ester with BAC-42. This way, a more
electrophilic HFIP boronic ester could be accountable for the unique reactivity of BAC-42. Thus,
5 mol% of perfluoropinacol was used as an additive to mimic the proposed effect of HFIP, with a
more favorable cyclic boronic ester. Gratifyingly, a high isolated yield (93%) of amide 4-2 was
achieved with only 5 mol% of BAC-42 (entry 7). Decreasing the reaction time below 24 hours

resulted in a substantially lower conversion (entry 8).

N BAC-42 (x mol%) Q o FsC  CFs
Py P AL * Py FaCr—1 11CF3
Ph Me HFIP:CH3NO, = 4:1, N Me Ph” “Me
concentration, HO OH
4-1 (0.5 mmol) temp, additives, time. 4-2 trace perfluoropinacol
entry X IM] T(°C) t (h) additive yield (%)?
1 10 0.5 50 72 - 100
2 10 1.0 50 72 - 87
3 10 2.0 50 72 - 78
4 10 1.0 rt 72 - 86
5 10 1.0 rt 24 - 72
6 5 1.0 rt 24 - 43
7 5 1.0 rt 24 perfluoropinacol® 93¢
8 5 1.0 rt 6 perfluoropinacol® 37°

Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as internal
standard. ®The reaction was run with 5 mol% perfluoropinacol. “Isolated yield.

Table 4-3. Evaluation of other parameters to decrease the amount of boronic acid.
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4.3.3.3 Structural optimization of arylboronic acids with an ortho-carboxyester

Encouraged by the preliminary results described in Section 4.3.3.2, an investigation of further
structural modifications of the boronic acids and other diol additives was conducted. Although
preparative methods for boronic acids with ortho-carboxyester units exist, only a handful of
these boronic acids are commercially available due to their challenging synthesis. After careful
considerations, the synthetic routes shown in Scheme 4-4 were identified and attempted.
Although the method listed in equation (1) seemed more feasible, deprotection of the pinacol
boronic ester turned out to be difficult under classical conditions. As a result, the method
illustrated in equation (2) was adopted for the preparation of boronic acids from the
corresponding bromo arenes with ortho-carboxyester substituents via Miyaura borylation and
sequential deprotection. Boronic acids BAC-44, BAC-49 and BAC-50 were prepared for further

evaluation in the Beckmann rearrangement (Scheme 4-5).

W NalOy4 (8.0 equiv) HO. _OH

~B” NH,4OAc (8.0 equiv) B

COR' 7 cor' (!
. 2 water:acetone = 1:1
diboron reagents R2 R2
(1.2 equiv)
or

Br Pd(dppf)Cl, (10 mol%)

COsR' KOACc (2.5 equiv)

R2
dioxane, 0.125 M, 80 °C, 1 h

o. _0 HO. _OH

CO4R! CO,R!
R2 water:acetone = 1:1 R2 @)
02M,rt, 72 h

Scheme 4-4. Synthetic routes for the preparation of different boronic acids with ortho-

carboxyester.

With a small library of arylboronic acids and a variety of diol additives in hand (Scheme 4-5), a
third panel of reaction conditions was examined. The results are shown in Table 4-4.
Unsurprisingly, perfluoropinacol (diol 1) exhibited general improvement for reaction yields with
different boronic acids. Other fluorinated diols such as diol 2 and 3 did not display the same
effect, presumably due to a less favorable boronic ester formation and a weaker inductive effect
from fewer fluorine substituents. The use of electron poor diols 4 to 6 was also less effective. Of

note, the addition of oxalic acid shut down the reaction drastically (Table 4-4).
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boronic acids with ortho-carboxyesters

B(OH), B(OH), B(OH), B(OH),
©:C02Me COzMe COzMe COzMe
CF3
OMe F CO,Me
BAC-43 BAC-44 BAC-45 BAC-46
B(OH), B(OH), B(OH), B(OH),
/©/002Me /©/002Me /©/C02Me ©/C02Ph
F FsC O,N
BAC-47 BAC-48 BAC-49 BAC-50

diol additives

FsC CFsq RF OH
F4C' H ICF3 HO/E(F\OH Ho/\e\/OH ©:
HO OH F F OH
diol 1 diol 2 diol 3 diol 4
(perfluoropinacol)
0 OH ©
OH :
Ho)kﬂ/ /O\H/\-)J\O/
O 2H,0 O OH
diol 5 diol 6

Scheme 4-5. Screening of different boronic acids with ortho-carboxyesters substituents and

diols.

As shown in Table 4-4, while the effect of different substituents on the arylboronic acid cannot
be generalized at this point, the electron rich BAC-44 gave the worst result of all the boronic
acids examined. Certain electron poor boronic acids, such as BAC-46 to BAC-49 tended to
provide higher yield of amide 4-2, especially when no additive was used. It is also worth
mentioning that BAC-43 with a meta-CF; group was completely inactive despite the electron
deficient nature of the boron center. The lack of reactivity of BAC-43 was attributed to the
increased steric hindrance next to the ortho-carboxyester moiety. This result strongly suggests
that there is possibly an interaction between the oxime and the ester moiety, and oxime
transesterification may be involved. This observation also led us to explore the synthesis and
evaluation of BAC-50 with an ortho-phenoxy ester. It was proposed that if such an oxime

transesterification occurred, replacement of the methoxy ester with the phenoxy ester should
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lead to a faster reaction since the phenoxy group is a better leaving group. Indeed, when BAC-
50 was employed as the catalyst with perfluoropinacol, a quantitative yield was observed within

only 6 h at room temperature (Table 4-4).

BAC (5 mol%)
OH ’ 0
N~ diol (5 mol%)
)I\ > Ph_ )J\
Ph Me HFIP:CH3NO, = 4:1, N* Me
1.0 M, t, 24 h
4-1 (0.5 mmol) 4-2

yield (%)* | no diols diol 1 diol 2 diol 3 diol 4 diol 5 diol 6

BAC-42 43 90 24 41 52 10 30
BAC-43 x x x x x x x
BAC-44 45 48 27 34 47 x 28
BAC-45 46 74 42 45 55 x 30
BAC-46 78 84 40 83 86 19 63
BAC-47 51 78 43 61 63 20 43
BAC-48 83 78 37 72 78 x 52
BAC-49 80 63 - - - - -
BAC-50 76° 94° - - - - -

Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene
as internal standard. Reaction with trace or no product was marked as x. The reaction that
was not run was marked as “”. ®The reaction time was 6 h.

Table 4-4. Screening of the third panel of boronic acids and diol additives.

4.3.4 Summary of reaction optimization

To summarize the entire optimization process, a brief description of the optimal reaction

conditions is displayed in Scheme 4-6.

0]
BAC-42 (20 mol%) Ph. )J\
N Me
HFIP:CH3NO, = 1:1, H
OH 1.0 M, 50 °C, 24 h
Nig 4-2 (84%)
)|\ — or
Ph™  Me BAC-42 (5 mol%) o
4-1 (0.5 mmol) perfluoropinacol (5 mol%) Ph. )J\
HFIP:CH3NO, = 4:1, N' Me
1.0M,rt, 24 h
or BAC-50 (5 mol%), 6 h 4-2 (93%)

Scheme 4-6. Optimal conditions for the boronic acid catalyzed Beckmann rearrangement.
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4.4 Substrate scope

Although BAC-50 showed higher reactivity, BAC-42 was selected first to examine the scope of
the Beckmann rearrangement due to its availability from commercial sources. The substrate
scope of this reaction was mostly performed by Dr. Timothy D. R. Morgan, as indicated in the
footnotes. Examples that are not labelled in each table are run by the author of this thesis. As
shown in Scheme 4-7, most of the aryl-aryl and aryl-alkyl oximes (4-1 to 4-9) underwent the

Beckmann rearrangement at ambient conditions, affording the amide products 4-2 to 4-10 in

high yields.
Conditions A:
BAC-42 (20 mol%)
OH HFIP:CH3NO, = 1:1, 0
N~ 1.0 M, temp, 24 h ;
1 RL A
R! R2 Conditions B: H
BAC-42 (5 mol%)
perfluoropinacol (5 mol%)
HFIP:CH3NO, = 4:1,
1.0 M, temp, 24 h
oxime amide? oxime amide?
\-OH 0 n-CoH o)
| Ph. )J\ | Ph.
)\ N~ “Me Ph N
Ph” “Me H H
4-1 4-2 4-7 (E:Z =2.8:1) 4-8
A: 84%, 50 °C A: 80%, 50 °CP
B: 93%, rt B: 90%, rt°
N/OH 0
e pn. L o
N~ “Ph
Ph”” “Ph H Pho A
N Cy
4-3 4-4 NPOH H
A: 87%, 50 °C® )I\ a
B: 94%, rt° Ph” “Cy o
N’OH o) 49 (E:Z=1.211) Cy\NJ\Ph
| Ph. H
)\ N b
Ph i-Pr H
4-5 (E:Z=1:1) 4-6 4-10
A: 92%, rt® A: 97%, 50 °C; a:b = 3:1°
B: 90%, rt° B: 93%, rt, azb = 3:1°

%Isolated yields. ®The reaction was accomplished by Dr. Timothy D. R. Morgan. °The Reaction was run with 20
mol% perfluoropinacol.

Scheme 4-7. Substrate scope for the Beckmann rearrangement catalyzed with BAC-42-Part 1.
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Aryl-alkyl oximes with different electronic properties and substitution patterns could serve as
suitable substrates (Scheme 4-8). When electron rich oximes (4-11, 4-13 and 4-15) were
subjected to the reaction, the corresponding amides (4-12, 4-14 and 4-16) were isolated in good
yield. Slightly lower yields of amide 4-16 and 4-18 were obtained due to the steric hindrance of
the corresponding oximes. Remarkably, the acid and temperature sensitive amide 4-20 was
also obtained in high yield under the mild reaction conditions. Notably, rearrangement of a
substrate with a free phenol moiety proceeded smoothly without protection (4-22). Oxime 4-23
with a brominated arene did not undergo the rearrangement with BAC-42, presumably due to
the electron deficient nature of the oxime and the disfavored cationic transition state in the
Beckmann rearrangement. Gratifyingly, we were glad to find that the fluorinated variant 4-25

afforded the amine 4-26 in good conversion.
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oxime
_OH
N
I
Me
eO
4-11

_OH

OMe N*

5

415 (E:Z=T7:1)

-

417 (E:Z = 2.4:1)

Conditions A:
BAC-42 (20 mol%)

OH HFIP:CH3NO, = 1:1, 0
N~ 1.0 M, temp, 24 h ]
| r
R R2 Conditions B: H
BAC-42 (5 mol%)
perfluoropinacol (5 mol%)
HFIP:CH3NO, = 4:1,
1.0 M, temp, 24 h
amide? oxime
_OH
MeO N
0 |
at e
N Me
H BocHN
4-12 4-19
A: 96%, 50 °CP
B: 96%, rt®
_OH
N
JQW
MeO N Me
H
4-14
A: 84%, rt°
B: 86%, rt®
_OH
N
o) |
A ve
N Me
OMe H
4-16 4-23
B: 72%, rt®
_OH
N
o) |
J Me
N Me
Me H F
4-18
A: 71%, 50 °CP
B: 70%, rt®

amide?

BocHN. :
)J\
N Me

H

4-20
A:70%, 50 °C, 2 h?
B: 88%, rt°

HO. :
N)J\Me

H
4-22
A: 99%, rt°
B: 93%, rt°

Br< :
N)J\Me

H
4-24
B: 0%, rt®

4-26
A: 60%, 50 °CP
B: 81%, rtP

“lsolated yields. ®The reaction was accomplished by Dr. Timothy D. R. Morgan. “The Reaction was run with 20

mol% perfluoropinacol.

Scheme 4-8. Substrate scope for the Beckmann rearrangement catalyzed with BAC-42-Part 2.



Gratifyingly, this mild procedure displays excellent functional group tolerance. Heteroaromatic
oximes (4-27 to 4-39) are suitable and provided the corresponding amides 4-28 to 4-40,
including the unprotected pyrrole, 4-36, and indole, 4-40. When oxime 4-29 was subjected to
the reaction, the amide product 4-30 was not observed. The failure of this substrate presumably
results from the steric hindrance posed by the ortho sulfur atom in oxime 4-29. The reaction
using oxime 4-39 was run at 50 °C with 10 mol% catalyst loading due to the lack of solubility of
the substrate. The reaction using oxime 4-35 afforded a complicated mixture and the amide 4-
36 was isolated in a moderate yield of 46%. The alkenyl-alkyl oxime 4-41 was also applied to
the standard reaction conditions and afforded amide 4-42 in moderate yield (49%). The lower
yield of 4-36 and 4-42 in the reaction could be attributed to the instability of these amides under

the reaction conditions or column conditions with silica.
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Conditions A:
BAC-42 (20 mol%)

OH HFIP:CH3NO, = 1:1, o)
N” 1.0 M, temp, 24 h 1
I R A
R R2 Conditions B: H
BAC-42 (5 mol%)
perfluoropinacol (5 mol%)
HFIP:CH3NO, = 4:1,
1.0 M, temp, 24 h
oxime amide? oxime amide?
(0] \ 1) HN \ o)
N\ \
N)J\Me N)J\Me
H H
4-27 4-28 4-35 (E:Z=5:1) 4-36
A: 99%, 50 °CP A: 43%, 50 °C
_OH
2§ I S
S S N)J\Me Me N)J\Me
\ H I H
HN
4-29 (E:Z2=2.2:1) 4-30 4-37 4-38
B:0%, rt® A: 93%, 50 °C
B: 80%, rt
_OH
a. g L At
N\
(j)\ N)J\Me I Me N)J\Me
H H
TsN
4-3 4-32 - 4-40
A: 86%, 50 °CP A: 90%, 80 °C
B: 94%, rt® B: 99%, 50 °C°

o

4-33 (E:Z=1:1)

KN

N Me
H

4-34
A: 99%, 50 °C
B: 87%, rt

O
Ph
\/\N)J\Me
H

4-42
A: 48%, 50 °CP
B: 49%, rt°

“lsolated yields. ®The reaction was accomplished by Dr. Timothy D. R. Morgan. “The Reaction was run with 10 mol%

perfluoropinacol.

Scheme 4-9. Substrate scope for the Beckmann rearrangement catalyzed with BAC-42-Part 3.

Higher reaction temperatures (50 °C) or increased catalyst loading (10 mol% of BAC-42) were

generally needed for the less reactive alkyl-alkyl oximes. The amides 4-44 to 4-56 were isolated
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in good yield with the exception of amide 4-46 and e-caprolactam 4-52. The low yield of amide
4-46 presumably resulted from the low solubility of oxime 4-45 in the reaction solvent. The
cyclohexanone oxime 4-51, which is notorious for its reluctance in the organocatalyzed
Beckmann rearrangement,''®'® exhibited low reactivity. The low yield of 4-52 is presumably
due to the ring stain of the ring expansion in the rearrangement. A more detailed discussion is

given in Section 4.8.3.

Conditions A:
BAC-42 (20 mol%)
OH HFIP:CH3NO, = 1:1, o
N~ 1.0 M, temp, 24 h ]
| R Ao
R R2 Conditions B: H
BAC-42 (5 mol%)
perfluoropinacol (5 mol%)
HFIP:CH3NO, = 4:1,
1.0 M, temp, 24 h
oxime amide? oxime amide?
OH _OH
Me N)J\Me NH
H
4-43 (E:Z=4:1) 4-44 4-51 4-52
A: 83%, rt, 48 h® B:<5%,rt
B: 85%, rt°
N—OH 0
| -OH o /
PN )J\/Ph NH
Ph\)l\/Ph PR™ N
H
4-45 4-46 4-53 4-54
B: 0%, rt° B: 96%, 50 °C
N
/OH - >
NI )\ o OH o
4-47 4-48 4-55 4-56
A: 81%, 50 °C° A: 99%, 50 °CP
B: 84%, rt B: 96%, 50 °CP

el j\/
P
A N

4-49 4-50
B: 74%, 50 °C°

“lsolated yields. ®The reaction was accomplished by Dr. Timothy D. R. Morgan. “The Reaction was run with 10 mol%
perfluoropinacol.

Scheme 4-10. Substrate scope for the Beckmann rearrangement catalyzed with BAC-42-Part 4
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Satisfactorily, the pharmaceutically relevant substrate pregnenolone oxime 4-57 underwent the
rearrangement and provided amide 4-58 in near quantitative yield. Pure HFIP was used as the

solvent due to the lack of solubility of 4-57 in nitromethane (Scheme 4-11).

BAC-42 (5 mol%)
perfluoropinacol (5 mol%)

HFIP, 1.0 M, 50 °C, 24 h

4-58 (98%)

Scheme 4-11. Substrate scope for the Beckmann rearrangement catalyzed with BAC-42-Part 5

Some of the oximes that provided poor conversions with catalyst BAC-42 were re-examined
with BAC-50, since it displayed a higher reactivity towards the Beckmann rearrangement of 4-1
(Table 4-4). Satisfactorily, a significant increase in yield was observed in all cases. Especially,
oximes 4-23, 4-29 and 4-45, which were shown to be completely unreactive with BAC-42,
provided high yields of the amides 4-24 and 4-46. The rearrangement of cyclohexanone oxime

4-51, however, remained sluggish (12%) with mostly recovered starting material (Scheme 4-12).
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OH BAC-50 (5 mol%)
N~ perfluoropinacol (5 mol%)

p
Jl\ Ron" O R?
R! R2 HFIP:CH3NO, = 4:1, H
1.0M,rt, 24 h
oxime amide? oxime amide?
_OH
OMe N 0 N J 0
| g s LA
Me N” "Me Me S N” "Me
OMe H \ I H
4-15 4-16 (92%) 4-29 4-30 (74%)
72% with BAC-42 0% with BAC-42
OH
- Br
PN )J\/Ph
/@)\Me N)J\Me Ph\)l\/Ph Ph H
H
Br
4-23 4-24 (85%) 4-45 4-46 (98%)
0% with BAC-42 0% with BAC-42
~OH OH
N F o N~ (0]
' pie |
Me N Me NH
H
F
4-25 4-26 (92%) 4-51 4-52 (12%)
81% with BAC-42 <5% with BAC-42
i
Ph
/\)l\ \/\N Me
Ph" X" “Me H
4-41 4-42 (74%)

49% with BAC-42

“lsolated yields. All the examples herein were accomplished by Dr. Timothy D. R. Morgan.

Scheme 4-12. Substrate scope for the direct Beckmann rearrangement catalyzed with BAC-50.

Considering that the Beckmann rearrangement of cyclohexanone oxime 4-51 is of great interest
for the production of Nylon-6 in fabric industry, more experiments were attempted to improve the
reaction yield of e-caprolactam 4-52 from cyclohexanone oxime 4-51 (Scheme 4-13). However,
no significant improvement was observed with an increase in catalyst loading or a change of the
solvent ratio. Using BAC-42, the highest conversion (47%) was obtained with conditions of
equation 3. A higher conversion of 65% was obtained using BAC-50 and perfluoropinacol at
80 °C (equation 4).
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N BAC-42 (20 mol%) 0
| perfluoropinacol (20 mol%)
HFIP:CH3NO, = 4:1, NH U
1.0 M, 80 °C, 24 h
4-51 4-52 (20%)?
N BAC-42 (20 mol%) 0
| perfluoropinacol (20 mol%)
HFIP:CHaNO, = 1:1, NH @
1.0 M, 80 °C, 24 h
4-51 4-52 (15%)°
\-OH o
| BAC-42 (30 mol%)
- 3
HFIP:CHsNO, = 4:1, NH )
1.0 M, 80 °C, 24 h
4-51 4-52 (47%)?
el BAC-50 (30 mol%) o

| perfluoropinacol (30 mol%)

4)

HFIP:CH3NO, = 4:1, NH

1.0 M, 80 °C, 24 h
4-51 4-52 (65%)?

(A

Yields were determined by "HNMR analysis of the reaction mixture with
1,4-dinitrobenzene as an internal standard.

Scheme 4-13. Further attempts at the Beckmann rearrangement of cyclohexanone oxime 4-51.

It is worth mentioning that several oximes were synthesized and isolated as mixtures of E/Z
isomers and used directly for the Beckmann rearrangement (e.g. 4-5, 4-7, 4-9, 4-15, 4-17, 4-29,
4-33, 4-35 and 4-43). In almost all cases, the apparently non-stereospecific Beckmann
rearrangement was observed, giving a major amide product in accordance with the more
favorable migratory aptitude of R' and R2 This result is suspected to originate from an oxime
E/Z interconversion prior to the rearrangement due to the presence of a Lewis acidic boron

compound in protic solvent (Scheme 4-14).°

HOL Lewis acid (LA) e o Q
ﬂ\ polar protic solvent J|\ migration RlN)J\RZ
R1 R2 R1 R2 H
via:
HOL ;LA HO. LA bond LA} -OH
¢ | X rotation ﬂ\
R R? R "R? R "R?

Scheme 4-14. E/Z isomer interconversion of oximes in the presence of protic solvents.
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Although most substrates displayed moderate to good conversion under the optimal conditions,
certain oximes were completely unreactive in this protocol, as shown in Scheme 4-15. For
instance, when oximes 4-59 and 4-60 were reacted, no amide formation was observed. The
lack of reactivity of these substrates is attributed to the favorable chelating effect between the
oxime nitrogen and the hydroxyl or free amino groups ortho to oxime, which could lead to
deactivation of the boronic acid catalyst. Substrates with highly electrophilic aromatic rings, such
as 4-61 and 4-62, also provided no desired amide products. It is believed that the electron poor
nature of these oximes disfavors the cationic transition state in the Beckmann rearrangement.
Similarly, oximes 4-63 and 4-64 with methyl and primary alkyl groups did not rearrange,
presumably due to the lack of stabilization for the transition state from the primary alkyl groups.
Oxime 4-65, which is derived from the drug haloperidol, failed to deliver the amide product
presumably because of chelating effects from functional groups embedded in the complex
structure (e.g. oxime, amine and alcohol).

BAC-42 (20 mol%)
HFIP:CH3NO, = 4:1,

N/OH 1.0M,80°C, 24 h ) )OJ\
A RoN" O R?
R!7OR2 or BAC-50 (5 mol%) H
perfluoropinacol (5 mol%)
HFIP:CH3NO, = 4:1,
1.0M,80°C,24h
Unreactive oximes:
_OH ~OH _OH
OH N N N N
| Ho) | |
Me N Me Me Me
\ |
O,N FsC
4-59 4-60 4-61 4-62
Cl
N/OH OH
_OH
N | N/OH
/\)|\ Me | N
Ph Me
HO
F
4-63 4-64 4-65

Scheme 4-15. Unreactive oximes in the boronic acid catalyzed Beckmann rearrangement.
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4.5 Gram scale synthesis

To further display the practical usefulness of this protocol, a gram scale synthesis was
conducted. Gratifyingly, the rearrangement of oxime 4-1 scaled up 15 times, still afforded amide
4-2 with a very good isolated yield (94%). However, a longer reaction time of 30 hours was

required (Scheme 4-16).

oH BAC-42 (5 mol%) 0
N~ perfluoropinacol (5 mol%) )J\
)|\ Ph
N Me
Ph Me HFIP:CH3NO, = 4:1, H
» 1.0 M, 1t, 30 h 42 (94%)
(1.00 g, 7.4 mmol)

Scheme 4-16. Gram scale synthesis of amide 4-2 via the BAC Beckmann rearrangement

procedure.

4.6 Attempts for a one-pot Beckmann rearrangement from

ketones

In light of the successful development of the Beckmann rearrangement of oximes with BAC-42
and BAC-50, attempts were made to achieve a one-pot rearrangement from the ketone and
hydroxyl amine. While the one-pot Beckmann rearrangement is very attractive, there has been
very little success demonstrated for this process. The challenge lies in the incompatible
conditions for the sequential oximation and rearrangement. While the oximation normally
proceeds in basic aqueous-ethanol solution, the Beckmann rearrangement often requires the
use of acidic and anhydrous environment. Existing literature precedence of Beckmann
rearrangements from ketones include the use of excess formic acid,? oxalic acid,?* TFA,%*
Zn0,%® TiO,* and a report using catalytic amount of FeCl;-6H,0.%% All of these methods require
high temperatures (100-170 °C). Thus, we were interested in evaluating the possibility of a one-

pot Beckmann rearrangement with boronic acid catalysis under mild conditions.

At the outset, 50 wt% of hydroxylamine in water was used directly with acetophenone as a
compromise of the contradictory reaction condition requirements. Although oxime 4-1 was
formed in good conversion, amide 4-2 was not observed in different solvent conditions in the

presence of BAC-42 (Table 4-5, entries 1-2). The presence of excess water seemingly inhibits
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the sequential Beckmann rearrangement. Consequently, the use of desiccants was considered.
Unfortunately, the addition of molecular sieves and ortho methyl formate ester (TMOF) at
various conditions only led to oxime 4-1 (entries 3-7). Lastly, to avoid introducing water, a
reaction with hydroxylamine hydrochloride and sodium acetate was attempted (entry 8).
However, the desired amide 4-2 was not observed and only acetophenone was recovered.

Efforts to overcome these initial challenges are underway.

BAC-42 (20 mol%)

o hydroxylamine (1.0 equiv) N/OH Q
)J\ : = )l\ ' Ph\N)J\Me
Ph Me HFIP:CH3NO, = x:y, Ph Me H
acetophenone 1.0M, temp, 24 h 41 4-2
(0.5 mmol) (observed) (not obseved)
entry hydroxylamine Xy T (°C) additives yield (%)®
1 NH20OH 50 wt.% in H20 11 50 - n.r.
2 NH20H 50 wt.% in H20 4:1 50 - n.r.
3 NH20H 50 wt.% in H20 1:1 50 100 mg 4 AMS n.r.
4 NH20H 50 wt.% in H20 4:1 50 100 mg 4 AMS n.r.
5 NH20OH 50 wt.% in H20 11 50 3.0 equiv TMOF n.r.
6 NH>OH 50 wt.% in H20 4:1 50 3.0 equiv TMOF n.r.
7 NH20OH 50 wt.% in H20 4:1 80 3.0 equiv TMOF n.r.
8° NH2OH -HClI 4:1 80 - n.r.

%In all cases, oxime 4-1 was formed in different amounts along with leftover acetophenone.
PReaction was run with 1.0 equiv of NaOAc.

Table 4-5. Efforts towards a one-pot Beckmann rearrangement from acetophenone via BAC.

4.7 Application in orthogonal catalysis

Electron-poor arylboronic acids, such as BAC-26, have been previously shown to be excellent
catalysts for direct alcohol activation in Friedel-Crafts reaction (cf. Chapter 2). In this regard, we
were interested in exploring the possibility of using arylboronic acids with ortho-carboxyesters
as chemoselective catalysts for the activation of the oxime N-OH bond. As shown in Scheme 4-
17, oxime 4-1 was selectively activated and transformed into amide 4-2 in the presence of
alcohol 2-29 and p-xylene under the standard Friedel-Craft benzylation conditions. Although
only a moderate yield of 4-2 was isolated due to deviation from the optimal Beckmann
rearrangement conditions, almost full recovery (97%) of alcohol 2-29 was obtained. This initial

result emphasizes the potential of BAC-42 in orthogonal catalysis.
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| I pn.
A BAC-42 (20 mol%) A SN TMe

-xylene (5.0 equiv
4-1 (0.5 mmol) Py ( d ); 4-1 (31%) 4-2 (62%)

HFIP:CH3NO, = 4:1,

/©/\OH 0.5M, 50 °C, 24 h /@/\OH
Br Br

2-29 (0.5 mmol) 2-29 (97% recovery)

Scheme 4-17. Application of BAC-42 in orthogonal catalysis.

4.8 Mechanistic studies

The unique reactivity of arylboronic acids with ortho-carboxyesters in the Beckmann
rearrangement prompted us to propose the formation of the boronic acid oxime ester, BAC-51,
as a reactive intermediate (Scheme 4-18). Oxime acetates have been shown to undergo the
Beckmann rearrangement in the presence of a strong acid according to Kuhara in the early
1900s."® A two-step reaction mechanism, in which the oxime transesterification is followed by
the Beckmann rearrangement, is proposed as shown in Scheme 4-18. Mechanistic studies
were conducted to further prove the existence of oxime ester BAC-51 and elucidate the role of

the boronic acid in both the transesterification and the Beckmann rearrangement.

Kuhara

(0] (0] 'Il Cl (0]
)J\ N Ph HCI )J\ N Ph Beckmann Ph_ )J\

Me” ~O7 X Me” 07 X N~ “Ph
Y Y rearrangement H
Ph Ph
4-66 4-66°HCI 4-4
Our proposal
(0]
N/OH N _Ph i
)l\ BAC-42 or BAC-50 o Y Beckmann Ph\NJ\M
Ph Me transesterification Me rearrangement H e
B(OH),
4-1 step 1 BAC-51 step 2 4-2

Scheme 4-18. Proposed key steps in the boronic acid catalyzed Beckmann rearrangement.
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4.8.1 Exploration of the oxime transesterification hypothesis

4.8.1.1 Control experiments to examine the oxime transesterification

A series of control experiments were performed to rationalize the transesterification step. As
shown in Table 4-6, rearrangement with BAC-42 gave 84% yield under the optimized reaction
conditions (entry 1). In contrast, the reaction using methyl benzoate 4-67 gave no amide product
(entry 2). Furthermore, control experiments replacing the boronic acid moiety with other electron
withdrawing groups such as —NO, (4-68) and —CF; (4-69) also led to no formation of product 4-2
(entries 3-4). It is likely that the Lewis acidic character of the boron triggers the
transesterification. Surprisingly, protecting the free boronic acid as a pinacol boronic ester, 4-70,
led to failure to catalyze the rearrangement (entry 5). This result indicates a possible exchange
of the B—OH bond with HFIP for the formation of an HFIP boronic ester. A more electrophilic

boron center from the HFIP boronic ester could account for the oxime transesterification.

R

_OH O
NI catalyst (20 mol%) . )J\ CO,Me
. -1 “N Me
ph)\Me HFIP:CH3NO, = 1:1, N

1.0M, 50 °C, 24 h

41 4-2 catalyst
entry R number yield (%)®

1 B(OH), BAC-42 84

2 H 4-67 n.r.

3 NO2 4-68 n.r.

4 CF3; 4-69 n.r.

5 Bpin 4-70 n.r.

®Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene
as internal standard.

Table 4-6. Control experiments to support the oxime transesterification hypothesis.

4.8.1.2 Evaporation experiment to examine the role of HFIP

Inspired by the intriguing results of Table 4-6, more studies were performed to explore the
possible interaction between the boronic acid and HFIP for the transesterification. Considering
that a direct observation of the HFIP boronic ester in solution is difficult by '"H NMR and less

quantitative by "B NMR, the following evaporation experiments were designed. Catalyst BAC-
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42 was subjected to a solvent mixture of HFIP:CH3;NO, (v:v = 4:1) and stirred for the indicated
period of time. Afterwards, all the solvent was removed and the crude compound 4-71 was

obtained, which is proposed to be the mono HFIP boronic ester (Scheme 4-19).

F3C

7
B(OH), Y

O.__OH B(OD)

CF;

oD

1. HFIP:CHgNO, = 4:1
CO,Me HINO, B DO CO,Me
50°C,8h 2 )\
2 1 COMe  — F3C~ "CF;
3 2. evaporate then 5 4
6

add acetone-d6

BAC-42 4-71 1:1
(0.10 mmol)

Scheme 4-19. Evaporation experiment to explore the role of HFIP.

Both '"H NMR (Figure 4-1) and "'B NMR (Figure 4-3) studies of the crude material 4-71 in
anhydrous acetone-d6 showed a complicated mixture. The septet at 5.0 ppm was assigned to
the methine proton from HFIP while several new septet signals appear between 5.4 ppm to 5.6
ppm (Figure 4-1), which represent different hexafluoroisopropoxy methine protons and indicate
the formation of 4-71. However, assignment of all the peaks on 'H NMR proved to be
challenging at this stage and was thus not pursued further. Nevertheless, multiple peaks at 30.1,
20.7 and 17.3 ppm in "'B NMR spectra suggested the existence of at least three boron species
with different ionization states (either trigonal neutral or weakly coordinated half boronate,
Figure 4-3). It is unlikely that a meaningful amount of fully ionized boronate anion is formed

since no major peak is observed below 10 ppm.

Afterwards, one drop of D,O was added to the NMR tube charged with crude 4-71. The sample
was then subjected to the same NMR studies. As a result, the previous complicated mixture
was resolved into clean spectra on both '"H NMR (Figure 4-2) and ''B NMR (Figure 4-4).
Recovery of BAC-42 and HFIP (1:1 ratio) was clearly observed, which supports the formation of
the mono HFIP boronic ester 4-71 in the reaction media. According to the previous observations,
the boronic acid catalyzed Beckmann rearrangement requires the use of HFIP (Table 4-1) and
becomes more efficient when an increasing proportion of HFIP is used (Table 4-2). It is
proposed that a large quantity of HFIP is necessary to ensure the formation of 4-71 which
serves as a reactive species for the oxime transesterification, when perfluoropinacol is not used
as an additive. Moreover, as a highly polar solvent, HFIP is known to facilitate reactions that go

through cationic intermediates/transition states, such as the Beckmann rearrangement.

200



mmmmmm

mmmmmmm e
= N
A F3;C CF
y, Vs 3 Y 3
/ (
— e s r O\B/OH
W CO,Me
T T T T T T T T T T
5.8 5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 4.9
f1 (ppm) 4-71
T T T T T T T T T T T
80 79 78 7.7 75 74 73 72 71 7.0
f1 (ppm) J‘
AL o A | ’ N .
g iod £
w =] o ©
T T T T T T T T T
105 100 95 90 85 80 75 70 65 60 55 50 . 40 35 30 25 20 15 10 05 00 -05 -1.0
f1 (ppm)

Figure 4-1. "H NMR spectrum spectrum of mixture 4-71 in anhydrous acetone-d6.
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Figure 4-2. '"H NMR spectrum of mixture 4-71 in anhydrous acetone-d6 with D,O.
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Figure 4-3. "'B NMR spectrum of mixture 4-71 in anhydrous acetone-d6.
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Figure 4-4. "'B NMR spectrum of mixture 4-71 in anhydrous acetone-d6 with D,O.
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4.8.1.3 Examination of the role of perfluoropinacol

We were also interested in exploring the interaction of BAC-42 with perfluoropinacol, since the
use of catalytic perfluoropinacol accelerated the reaction. In this regard, a one-to-one ratio of
catalyst BAC-42 and perfluoropinacol were dissolved in nitromethane-d3 and stirred at room
temperature before being subjected to '"H NMR, "B NMR and "F NMR spectroscopic studies
(Scheme 4-20). The relevant individual spectra of BAC-42 (Figure 4-5 and Figure 4-7) and
perfluoropinacol (Figure 4-9) were recorded for reference. Overall, analysis of the spectra

suggests that the formation of perfluoropinacol boronic ester 4-72 does occur, but in a low

proportion.
OMe
Ow2 FaQ g nitromethane-d3 \’O
COZMe + F3C"' "'CF3 /B,\O
FsC CFs
BAC-42 perfluoropinacol CFs
0.025 mmol (1.0 equiv) 4-72 (21%)

Scheme 4-20. Exploration of the interaction between BAC-42 and perfluoropinacol at a one-to-

one ratio in nitromethane-d3.

In comparison to Figure 4-5, a new major peak at 4.5 ppm was observed from the '"H NMR of
the reaction mixture (Figure 4-6), which was assigned to the H8 methyl protons of complex 4-72.
The clear downfield shift of H8 from 4-72 compared to H1 of BAC-42 originates from a
polarization of the carboxyester moiety by coordination to a more electrophilic boron center in 4-
72. Meanwhile, the aromatic region showed new signals as a result of the formation of 4-72.
The assignment of the aromatic signals of 4-72 was confirmed by *C NMR, HSQC and HMBC
analysis of the titration end point of BAC-42 and perfluoropinacol with HFIP (Figure 4-13 to
Figure 4-15). More direct evidence of the coordination from the methyl ester to the
perfluoropinacol boronic ester 4-72 is shown in Figure 4-8. The "B NMR signal at 15.0 ppm
strongly suggests a non-fully ionized tetrahedral boron center, which supports the formation of
internal coordination in 4-72. Similarly, a new signal at -69.9 ppm on the "F NMR of the reaction
mixture (Scheme 4-20) was also evident (Figure 4-10) when compared to the spectrum of

perfluoropinacol at -71.0 ppm (Figure 4-9).

203



/i

—3.92

B(OH),
CO,Me

1 oy [

A BAC-42
80 79 78 7. 76 75

f1 (ppm)
Ll
£atd 4
2 11 10 o 8 7 : 4 3 > 1 o 4 5

5
f1 (ppm)

Figure 4-5. "H NMR spectrum of BAC-42 in nitromethane-d3.
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Figure 4-6. "H NMR spectrum of the equimolar reaction mixture of BAC-42 and perfluoropinacol.
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Figure 4-7. "B NMR spectrum of BAC-42 in nitromethane-d3.
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Figure 4-8. "'B NMR spectrum of the equimolar reaction mixture of BAC-42 and

perfluoropinacol.
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Figure 4-9. "°F NMR spectrum of perfluoropinacol in nitromethane-d3.
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Figure 4-10. "®F NMR spectrum of the equimolar reaction mixture of BAC-42 and
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The reaction mixture of BAC-42 and perfluoropinacol from Scheme 4-20 was titrated with 0.0 to
8.0 equivalents of HFIP (Scheme 4-21). The corresponding 'H NMR, "B NMR and "°F NMR
spectra at various HFIP equivalence were recorded. Formation of the boronic ester 4-71 was
observed as more HFIP was added. As shown in Figure 4-11 and Figure 4-12, a new set of
peaks (H4, H6 and H7) from 4-71 gradually appeared with increasing amounts of HFIP, while
the proton signals (H1 and H3) from BAC-42 slowly weakened. Despite the consumption of
BAC-42, no obvious quantitative changes of 4-72 were observed throughout the titration, which
suggests that the perfluoropinacol boronic ester 4-72 is relatively stable in the titration

conditions used.

OMe

FsC. _CFs
N HFIP Y N
o O. _OH o
,/ (0.0 to 8.0 equiv) B~ ,/
"B~o + BAC42 —— "7 5 + B<o + BAC-42
0] CF nitromethane-d3 ©/002Me o CF
3 3
F3C%/% F C%/k
CF 3 CF
CFy 2 CF, = °
4-72 (21%) 79% 47 412

Scheme 4-21. Titration of the reaction mixture of BAC-42 and perfluoropinacol with varying

amounts of HFIP.

At the titration end point, the 3C NMR, HSQC and HMBC experiments of the reaction mixture
were also performed. The relevant proton and carbon signals from BAC-42, 4-71 and 4-72 were
assigned based on analysis of these spectra (Figure 4-13 to Figure 4-15). In terms of *C NMR
(Figure 4-13), three different carbonyl signals at 182.8, 169.4 and 169.3 ppm were
distinguishable and identified as C9, C5 and C2 from 4-72, 4-71 and BAC-42, respectively. The
assignments are further confirmed by the correlations found by HSQC (Figure 4-14) and HMBC
experiments (Figure 4-15), e.g. (H1, C1) (H1, C2), (H4, C4), (H4, C5), (H8, C8) and (H8, C9).
The apparent downfield shift of C9 from 4-72 is attributed to the strong polarization of the
carboxyester by coordination of the carbonyl to the highly Lewis acidic boron center. Although a
similar downfield shift and polarization of C5 was also found in 4-71, such an effect was not as

strong as that in 4-72.
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Figure 4-11. Titration of the reaction mixture of BAC-42 and perfluoropinacol with varying
amounts of HFIP by 'H NMR-Part 1 (8.5-5.0 ppm).
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Figure 4-12. Titration of the reaction mixture of BAC-42 and perfluoropinacol with varying
amounts of HFIP by 'H NMR-Part 2 (5.0-3.7 ppm).
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Figure 4-13. *C NMR spectrum of the titration end point of BAC-42, 4-71 and 4-72 with HFIP.
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Figure 4-14. HSQC spectrum of the titration end point of BAC-42, 4-71 and 4-72 with HFIP.

210



o
H6 H3 H10
— C2 o ob e o o
— ¢5 =2 L A
o 180 &
co - 0 100
200 z
—— 2 (ppm) . oW 9 =
N [ B |
F150
: 160
1 C2 & N §
- c5 : 170 ,g §
2 : 10 o 200
co 3
190
‘V—V—“y-o—r
2 (ppm)

T T T T T T T T T T T T T T T T T T T
12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
2 (ppm)

Figure 4-15. HMBC spectrum of the titration end point of BAC-42, 4-71 and 4-72 with HFIP.

The intermediacy of boronic ester 4-72 was also supported by the following experiments. BAC-
42 with various amounts of perfluoropinacol were dissolved in nitromethane-d3 and stirred at
room temperature for the same amount of time (Scheme 4-22). These reaction mixtures were
then subjected to ''B NMR spectroscopic studies. As the amounts of perfluoropinacol increased,
the boron signal at 15.0 ppm enhanced, which suggests that more of the boronic ester 4-72 was
formed (Figure 4-16).

OMe

B(OH), FiC  CFs o o3 Yo
nitromethane- ,/
COzMe + F3C|-->—<- "ICFy B~o
HO OH rt, 18 h O, CFs
FsC CF3

BAC-42 perfluoropinacol CFs

0.025 mmol (0.0 equiv to 3.0 equiv) 4-72

Scheme 4-22. Reactions of one equivalent of BAC-42 with various amounts of perfluoropinacol.
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Figure 4-16. ''B NMR spectrum of BAC-42 and various amounts of perfluoropinacol in

nitromethane-d3.

Although the previous experiments suggest that the boronic ester 4-72 was formed in
nitromethane, more efforts were placed to support its intermediacy in the actual reaction solvent
(HFIP:CH3NO; v:v = 4:1). Specifically, boronic ester 4-72 was prepared independently as shown
in Scheme 4-23. The characterization of 4-72 by '"H NMR and ''B NMR (Figure 4-17 and 4-18)
confirmed the previous observation of new peaks in Figures 4-6 and 4-8.

OMe
B(OH), F.C CF N No
CoMe F3C"'H"'CF3 can->tar B~o
[ flux, 24 h 1
HO OH toluene, reflux, O)\/%CF:),
FaC CFs
BAC-42 perfluoropinacol CFs

(1.0 equiv) 4-72 (isolated)

Scheme 4-23. The synthesis of complex 4-72 from BAC-42 and perfluoropinacol.
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Figure 4-18.

"B NMR spectrum of compound 4-72 in nitromethane-d3.
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Furthermore, the catalytic reactivity of compound 4-72 was confirmed with oxime 4-1 in the
actual reaction solvent (Scheme 4-24, equation 2). Full conversion of oxime 4-1 was observed
after 24 hours and amide 4-2 was isolated in 93% vyield, which is consistent with the optimal
conditions where perfluoropinacol is added directly with BAC-42 in the reaction (Scheme 4-24,
equation 1). This observation supports that boronic ester 4-72 is formed in the optimal reaction

conditions (Scheme 4-24, equation 1) when HFIP is present.

OH BAC-42 (5 mol%) 0 B(OH).
g perfluoropinacol (5 mol%
P Cm) e COMe
Ph Me HFIP:CH3NO, = 4:1, N Me
1.0 M, rt, 24 h
4-1 (0.5 mmol) 4-2 (93%) BAC-42
OMe
N
o)
N 4-72 (5 mol%) j\ @Eé/
)I\ : — Phoy "N ye @ o ~0
Ph “Me HFIP:CH3NO, = 4:1, N CFs
1.0M,rt,24 h F.C
4-1 (0.5 mmol) 4-2 (93%) 8 CF3
CFs,
4-72

Scheme 4-24. Evaluation of the catalytic reactivity of boronic ester 4-72.

In light of these observations, the following mechanistic picture is proposed: the oxime
transesterification is facilitated due to the highly electrophilic ester, which is polarized by the

Lewis acidic perfluoropinacol and/or HFIP boronic ester.

4.8.2 Studies to support the boron-assisted Beckmann rearrangement

With a clear role of the boronic acid moiety for the oxime transesterification, more studies were
conducted to identify the exact role of the boronic acid in the actual Beckmann rearrangement.
As described in Table 4-1, 2-carboxyphenyl boronic acid BAC-41 displayed very low reactivity
for the direct Beckmann rearrangement, possibly due to a relatively slow transesterification. In
this regard, higher conversion of the product should be obtained with BAC-41 in the presence of
suitable coupling reagents. Indeed, when oxime 4-1 was subjected to the coupling conditions
with catalytic EDC-HCI and DMAP along with BAC-41, a moderate yield (52%) of the amide
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product 4-2 was observed (Table 4-7, entry 1). Surprisingly, the reaction using protected pinacol
boronic ester 4-73 also gave amide 4-2 in moderate yield 33% (entry 2). However, devoid of the
boronic acid, benzoic acid 4-74 resulted in no product, which highlights the important role of the
boronyl group in the rearrangement (entry 3). It was also discovered that the ortho boronic acid
moiety could not be replaced by other electron withdrawing groups. Under the same carboxylic
acid coupling conditions, the use of 2-nitro/trifluoromethyl benzoic acid (4-75 and 4-76) provided
no formation of the product (entries 4 and 5) after 24 h. Overall; these observations indirectly

confirm that the presence of Lewis acidic boron center triggers the Beckmann rearrangement.

catalyst (20 mol%) R

_OH EDC+HCI (20 mol%) o COH
)NI\ DMAP (5 mol%) Ph. )J\M 2
. -1 e
Ph Me HFIP:CH3NO, = 1:1,

1.0M,50°C, 24 h

Iz

4-1 4-2 catalyst
entry R number yield (%)®
1 B(OH), BAC-41 52
2 Bpin 4-73 33
3 H 4-74 n.r.
4 NO; 4-75 n.r.
5 CF3; 4-76 n.r.

®Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene
as an internal standard.

Table 4-7. Control experiments to support the boron assisted Beckmann rearrangement.

To support the intermediacy of the oxime ester and provide direct evidence of the boron
assisted Beckmann rearrangement, effort was placed into the synthesis of BAC-51 and
evaluation of its catalytic activity for the direct Beckmann rearrangement (Scheme 4-25). At the
outset, the direct coupling of BAC-41 and oxime 4-1 was attempted with DCC, HOBt and DMAP
using the sorbitol work-up, as previously described by Hall and co-workers.?® Unfortunately, no
desired product was obtained (Scheme 4-25a). While direct coupling of the oxime was not
successful, a second strategy was proposed to protect BAC-41 into the corresponding pinacol
ester 4-77 to allow the sequential oxime coupling and deprotection (Scheme 4-25b). Although a
low yield of 4-78 was obtained, enough material was isolated for further use. However, the
deprotection of such a sterically hindered pinacol boronic ester 4-78 was unproductive. Only

oxime 4-1, from the hydrolysis, was observed after a long reaction time. Due to the inefficient
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synthesis of the boronic ester with route b, an alternative method using Miyaura borylation and
sequential deprotection method was designed. As described in Scheme 4-25¢, the brominated
oxime ester 4-79 was prepared in high yield using a more robust esterification method via the
acid chloride. Since the pinacol boronic ester 4-78 could not be successfully deprotected,
installation of a more labile protecting group was attempted. Miyaura borylation of bromoarene
4-79 afforded the corresponding neopentyl boronic ester 4-80 in a moderate yield of 40%.
Gratifyingly, product 4-80 was stable enough to be isolated by column chromatography. The

free boronic acid BAC-51 was successfully obtained upon hydrolysis of 4-80, albeit in low yield.

B(OH), 1. HOBt (4.0 equiv)

o)
OH DMAP (4.0 equiv)
coH )NI\ DCC (4.0 equiv) ©\)J\o/ NYPh
P “Me . Me
DMF, 80 °C, 5 h B(OH),

then rt overnight

BAC-41 41 2. Hall's sorbitol workup not observed
Bpin OH EDC-HCI (2.5 equiv) Bpin O
N~ DMAP (10 mol%
COQH . )l\ ( °) O/ NY Ph
Ph Me DCM. rt, 18 h Me
4-77 4-1 4-78 (14%)
Bpin O NalOy4 (8.0 equiv) OH
NH4OAc (8.0 equiv) N~
_N Ph 4
o} Y )|\ og \j/
Me water:acetone = 1:1, Ph Me
rt, 7d B(OH),
4-78 41 not observed

Br Br 4-1 (1.0 equiv) Br O

CO,H SOCily, reflux, 2 h CO,Cl Et3N (2.0 equiv) O/NY Ph
DMAP (2.0 equiv) Me
DCM, rt, 24 h
4-79 (98%)
neopentyl diboron %
(1.2 equiv)

(0N /O
Pd(dppf)Cl, (10 mol%) B
KOAc (2.5 equiv) - @)J\ water:acetone = 1:1 ©\)J\O Y
dioxane, 80 °C, 4 h
02M,rt,72h B(OH),
4-80 (40%) BAC-51 (20%)

Scheme 4-25. Synthesis of oxime ester BAC-51: (a) via a direct coupling method; (b) by a
boronic acid protection-coupling-deprotection sequence; (c) with the Miyaura borylation and

deprotection method.
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With BAC-51 successfully prepared, control experiments to provide direct evidence of the Lewis
acidic boron assisted Beckmann rearrangement were performed. As described in Scheme 4-26,
oxime ester 4-81 was prepared independently and subjected to several studies. It was found
that no rearrangement occurred using 4-81 with or without catalyst BAC-42 (equation 1 and 2).
In addition, compound 4-81 showed no catalytic activity in the actual reaction (equation 3).
These three experiments establish the ineffectiveness of oxime ester 4-81 in the reaction media
without the ortho boronyl group. Following these negative controls, reactions using oxime esters
4-78 and BAC-51 with ortho boronyl groups were conducted. Similar to the result described in
Table 4-7 entry 2, catalyst 4-78 with protected pinacol boronic ester afforded amide 4-2 in
moderate yield (Scheme 4-26, equation 4). This appears somewhat contradictory to the
reaction with 4-42, in which no product was formed (Table 6, entry 5). The observation indicates
that, while a free boronic acid is needed to form a highly Lewis acidic boronic ester with HFIP or
perfluoropinacol for the initial transesterification, the downstream Beckmann rearrangement only
requires the presence of a boronyl group. However, hydrolysis or exchange with HFIP of pinacol
boronic ester 4-78 under the reaction conditions (equation 4) cannot be excluded at this point.
When BAC-51 was subjected to the optimal conditions, a high yield of the amide 4-2 was
obtained after only 6 h (Scheme 4-26, equation 5). Over 100% of 4-2 was measured, since
catalyst BAC-51 could produce an extra 5% of product theoretically. Self-rearrangement of
BAC-51 was also observed in the reaction solvent without the addition of oxime 4-1, yielding
amide 4-2 and complex side products (Scheme 4-26, equation 6). These side products were
studied by '"H NMR, "*C NMR and HMBC analysis and eventually concluded to be 4-82, a
mixture of the HFIP carboxy ester (4-82a) and HFIP boronic ester (4-82b).

The elucidation of mixture 4-82 was concluded as follows in (Figure 4-19). While the peaks at
4.4 ppm represent the remaining solvent HFIP and nitromethane, two other distinct septet peaks
6.0 ppm and 5.3 ppm were observed, which were produced from the methine protons in two
different hexafluoro isopropoxy moieties. From the ">C NMR spectra, two major and identifiable
carbonyl peaks at 169.2 and 166.6 ppm are present (Figure 4-20). The carbonyl signal at 166.6
ppm was assigned as C12 from the HFIP carboxy ester 4-82a, as a correlation was found
between proton H11 (6.0 ppm) and C12 (166.6 ppm). The carbon signal at 169.2 ppm was
assigned as C16 from amide 4-2, as it is correlated to the methyl group H15 (2.2 ppm). In
contrast, no correlation was found between H13 (5.3 ppm) and any other carbonyl signal, which
supports formation of the HFIP boronic ester 4-82b, as illustrated in Figure 4-20 and Figure 4-
21.
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In summary, these experiments (Table 4-7 and Scheme 4-26) support the intermediacy of

(1

2)

@)

(4)

®)

(6)

®Yields were determined by 'H NMR analysis of the reaction mixture with 1,4-dinitrobenzene as an internal
standard. "Maximum yield is 120%. “Maximum yield is 105%.

Scheme 4-26. Control experiments to support the intermediacy of BAC-51.
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Figure 4-19. 'H NMR spectrum of mixture 4-82 from the Beckmann rearrangement of BAC-51.
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Figure 4-20. "*C NMR spectrum of mixture 4-82 from the Beckmann rearrangement of BAC-51.
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Figure 4-21. HMBC spectrum of mixture 4-82 from the Beckmann rearrangement of BAC-51.
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4.8.3 Catalytic vs self-propagating mechanism

Although a number of chloride electrophiles, such as CNC, TsCl, TAPC and CPI-Cl (Scheme 4-
1c), were reported to catalyze the Beckmann rearrangement, whether these protocols are truly
organocatalytic or not is still under debate.?® With TsCl as an example, a truly organocatalytic
system is commonly proposed to involve: first the Beckmann rearrangement of 4-83 to 4-84 and
then turnover through complex 4-85 (in some other cases, a Meisenheimer complex) to

regenerate the catalytic species 4-83 and release the product (Scheme 4-27a).™

Beckmann
_OH _OTs rearrangement _Ph
N TsCl N N
—_— |
Ph Me Ph Me Me OTs
41 4-83 4-84
fe) N/OH
Ph\N)J\Me (H+ Py
H N—Ph Ph™ Me
2
42 Me—( 4-1
olo H
N/ 7
S—0O* Me
[N
(o N=
Me Ph
complex 4-85
b NEL I al o)
S - ~
P O A
)\ N” “Me
Ph Me Ph Me H
41 4-83<HCI 4-2
self-propagating
mechanism
IT| Me
A)
N o =
Ph—N=—Me Ph” Y* Ny Ph
4-86 nitrilium Me 4 a7
_OH
N
I
Ph Me -
41 nucleophilic

attack

Scheme 4-27. Previously proposed mechanisms for organocatalytic Beckmann rearrangement:

(a) catalytic mechanism; (b) self-propagating mechanism.
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In contrast, DFT calculations by Eriksson and co-workers strongly suggest a self-propagating
mechanism involving the formation of a nitrilium ion 4-86 (Scheme 4-27b). Nucleophilic attack
of the oxime to the nitrilium ion results in a dimeric complex 4-87, which undergoes Beckmann

rearrangement and regeneration of the active nitrilium species.*

Recently, experimental explorations from Ishii'®* and Deng®' also support the self-propagating
mechanism in the organocatalytic systems using chloride electrophiles. In Deng’s report,®’
efforts were also undertaken to explain why cyclohexanone oxime 4-51 is not a good substrate
in the organocatalytic systems. According to their calculation and experiments, a dimeric
compound 4-89, which results from the nucleophilic attack of e-caprolactam 4-52 to the nitrilium
ion 4-88, severely inhibits the rearrangement (Scheme 4-28). Upon acidic reflux conditions, this
dimeric compound can be hydrolyzed back to the desired product 4-52. The same observation

was also reported by Ishii and co-workers.'®

N/OH 0
| TsCI (30 mol%) 6.0 M HCI/H20 NH
CH3CN, reflux, 3 h reflux, 50 min
4-51 4-52

| R}
I

~— +

~

4-88

Scheme 4-28. Explanation of low reactivity of cyclohexanone oxime in organocatalytic or

mediated system by Deng.

In order to further explore the nature of the Beckmann rearrangement with boronic acid catalysis,
reactions with cyclohexanone oxime using TsCl and BAC-42 under the same conditions were
performed. Indeed, the dimeric compound 4-89 was observed on both '"H NMR and HRMS in
the rearrangement with TsCl in our solvent system (Scheme 4-29), which strongly suggests the
formation of nitilium ion 4-88 (Scheme 4-28). Using catalyst BAC-42 under the same conditions,
the amide 4-52 was afforded in low yield, however, dimer 4-89 was not detected upon 'H NMR

and HRMS analysis (Scheme 4-30). Arguably, these results suggest that the BAC Beckmann
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rearrangement does not go through a self-propagating mechanism. Rather, it could be

considered a truly catalytic process.

_OH 0}
N TsClI (20 mol%
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Scheme 4-29. 'H NMR and HRMS analysis of reaction crude for cyclohexanone oxime using

TsCI.
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Scheme 4-30. '"H NMR and HRMS analysis of reaction crude for cyclohexanone oxime using
BAC-42.

4.8.4 Degradation of the boronic acid

The fate of the boronic acid catalyst was studied by UPLC-MS analysis. A higher catalyst

loading was employed for better detection of possible degradation products. As shown in

224



Scheme 4-31, the only identifiable compound was carboxylic acid 4-90, which is suspected to

be the side product from hydrolysis of the reactive intermediates 4-91 or 4-92.
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Scheme 4-31. UPLC-MS study of degradation of catalyst BAC-42.
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4.9 Proposed mechanism

According to the mechanistic investigations described in Section 4.8, the proposed

reaction mechanism is detailed in Scheme 4-32.

a. Boron activated transesterification with oxime:

OMe
perfluoropinacol CO:Me
o
5 B(OH),
O;KCFS BAC-42
1 .
472 R b CF, H (O-Me): 3.9 ppm
3 OH 3¢ (C=0): 170.0 ppm
Nig 1B (Ar-B): 30.0 ppm
"H (O-Me): 4.5 ppm | N
3¢ (C=0): 183.0 ppm Ph™  "Me B Me ]
"B (Ar-B): 15.0 ppm 41 &+ H Ph
Me\o/ /
v —N
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e e St e /B\OR
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X i
Ph{ N.__Ph
N” “Me 4-2 07X
N Y
Me
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Scheme 4-32. Proposed mechanism for the boronic acid catalyzed Beckmann rearrangement.
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As shown in Scheme 4-31, when BAC-42 or BAC-50 is subjected to the reaction solvent with
perfluoropinacol, a highly electrophilic boronic ester 4-72 is formed, which strongly polarizes the
ortho-carboxyester and triggers the oxime transesterification, affording intermediate 4-91. This
unique boron activated oxime transesterification is proposed to be the slowest step, an
assertion supported by the more reactive nature of BAC-50 bearing —OPh as a better leaving
group. Presumably, the ortho boron from 4-91 induces the Beckmann rearrangement by
polarizing the N—O bond through coordination of the oxime ester oxygen (TS). The nature of this
rearrangement is, however, unclear at this moment. The stepwise self-propagating mechanism
is unlikely, since no dimeric compound 4-89 is formed, which rules out the formation of the
nitrilium ion. The dispute of the self-propagating mechanism is also supported by the fact that
oxime ester BAC-51 rearranged to amide 4-2 without the presence of extra oxime 4-1 (Scheme
4-26, equation 6). A concerted mechanism is proposed for the Beckmann rearrangement with 4-
91 as a true catalytic species. Afterwards, the rearranged oxime ester 4-92 can under another
oxime transesterification and release the amide product 4-2. In the end, when all of the oxime is

consumed, slow hydrolysis of 4-91 or 4-92 eventually leads to side product 4-90.

4.10 Summary

In conclusion, Chapter 4 describes our efforts towards the discovery and development of ortho-
carboxyester arylboronic acids BAC-42 and BAC-50 as novel catalysts for the direct Beckmann
rearrangement. This protocol is operationally simple; it does not require pre-drying of solvents or
inert atmospheric conditions. Under the optimal conditions, oximes with various functional
groups are tolerated and transformed into the amide products at ambient temperature. Further
mechanistic studies indicate the critical functions of the boron moiety in mediating the oxime
transesterification and inducing the concerted Beckmann rearrangement. This research is not
only significant for direct N-OH bond activation, but also provides further guidance for boronic
acid catalyst design in regard to the development of other reactions of oximes, direct Sy2

reactions and eliminations of alcohols.
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4.11 Experimental

4.11.1 General methods

The following sections include representative experimental procedures and details for the
synthesis and isolation of compounds. Full characterization of all new compounds and partial
characterization of known compounds presented in this chapter are described. Unless otherwise
stated, all reactions were performed in capped regular glassware with no further precautions to
exclude air or moisture. Toluene, tetrahydrofuran (THF), dimethylformamide (DMF) and
dichloromethane (DCM) were purified using a cartridge solvent purification system with 4 A
molecular sieves as absorbent. Acetonitrile and dimethyl sulfoxide (DMSO) were dried over
activated molecular sieves before use. All other solvents (including HFIP and nitromethane)
were purchased as ACS reagents and used without further purification or drying. 2-
Methoxycarbonyl phenylboronic acid was purchased from Combi-Blocks (6:1 boronic acid:
boroxine in anhydrous CDCI;) and used as received. Unless otherwise noted, all other
chemicals were purchased from commercial sources and used as received. Chromatographic
separations were performed on silica gel 60 using ACS grade hexanes, ethyl acetate,
dichloromethane, acetone, tert-butyl methyl ether and methanol as eluents. Thin layer
chromatography (TLC) was performed on silica gel 60 F254 plates, which were visualized under
UV light and with KMnOy,, iodine or phosphomolybdic acid (PMA) stains. '"H NMR, "*C NMR, ''B
NMR and "°F NMR spectra were recorded on 400 MHz, 500 MHz or 700 MHz instruments. The
residual solvent protons ('H / CHCIl;) or the solvent carbon (*C) were used as internal
references. '"H NMR data is presented as follows: chemical shifts in ppm downfield from
tetramethylsilane (multiplicity, coupling constant, integration). The following abbreviations are
used in reporting NMR data: s, singlet; br s, broad singlet; d, doublet; t, triplet; q, quartet; quin,
quintet; sext, sextet; sept, septet; dd, doublet of doublets; m, multiplet. The error of coupling
constants from "H NMR spectra is estimated to be 0.3 Hz. High-resolution mass spectra were
recorded by the University of Alberta mass spectrometry services laboratory using either
electron impact (El) or electrospray ionization (ESI) techniques. Infrared (IR) spectra were
obtained using cast-film technique with frequencies expressed in cm™. The resolution of the IR
instrument is 4 wavenumbers. Melting points (m.p.) were measured on a melting point

apparatus and are uncorrected.
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4.11.2 Synthesis and characterization of boronic acids

step 1: esterification

ROH (1.0 equiv)
Br Br EtzN (2.0 equiv) Br
CO,H SOCIy, reflux, 2 h CO,CI N COR
DMAP (2.0 equiv)
DCM, rt, 24 h
(1.2 equiv)
step 2: Miyaura borylation step 3: deprotection
neopentyl diboron
(1.2 equiv) o.__O HO. _OH

Br B B
Pd(dppf)Clz (10 mol%)
COzR KOAc (2.5 equiv) COzR water:acetone = 1:1 CO2R
dioxane, 80 °C, 1 h rt, 72 h

Step 1: To a flame-dried 15 mL round bottom flask charged with a stir bar was added 2-bromo

benzoic acid (1.20 g, 6.00 mmol) and 6 mL SOCI,. The mixture was brought up to reflux for 2 h
under nitrogen. After the indicated time, the reaction was cool down to room temperature before
the removal of excess SOCI, by vacuum. The resulting crude 2-bromo benzoyl chloride was
dissolved in 5 mL of DCM and used without further purification. To another flame-dried 25 mL
round bottom flask charged with triethylamine (1.02 g, 10.0 mmol) and DMAP (1.22 g, 10.0
mmol) in 15 mL DCM was added the alcohol (5.00 mmol) in one-pot. The reaction mixture was
then cool down to 0 °C and allowed to stir for 10 min. To the alcohol solution was added 2-
bromo benzoyl chloride solution carefully over a period of 15 min. The reaction was warmed up
to room temperature and stirred overnight. The crude 2-bromo benzoate was obtained after the

removal of DCM. The pure product was isolated by flash column chromatography.

Step 2: To a flame-dried 15 mL round bottom flask with a stir bar was added Pd(dppf)C,, (146
mg, 0.20 mmol), neopentyl diboron (542 mg, 2.40 mmol) and KOAc (491 mg, 5.00 mmol) in 12
mL freshly distilled dioxane under nitrogen. Upon stirring, a solution of the bromo benzoate in
dioxane (4 mL) from step 1 was added dropwise. After the addition, the reaction mixture was
allowed to heat up to 80 °C and monitored by TLC. The borylation generally went to completion
within 1 to 4 h. Upon cooling down to room temperature, the crude mixture was extracted with
EtOAc (2 x 20 mL). The combined organic layers were washed by water (1 x 20 mL) brine (1 x
20 mL), dried over anhydrous MgSQ,, filtered and concentrated. The boronic ester product was

isolated by flash column chromatography.

229



Step 3: In a 15 mL round bottom flask charged with a stir bar, a solution of the boronic ester
from step 2 in a solvent mixture of water:acetone (v:v = 1:1, 0.1 M) was prepared. The reaction
was allowed to stir at room temperature for 72 h before removal of acetone by vacuum. The
aqueous layer was then extracted with EtOAc (3 x 10 mL). The combined organic layers was
washed by water (6 x 10 mL) and brine (1 x 10 mL), dried over anhydrous MgSQO,, filtered and
concentrated. The pure boronic acid was obtained after recrystallization from hexane:DCM (v:v

= 1:1) mixture.

™

0.0

COzMe

OMe
4-93

Methyl 2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-5-methoxybenzoate (4-93): Prepared from
methyl 2-bromo-5-methoxybenzoate (490 mg, 2.00 mmol) using the general procedure, step 2.
Purified by flash column chromatography (8:1 to 3:1 hexane:EtOAc) and isolated as a yellow oil
(351 mg, 63%).

"H NMR (CDCl,, 500 MHz): § 7.45 (d, J = 8.2 Hz, 1H), 7.40 (d, J = 2.5 Hz, 1H), 7.04 (dd, J = 8.2,
2.6 Hz, 1H), 3.91 (s, 3H), 3.83 (s, 3H), 3.78 (s, 4H), 1.10 (s, 6H);

C NMR (CDCl3, 175 MHz): § 171.7, 162.5, 137.7, 135.7, 120.7, 116.1, 75.3, 58.0, 55.1, 34.5,

24.7 (The boron-bound carbon was not detected due to quadrupolar relaxation of boron);
"B NMR (CDCl;, 160 MHz): & 28.1;
IR (Microscope, cm'1): 3000, 2959, 2888, 2837, 1722, 1605, 1477, 1317, 1288, 1133;

HRMS (El) for C44H14BOs: calcd. 278.1326; found 278.1320.
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HO. OH

COzMe

OMe
BAC-44

4-Methoxy-2-(methoxycarbonyl)phenylboronic acid (BAC-44): Prepared from neopentyl
boronic ester 4-93 (350 mg, 1.25 mmol) using the general procedure, step 3. Purified by
recrystallization (1:1 hexane:DCM) and isolated as a white solid (65 mg, 25%).

M.p. 95-96 °C;

'H NMR (CD;COCD; + 1 drop D,0, 500 MHz): & 7.58 (d, J = 8.2 Hz, 1H), 7.43 (d, J = 2.6 Hz,
1H), 7.11 (dd, J = 8.2, 2.6 Hz, 1H), 3.85 (s, 3H), 3.83 (s, 3H);

®C NMR (CD;COCD; + 1 drop D,0, 125 MHz): § 169.5, 160.8, 135.7, 135.5, 118.3, 115.2, 55.7,

52.5 (The boron-bound carbon was not detected due to quadrupolar relaxation of boron);
"B NMR (CD3;COCD; + 1 drop D,O, 160 MHz): § 29.7;

IR (Microscope, cm™): 3363, 3172, 3013, 2956, 2850, 1688, 1600, 1562, 1438, 1385, 1291;
1053;

HRMS (ESI) for CgH11BOs [M-H]": calcd. 209.0627; found 209.0626.

0.0

/©/002Me
O,N

4-94

Methyl 2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-4-nitrobenzoate (4-94): Prepared from
methyl 2-bromo-4-nitrobenzoate (520 mg, 2.00 mmol) using the general procedure, step 2.
Purified by flash column chromatography (7:1 to 1:1 hexane:EtOAc) and isolated as a yellow
solid (300 mg, 51%).

M.p. 75-76 °C;
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'H NMR (CDCls, 500 MHz): 5 8.35 (d, J = 2.3 Hz, 1H), 8.22 (dd, J = 8.6, 2.3 Hz, 1H), 8.03 (d, J
= 8.8 Hz, 1H), 3.97 (s, 3H), 3.81 (s, 4H), 1.13 (s, 6H);

®C NMR (CDCls, 125 MHz): § 167.5, 149.6, 138.6, 129.7, 126.6, 123.6, 72.7, 53.0, 31.9, 22.1

(The boron-bound carbon was not detected due to quadrupolar relaxation of boron);
"B NMR (CDCl;, 128 MHz): § 27.4;
IR (Microscope, cm™): 3083, 2960, 2895, 1728, 1610, 1528, 1480, 1302.57, 1254, 1140;

HRMS (EI) for C43H16BNOs: calcd. 293.1071; found 293.1070.

HO. -OH

/©/002Me
OoN

2
BAC-49

2-(Methoxycarbonyl)-5-nitrophenylboronic acid (BAC-49): Prepared from neopentyl boronic
ester 4-94 (147 mg, 0.50 mmol) using the general procedure, step 3. Purified by recrystallization

(1:1 hexane:DCM) and isolated as a yellow solid (34 mg, 30%, decomposed upon heating).

'H NMR (CD;COCD; + 1 drop D,O, 500 MHz): & 8.32 (d, J = 2.3 Hz, 1H), 8.25 (dd, J = 8.6, 2.4
Hz, 1H), 8.13 (d, J = 8.6 Hz, 1H), 3.91 (s, 3H);

®C NMR (CD;COCD; + 1 drop D,0, 125 MHz): § 167.6, 150.6, 139.2, 130.9, 127.2, 123.9, 53.0

(The boron-bound carbon was not detected due to quadrupolar relaxation of boron);
"B NMR (CD3;COCD; + 1 drop D,0, 160 MHz): § 29.2;
IR (Microscope, cm™): 3448, 3082, 2958, 2868, 1713, 1610, 1529, 1480, 1349, 1312, 1141;

HRMS (ESI) for CgHsBNOg: calcd. 225.0445; found 225.0444.
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Ne

©/002Ph

4-95

Phenyl 2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)benzoate (4-95): Prepared from 2-bromo
benzoic acid (1.20 g, 6.00 mmol) and phenol (471 mg, 5.00 mmol) using the general procedure,
step 1 and 2. Purified by flash column chromatography (5:1 hexane:EtOAc) and isolated as a

yellow oil (510 mg, 82% for step 2).

'H NMR (CDCl;, 500 MHz): & 8.13 (d, J = 7.8 Hz, 1H), 7.64-7.56 (m, 2H), 7.51-7.39 (m, 3H),
7.32-7.19 (m, 3H), 3.76 (s, 4H), 1.06 (s, 6H):

3C NMR (CDCl;, 125 MHz): & 167.1, 151.1, 132.5, 132.5, 131.7, 129.5, 129.4, 128.7, 125.9,
121.8, 72.5, 31.8, 22.1 (The boron-bound carbon was not detected due to quadrupolar

relaxation of boron);
"B NMR (CDCl;, 128 MHz): & 28.1;

IR (Microscope, cm™): 3059, 2963, 2932, 2890, 1727, 1598, 1484, 1416, 1314, 1270, 1196,
1163;

HRMS (ESI) for C4gH2,BO, [M+H]": calcd. 311.1449; found 311.1450.

HO. OH

BAC-50

2-(Phenoxycarbonyl)phenylboronic acid (BAC-50): Prepared from neopentyl boronic ester 4-
95 (500 mg, 1.61 mmol) using the general procedure, step 3. Purified by recrystallization (2:1
hexane:DCM) and isolated as a white solid (125 mg, 32%).

M.p. 127-129 °C;
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'H NMR (CD5COCD; + 1 drop D,O, 500 MHz): & 8.07 (ddd, J = 7.8, 1.1, 0.7 Hz, 1H), 7.64-7.56
(m, 2H), 7.50 (ddd, J = 7.8, 6.8, 1.9 Hz, 1H), 7.47-7.42 (m, 2H), 7.33-7.20 (m, 3H);

C NMR (CD3;COCD; + 1 drop D,0O, 125 MHz): § 167.1, 152.2, 133.2, 132.9, 132.9, 130.2,
130.2, 129.0, 126.6, 122.7 (The boron-bound carbon was not detected due to quadrupolar

relaxation of boron);
"B NMR (CD3;COCD; + 1 drop D,O, 160 MHz):  30.2;
IR (Microscope, cm™): 3456, 3101, 3047, 3021, 1741, 1705, 1599, 1485, 1363, 1269, 1197;

HRMS (ESI) for C43H1,BO,4 [M-H]: calcd. 241.0678; found 241.0676.

4.11.3 Synthesis and characterization of oximes

0 NaOAc (2.0 equiv) N

JJ\ H,NOH-<HCI (1.5 equiv) J|\
R! R? > R' R?
EtOH:H,0 = 4:1, reflux

To a 100 mL round bottom flask charged with a stir bar, sodium acetate (1.64 g, 20.0 mmol,)
and hydroxylamine hydrochloride (1.04 g, 15.0 mmol), was added a solution of the ketone (0.3
M) in ethanol/water (4:1). The reaction mixture was then heated to reflux until all the ketone
starting material was consumed as indicated by TLC. After reflux, the reaction was allowed to
cool to room temperature. The crude mixture was obtained after removal of excess ethanol. To
the crude mixture was added 20 mL of water. The resulting aqueous solution was extracted with
EtOAc (3 x 20 mL). The combined organic layers were then washed with water (2 x 20 mL) and
brine (1 x 20 mL), dried over anhydrous MgSQ,, filtered and concentrated. The oxime product
was used directly in the next step. In certain cases, the oxime product was obtained after flash

column chromatography or recrystallization using the indicated solvent mixture.
_OH
o
4-1

Acetophenone oxime (4-1)?°: Prepared from acetophenone (1.20 g, 10.0 mmol) using general

procedure. Isolated as a white solid (1.20 g, 88%) and used without further purification.
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'H NMR (CDCls, 500 MHz): § 9.03 (br s, 1H), 7.67-7.65 (m, 2H), 7.49-7.30 (m, 3H), 2.34 (s, 3H);

®C NMR (CDCl;, 125 MHz): 5 156.1, 136.5, 129.3, 128.5, 126.1, 12.3.

4-3

Benzophenone oxime (4-3)%°: Prepared from benzophenone (911 mg, 5.00 mmol). Isolated as

a white solid (953 mg, 97%) and used without further purification.

'H NMR (CDCls, 500 MHz): & 8.63 (s, 1H), 7.50-7.45 (m, 5H), 7.44-7.41 (m, 2H), 7.40-7.36 (m,
1H), 7.35-7.32 (m, 2H);

3C NMR (CDCls, 125 MHz): 5 158.1, 136.2, 132.7, 129.5, 129.2, 129.1, 128.3, 128.2, 127.9.

NJ\OH

[::TJKT/
45
Isobutyrophenone oxime (4-5)"": Prepared from isobutyrophenone (0.75 mL, 5.00 mmol).

Isolated as a white solid (752 mg, 92%, 1:1 mixture of E/Z isomers) and used without further

purification.

'H NMR (CDCls, 500 MHz): & 8.99 (s, 1H), 8.64 (s, 1H), 7.44-7.40 (m, 2H), 7.39-7.33 (m, 6H),
7.29-7.27 (m, 1H), 3.61 (septet, J = 7.1 Hz, 1H), 2.84 (septet, J = 6.9 Hz, 1H), 1.22 (d, J = 7.1
Hz, 6H), 1.14 (d, J = 6.9 Hz, 6H);

®C NMR (CDCl;, 125 MHz): & 165.1, 163.5, 135.8, 133.7, 128.51, 128.46, 128.2, 128.1, 127.7,
127.6, 34.5, 27.7, 20.1, 19.4.
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Cyclopropyl phenyl oxime (4-7)%: Prepared from cyclopropyl phenyl ketone (0.69 mL, 4.99
mmol). Isolated as an off-white solid (358 mg, 49%, 2.8:1 mixture of isomers) and used without

further purification.

'H NMR (CDCl3, 500 MHz): 6 8.71 (br s, 1H), 7.45-7.34 (m, 5H), 2.33-2.27 (m, 1H, major), 1.80-
1.74 (m, 0.5 H, minor), 0.97-0.93 (m, 2H), 0.84-0.79 (m, 1H, minor), 0.65 (m, 2H);

3C NMR (CDCl;, 125 MHz): 5 161.8, 134.2, 128.7, 128.3, 128.1, 9.0, 5.5.

NJ\OH

OO
4-9
Cyclohexyl phenyl oxime (4-9)°: Prepared from cyclohexyl phenyl ketone (941 mg, 5.00

mmol). Isolated as a white solid (998 mg, 98%, 1.2:1 mixture of isomers) and used without

further purification.

'H NMR (CDCls, 500 MHz): 5 8.42 (br s, 1H), 8.23 (br s, 1H), 7.35-7.35 (m, 2H), 7.30-7.27 (m,
1H), 7.19-7.17 (m, 2H), 3.27-3.20 (m, 1H), 2.41-2.36 (m, 1H), 1.79-1.67 (m, 6H), 1.63-1.56 (m,
2H), 1.50 (br s, 1H), 1.44-1.36 (m, 1H), 1.32-1.05 (m, 7H);

®C NMR (CDCl;, 125 MHz): & 164.7, 163.2, 136.1, 133.9, 128.4, 128.2, 128.04, 127.95, 127.5,
44.3, 38.1, 30.5, 29.3, 26.3, 26.2, 26.0 (two carbon signals missing); 3C NMR (125 MHz;
CD;0D): & 165.3, 163.6, 137.8, 136.0, 129.3, 129.2, 128.99, 128.98, 128.94, 128.8, 45.5, 39.3,
31.9, 30.5, 27.5, 27.3, 27.22, 27 19.
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4’-Methoxyacetophenone oxime (4-11)"": Prepared from 4-methoxyacetophenone (750 mg,

4.99 mmol). Isolated as a white solid (722 mg, 88%) and used without further purification.

'H NMR (CDCl,, 500 MHz): & 8.54 (s, 1H), 7.58 (d, J = 8.9 Hz, 2H), 6.91 (d, J = 8.9 Hz, 2H),
3.83 (s, 3H), 2.28 (s, 3H);

3C NMR (CDCl;, 125 MHz): § 160.6, 155.7, 129.2, 127.5, 114.0, 55.5, 12.2.

3’-Methoxyacetophenone oxime (4-13)*°: Prepared from 3-methoxyacetophenone (0.70 mL,

5.10 mmol). Isolated as a pale yellow oil (805 mg, 96%) and used without further purification.

'H NMR (CDCls, 500 MHz): & 8.83 (br s, 1H), 7.30 (app t, J = 8.0 Hz, 1H), 7.21-7.19 (m, 2H),
6.93 (dd, J = 8.0, 2.4 Hz, 1H), 3.84 (s, 3H), 2.29 (s, 3H);

®C NMR (CDCls, 125 MHz): 5 159.7, 156.0, 137.9, 129.5, 118.6, 115.1, 111.4, 55.3, 12.3.

2’-Methoxyacetophenone oxime (4-15)"": Prepared from 2-methoxyacetophenone (0.69 mL,
5.00 mmol). Isolated as a white solid (711 mg, 86%, 7:1 mixture of E/Z isomers) and used

without further purification.

Major isomer:
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'H NMR (CDCls, 500 MHz): 5 8.97 (s, 1H), 7.35-7.30 (m, 2H), 6.95 (td, J = 7.5, 1.0 Hz, 1H), 6.92
(d, J = 8.3 Hz, 1H), 3.84 (s, 3H), 2.24 (s, 3H);

*C NMR (CDCls, 125 MHz): § 157.4, 157.0, 130.1, 129.4, 126.8, 120.6, 111.1, 55.4, 15.2.
Apparent signals for Minor isomer:

'H NMR (CDCl;, 500 MHz): & 8.05 (s, 1H), 7.16 (dd, J = 7.5, 1.7 Hz, 1H), 7.00 (td, J = 7.5, 1.0
Hz, 1H), 3.84 (s, 3H), 2.18 (s, 3H);

®C NMR (CDCls, 125 MHz): 5 155.6, 154.8, 129.9, 128.4, 124.2, 120.5, 111.2, 55.6, 21.3.

2’-Methylacetophenone oxime (4-17): Prepared from 2-methylacetophenone (0.44 mL, 5.02
mmol). Isolated as a pale yellow oil (431 mg, 58%, 2.4:1 mixture of E/Z isomers) and used

without further purification.

'H NMR (CDCls, 500 MHz): & 8.88 (s, 1H), 8.24 (s, 1H), 7.30-7.20 (m, 5H), 7.10 (d, J = 7.4 Hz,
1H), 2.38 (s, 3H), 2.29 (s, 1H), 2.25 (s, 3H), 2.18 (s, 1H);

®C NMR (CDCls, 125 MHz): 5 158.1, 156.7, 137.4, 135.7, 135.5, 134.6, 130.6, 130.0, 128.53,
128.49, 128.1, 125.9, 125.80, 125.79, 21.9, 20.0, 19.4, 15.9;

IR (microscope, cm'1): 3228, 3063, 2921, 1625;

HRMS (El): for CgH1,ON: calcd. 149.0841; found 149.0840.
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tert-Butyl-4-acetylphenylcarbamate oxime (4-19): Prepared from fert-butyl (4-acetylphenyl)
carbamate (1.18 g, 5.00 mmol). Isolated as an off-white solid (1.26 g, 99%) and used without

further purification.
M.p. 144-147 °C;

'H NMR (CD,0D, 500 MHz): § 7.56 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H), 6.60 (s, 1H),
2.26 (s, 3H), 1.53 (s, 9H);

®C NMR (CDs0D, 125 MHz): § 155.8, 155.1, 141.4, 132.7, 127.5, 119.3, 81.0, 28.7, 12.0;
IR (Microscope, cm™): 3366, 3248, 3069, 2993, 2973, 1911, 1703, 1642, 1588;

HRMS (ESI): for C13H19N2O3: caled. 251.1390; found 251.1386.

4’-Hydroxyacetophenone oxime (4-21)*: Prepared from 4-hydroxyacetophenone (683 mg,

5.02 mmol). Isolated as a pale brown solid (604 mg, 80%) and used without further purification.
"H NMR (CD;0D, 500 MHz): § 7.47 (d, J = 8.7 Hz, 2H), 6.77 (d, J = 8.7 Hz, 2H), 2.18 (s, 3H);

®C NMR (CD;0D, 125 MHz): § 159.5, 156.2, 129.8, 128.5, 116.1, 12.1.
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4'-Bromoacetophenone oxime (4-23)%°: Prepared from 4-bromoacetophenone (1.00 g, 5.00

mmol). Isolated as a pale yellow solid (957 mg, 89%) and used without further purification.
"H NMR (CDCl;, 500 MHz):  8.44 (s, 1H), 7.53-7.49 (m, 4H), 2.27 (s, 3H);

C NMR (CDCl;, 125 MHz): 6 155.2, 135.4, 131.7, 127.6, 123.6, 12.0.

4'-Fluoroacetophenone oxime (4-25)": Prepared from 4-fluoroacetophenone (0.60 mL, 4.90

mmol). Isolated as an off-white solid (738 mg, 98%) and used without further purification.
'"H NMR (CDCl;, 500 MHz): & 8.50 (s, 1H), 7.61 (dd, J = 8.9, 5.4 Hz, 2H), 7.07 (t, J = 8.8 Hz, 2H);

3C NMR (CDCly, 125 MHz): § 163.6 (d, J = 249.0 Hz), 155.3, 132.8 (d, J = 3.3 Hz), 128.0 (d, J
= 8.2 Hz), 115.6 (d, J = 21.8 Hz), 12.3;

F NMR (CDCl;, 469 MHz): 6 —112.2 (m, 1F).

4’-(Trifluoromethyl)benzophenone oxime (4-62): Prepared from 4’-(trifluoromethyl)
benzophenone (939 mg, 4.99 mmol). Isolated as an off-white solid (949 mg, 93%) and used
without further purification.

'H NMR (CDCls, 500 MHz): & 8.34 (s, 1H), 7.75 (m, 2H), 7.64 (m, 2H), 2.31 (s, 3H);
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®C NMR (CDCl3, 125 MHz): 5 155.2, 140.0, 131.2, 126.5, 125.6, 124.1, 12.2.

F NMR (CDCl;, 376 MHz):  —-62.8 (s, 3F).

4-27
3-Acetyl-2,5-dimethylfuran oxime (4-27)*: Prepared from 3-acetyl-2,5-dimethylfuran (0.47 mL,

5.10 mmol). Isolated as a pale yellow solid (401 mg, 51%) and used without further purification.
M.p. 67-68 °C;

'H NMR (CDCl;, 500 MHz):  8.31 (s, 1H), 6.03 (s, 1H), 2.40 (s, 3H), 2.24 (s, 3H), 2.15 (s, 3H);
*C NMR (CDCl;, 125 MHz): 6 152.0, 149.8, 148.5, 117.9, 105.5, 13.9, 13.5, 13.3;

IR (microscope, cm'1): 3280, 2926, 1905, 1645, 1620, 1585;

HRMS (El): for CgH11O2N: calcd. 153.0790; found 153.0790.

4-29

2-Acetylthiophene oxime (4-29)": Prepared from 2-acetylthiophene (0.54 mL, 5.00 mmol).
Isolated as a white solid (672 mg, 95%, 2.2:1 mixture of E/Z isomers) and used without further

purification. Isomers separated for characterization:
Major isomer: White solid.

'H NMR (CD;0OD, 500 MHz): § 7.31 (dd, J = 5.1, 1.0 Hz, 1H), 7.27 (dd, J = 3.7, 1.1 Hz, 1H),
7.01(dd, J = 5.1, 3.7 Hz, 1H), 2.23 (s, 3H);

®C NMR (CD;0D, 125 MHz): § 151.8, 142.3, 127.9, 127.3, 126.9, 12.1.

Minor isomer: White solid.
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'H NMR (CD50OD, 500 MHz): 5 7.61 (dd, J = 5.1, 0.9 Hz, 1H), 7.53 (dd, J = 3.8, 0.8 Hz, 1H),
7.11(dd, J = 5.1, 3.9 Hz, 1H), 2.30 (s, 3H);

3C NMR (CD;0D, 125 MHz): & 147.5, 133.6, 131.5, 130.3, 126.4, 19.5.

4-31

3-Acetylthiophene oxime (4-31)**: Prepared from 3-acetylthiophene (644 mg, 5.10 mmol).
Isolated as an off-white solid (644 mg, 92%, 10:1 mixture of E/Z isomers) and used without

further purification. Data for major isomer only shown:

'H NMR (CDCl;, 500 MHz): & 8.50 (s, 1H), 7.48 (dd, J = 2.9, 1.3 Hz, 1H), 7.42 (dd, J = 5.1, 1.3
Hz, 1H), 7.31 (dd, J = 5.1, 2.9 Hz, 1H), 2.28 (s, 3H);

3C NMR (CDCls, 125 MHz): § 152.3, 138.6, 126.2, 125.0, 123.8, 12.4.

ZT

\ !

4-60

2-Acetylpyrrole oxime (4-60)*: Prepared from 2-acetylpyrrole (546 mg, 5.00 mmol). Isolated

as a white solid (607 mg, 98%, 2:1 mixture of E/Z isomers) and used without further purification.

'H NMR (CDCl;, 500 MHz): & 6.98 (s, 1H, major), 6.82 (s, 0.6H, minor), 6.58-6.57 (m, 1H,
major), 6.49-6.47 (m, 0.6H, minor), 6.28-6.27 (m, 1H, major), 6.24-6.22 (m, 0.6H, minor), 2.22 (s,
4H, overlapping);

®C NMR (CDCls, 125 MHz): & 150.1, 145.2, 128.1, 125.8, 121.3, 120.6, 113.8, 110.8, 109.4,
108.8, 18.3, 11.7;

IR (Microsoft, cm™): 3411, 3131, 2990, 2761, 1631, 1424, 1379;

HRMS (EI): for CsHgON,: calcd. 124.0637; found 124.0635.
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3-Acetyl-1-methylpyrrole oxime (4-33): Prepared from 3-acetyl-1-methylpyrrole (1.00 g, 8.12
mmol) using general procedure. Purified by flash column chromatography (1:1 hexane:EtOAc)

and isolated as a light yellow solid (936 mg, 84%, 1:1 mixture of E/Z isomers).

'H NMR (CDCls, 500 MHz): & 8.79 (br s, 2H), 7.63 (t, J = 1.9 Hz, 1H), 6.88 (t, J = 1.9 Hz, 1H),
6.61 (t, J = 2.5 Hz, 1H), 6.59 (t, J = 2.5 Hz, 1H), 6.51-6.49 (m, 1H), 6.43-6.41 (m, 1H), 3.71 (s,
3H), 3.67 (s, 3H), 2.21 (s, 3H), 2.20 (s, 3H);

®C NMR (CDCl;, 125 MHz): & 152.2, 148.5, 126.7, 122.9, 121.5, 121.2, 121.0, 116.1, 109.9,
106.3, 36.4, 36.4, 19.5, 12.4;

IR (Microscope, cm™): 3166, 3121, 3065, 2913, 2828, 1631, 1524, 1421, 1374, 1234, 1029;

HRMS (El) for C;H1oN,O: calcd. 138.0793; found 138.0793.

4-35

3-Acetyl-2,4-dimethylpyrrole oxime (4-35): Prepared from 3-acetyl-2,4-dimethylpyrrole (500
mg, 3.64 mmol) using general procedure. Purified by flash column chromatography (20:1
DCM:MeOH) and isolated as a light yellow solid (300 mg, 54%, 5:1 mixture of E/Z isomers).

'"H NMR (CDCl3, 500 MHz): & 8.65 (br s, 1.2 H), 7.83 (br s, 0.2 H, minor), 7.73 (br s, 1H, major),
6.47 (s, 0.2 H, minor), 6.41 (s, 1H, major), 2.31 (s, 3H, major), 2.22 (s, 3H, major), 2.20 (s, 0.6H,
minor), 2.16 (s, 0.6H, minor), 2.12 (s, 3H, major), 2.05 (s, 0.6H, minor);

*C NMR (CDCl;, 125 MHz): § 154.3 (major), 152.9 (minor), 126.8 (major), 125.9 (minor), 118.1
(major), 117.7 (minor), 117.2 (major), 114.6 (minor), 114.2 (major), 113.4 (minor), 21.8 (minor),
15.6 (major), 12.8 (major), 11.8 (major), 11.3 (minor);
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IR (Microscope, cm™): 3353, 3215, 3061, 2966, 2923, 1651, 1584, 1486, 1427, 1265, 893;

HRMS (EI) for CgH4,N,O: calcd. 152.0950; found 152.0952.

3-Acetylindole oxime (4-37): Prepared from 3-acetylindole (1.59 g, 10.0 mmol) using general
procedure. Purified by flash column chromatography (2:1 hexane:EtOAc) and isolated as a light
yellow solid (1.01 g, 58%).

'H NMR (CD;COCD3, 500 MHz): & 10.37 (s, 1H), 9.67 (s, 1H), 8.31-8.18 (m, 1H), 7.62 (d, J =
2.7 Hz, 1H), 7.40 (ddd, J = 8.1, 0.9, 0.9 Hz, 1H), 7.13 (ddd, J = 8.2, 7.1, 1.3 Hz, 1H), 7.05 (ddd,
J=8.1,7.0,1.1 Hz, 1H), 2.25 (s, 3H);

®C NMR (CD;COCDs, 125 MHz): § 152.5, 138.3, 126.5, 125.9, 124.1, 123.1, 120.8, 115.2,
112.1,12.2.

3-Acetyl-N-tosylindole (4-39): Prepared from 3-acetyl-N-tosylindole (313 mg, 1.00 mmol) using
general procedure. Isolated as off white solid (200 mg, 61%) and used without further

purification.
M.p. 146-148 °C.

'H NMR (CDCls, 500 MHz):  8.21 (d, J = 7.9 Hz, 1H), 7.98 (d, J = 8.3 Hz, 1H), 7.81-7.79 (m,
2H), 7.78 (s, 1H), 7.36 (ddd, J = 8.4, 7.3, 1.3 Hz, 1H), 7.29 (ddd, J = 8.4, 7.7, 1.1 Hz, 1H), 7.26-
7.23 (m, 3H), 2.37 (s, 3H), 2.32 (s, 3H);
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®C NMR (CDCl;, 125 MHz): & 152.2, 145.3, 135.5, 135.0, 130.0, 127.6, 126.9, 126.1, 125.3,
124.0, 123.8, 119.8, 113.3, 21.6, 12.2;

IR (Microscope, cm™): 3515, 3314, 3140, 3100, 2922, 1597, 1446, 1371, 1171;

HRMS (El) for C47H16N,0O3S: calcd. 328.0882; found 328.0878.

Benzylideneacetone oxime (4-41): Prepared from benzylideneacetone (1.46 g, 10.0 mmol)
using general procedure. Purified by flash column chromatography (2:1 hexane:EtOAc) and

isolated as a light yellow solid (672 mg, 42%).

'H NMR (CDCls, 500 MHz):  9.57 (br s, 1H), 7.53-7.48 (m, 2H), 7.40-7.37 (m, 2H), 7.34-7.29
(m, 1H), 6.95 (d, J = 16.5 Hz, 1H), 6.90 (d, J = 16.4 Hz, 1H), 2.20 (s, 3H);

®C NMR (CDCl;, 125 MHz): 5 156.8, 136.3, 133.4, 128.8, 128.5, 126.9, 125.8, 9.8.

Cyclohexylethanone oxime (4-43)*: Prepared from cyclohexylmethyl ketone (0.70 mL, 5.10
mmol). Isolated as a white solid (649 mg, 90%, 4:1 mixture of E/Z isomers) and used without

further purification.

'H NMR (CDCl;, 500 MHz): § 8.84 (br s, 1H, major), 3.16 (tt, J = 12.0, 3.3 Hz, 0.25H, minor),
2.16-2.11 (m, 1H, major), 1.85 (s, 3H), 1.81-1.77 (m, 4H), 1.72-1.67 (m, 2H), 1.37-1.15 (m, 5H);

®C NMR (CDCls, 125 MHz): § 162.5, 162.1, 44.6, 36.2, 30.0, 28.9, 26.11, 26.09, 26.05, 25.95,
16.5, 11.9.
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4-45

1,3-Diphenyl-2-propanone oxime (4-45)°: Prepared from 1,3-diphenyl-2-propanone (1.05 g,

5.00 mmol). Isolated as a white solid (1.09 g, 96%) and used without further purification.

'H NMR (CDCls, 500 MHz): & 8.20 (s, 1H), 7.34-7.30 (m, 4H), 7.28-7.24 (m, 2H), 7.22-7.19 (m,
4H), 3.69 (s, 2H), 3.47 (s, 2H);

®C NMR (CDCls, 125 MHz): & 159.1, 136.6, 136.4, 129.25, 129.19, 128.58, 128.57, 126.8,
126.5, 39.6, 32.5.

_OH
N

W
4-47

2,4-Dimethyl-3-pentanone oxime (4-47)"": Prepared from 2,4-dimethyl-3-pentanone (0.70 mL,

4.90 mmol). Isolated as a colourless solid (552 mg, 87%) and used without further purification.

'H NMR (CDCls, 500 MHz): 5 8.76 (s, 1H), 3.19 (septet, J = 7.1 Hz, 1H), 2.55 (septet, J = 6.9 Hz,
1H), 1.16 (d, J = 7.1 Hz, 6H), 1.12 (d, J = 6.9 Hz, 6H);

®C NMR (CDCl;, 125 MHz): 5 168.8, 30.7, 27.5, 21.3, 18.8.

3-Pentanone oxime (4-49)*: Prepared from 3-pentanone (861 mg, 10.0 mmol) using general

procedure. Isolated as a colorless oil (950 mg, 94%) and used without further purification.

'H NMR (CDCls, 500 MHz): § 8.79 (br s, 1H), 2.40 (q, J = 7.7 Hz, 2H), 2.25 (q, J = 7.4 Hz, 2H),
1.11 (t, J = 7.6 Hz, 3H), 1.11 (t, J = 7.6 Hz, 3H);
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3C NMR (CDCl;, 125 MHz): § 163.6, 27.0, 20.9, 10.6, 10.1.

Cyclohexanone oxime (4-51)%: Prepared from cyclohexanone (982 mg, 10.0 mmol) using

general procedure. Isolated as a white solid (950 mg, 94%) and used without further purification.

'"H NMR (CDCls, 500 MHz): & 7.67 (br s, 1H), 2.61-2.38 (m, 2H), 2.29-2.11 (m, 2H), 1.90-1.29
(m, 6H);

3C NMR (CDCl;, 125 MHz): 5 160.8, 32.2, 26.9, 25.8, 25.6, 24.4.

Cyclooctanone oxime (4-53)"": Prepared from cyclooctanone (676 mg, 5.36 mmol). Isolated as

a white solid (682 mg, 90%) and used without further purification.

'H NMR (CDCls, 500 MHz): & 8.61 (br s, 1H), 2.47-2.44 (m, 2H), 2.29 (app t, J = 6.2 Hz, 2H),
1.80-1.72 (m, 4H), 1.55-1.45 (m, 6H);

3C NMR (CDCls, 125 MHz): 5 164.2, 33.2, 27.2, 26.76, 26.57, 25.4, 24.63, 24.46.

X OH
4-55

Cyclododecanone oxime (4-55)%°: Prepared from cyclododecanone (912 mg, 5.00 mmol).

Isolated as a white solid (977 mg, 99%) and used without further purification.
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'H NMR (CDCls, 500 MHz): § 8.21 (s, 1H), 2.42 (t, J = 6.7 Hz, 2H), 2.26 (t, J = 6.6 Hz, 2H),
1.67-1.56 (m, 4H), 1.40-1.33 (m, 13H);

®C NMR (CDCl3, 125 MHz): § 160.8, 30.3, 26.2, 25.5, 25.1, 24.8, 24.0, 23.5, 23.3, 23.21, 23.15,
22.7.

Pregnenolone oxime (4-57): Prepared from pregnenolone (948 mg, 3.00 mmol) following the
procedure reported by Lambert and co-workers." Purified by recrystallization from methanol and
isolated as a white solid (620 mg, 62%).

M.p. 186-188 °C;

'H NMR (CDCl,, 500 MHz): § 7.62 (br s, 1H), 5.46-5.25 (m, 1H), 3.55 (dddd, J = 11.1, 11.1, 4.6,
4.6 Hz, 1H), 2.35-2.00 (m, 6H), 1.96-1.84 (m, 3H), 1.90 (s, 3H), 1.73-1.71 (m, 2H), 1.63-1.44 (m,
7H), 1.35-1.08 (m, 5H), 1.03 (s, 3H), 1.02-0.98 (m, 1H), 0.67 (s, 3H);

®C NMR (CDCl3, 125 MHz): § 159.0, 140.8, 121.5, 71.8, 56.8, 56.2, 50.2, 43.8, 42.3, 38.7, 37.3,
36.6, 32.1, 31.8, 31.7, 24.2, 23.1, 21.1, 19.4, 15.1, 13.1;

IR (Microscope, cm™): 3454, 3256, 3030, 2959, 2938, 2913, 2889, 2870, 2852, 1665, 1461,
1435, 1373, 1246;

HRMS (El) for C,1H33NO,: caled. 331.2511; found 331.2513.
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4.11.4 General procedure for boronic acid catalyzed direct Beckmann

rearrangement
" o)
Conditions A: ’ )J\
BAC-42 (20 mol%) RN OR2 B(OH),
oH HFIP:CH3NO, = 1:1, H CO,R FsC  CFs
N~ 1.0 M, temp, 24 h F3C"->—<--ICF3
+
Jl\ Conditions B: HO OH
R" "R? 0
BAC-42 or BAC-50 (5 mol%) BAC-42: R = Me additive
perfluoropinacol (5 mol%) R )J\ 1 BAC-50: R = Ph perfluoropinacol
HFIP:CH3NO, = 4:1, H R
1.0M,rt, 24 h

Conditions A: To a 5 mL reaction vial charged with a stir bar, was added the oxime substrate
(0.50 mmol) and boronic acid BAC-42 (18 mg, 0.10 mmol) and perfluoropinacol if needed. A
solvent mixture of hexafluoroisopropanol and nitromethane (v:v = 1:1, 0.5 mL) was injected. The
reaction vial was then capped, sealed and subjected at the indicated temperature for 24 hours.
The crude product was obtained after removal of solvent. The pure amide product was isolated

after flash column chromatography using the indicated solvent mixtures.

Conditions B: To a 5 mL reaction vial charged with a stir bar, was added the oxime substrate
(0.50 mmol), boronic acid BAC-42 or BAC-50 (0.025 mmol) and perfluoropinacol (8 mg, 0.025
mmol). A solvent mixture of hexafluoroisopropanol and nitromethane (viv = 4:1, 0.5 mL) was
injected. The reaction vial was then capped, sealed and subjected at the room temperature for
24 hours. The crude product was obtained after removal of solvent. The pure amide product

was isolated after flash column chromatography using the indicated solvent mixtures.

<81

4-2

N-Phenylacetamide (4-2)%°: Prepared from acetophenone oxime 4-1 (68 mg, 0.50 mmol) and
BAC-42 using the general procedure. Purified by flash column chromatography (1:1
hexane:EtOAc) and isolated as a white solid (56.7 mg, 84% with conditions A; 62.8 mg, 93%

with conditions B).

'H NMR (CDCls, 500 MHz): § 7.52 (d, J = 7.9 Hz, 2H), 7.33 (t, J = 7.7 Hz, 2H), 7.12 (t, J = 7.3
Hz, 1H), 2.19 (s, 3H);
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®C NMR (CDCl;, 125 MHz): 5 168.3, 137.9, 129.0, 124.3, 119.9, 24.6.

O

4-4

N-Phenylbenzamide (4-4)%°: Prepared from benzophenone oxime 4-3 (98 mg, 0.50 mmol) and
BAC-42 using the general procedure. Purified by flash chromatography (1:1 hexane/EtOAc) and
isolated as a white solid (85 mg, 87% with conditions A; 92 mg, 94% with conditions B).

'H NMR (CDCl,, 500 MHz): § 7.87 (d, J = 7.2 Hz, 2H), 7.85 (br s, 1H), 7.65 (d, J = 7.8 Hz, 2H),
7.55(t, J= 7.4 Hz, 1H), 7.49 (t, J = 7.5 Hz, 2H), 7.37 (t, J = 7.9 Hz, 2H), 7.16 (t, J = 7.4 Hz, 1H);

3C NMR (CDCl;, 125 MHz): 5 165.9, 138.1, 135.2, 132.0, 129.2, 128.9, 127.1, 124.7, 120.3.

<¥8

N-Phenylisobutyramide (4-6)'": Prepared from isobutyrophenone oxime 4-5 (82 mg, 0.50
mmol) and BAC-42 using the general procedure. Purified by flash chromatography (5:1
hexane/EtOAc) and isolated as an off-white solid (75 mg, 92% with conditions A; 73 mg, 90%

with conditions B).
Major compound:

'H NMR (CDCl,, 500 MHz): & 7.54 (d, J = 7.8 Hz, 2H), 7.34-7.30 (m, 2H), 7.10 (t, J = 7.4 Hz,
1H), 2.52 (septet, J = 6.9 Hz, 1H), 1.27 (d, J = 7.0 Hz, 6H);

*C NMR (CDCl;, 125 MHz): § 175.2, 138.1, 129.0, 124.1, 119.8, 36.7, 19.6.
Apparent signals for the minor compound:

'"H NMR (CDCl;, 500 MHz): § 7.76-7.74 (m, 2H), 7.49-7.47 (m, 1H), 7.44-7.40 (m, 2H), 4.29
(app sextet, J = 6.6 Hz, 1H), 1.27 (s, 3H, overlapping);
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®C NMR (CDCl;, 125 MHz): 5 166.7, 135.0, 131.3, 128.5, 126.8, 41.9, 22.9.

a4

N-Phenylcyclopropanecarboxamide (4-8)?°: Prepared from cyclopropyl phenyl oxime 4-7 (82
mg, 0.51 mmol) and BAC-42 using the general procedure. Purified by flash chromatography
(5:1 hexane/EtOAc) and isolated as a white solid (65 mg, 80% with conditions A; 74 mg, 90%

with conditions B).

'H NMR (CDCls, 500 MHz): & 7.51-7.50 (m, 2H), 7.45 (s, 1H), 7.30 (app t, J = 7.7 Hz, 2H), 7.10-
7.07 (m, 1H), 1.55-1.46 (m, 1H), 1.12-1.06 (m, 2H), 0.87-0.81 (m, 2H);

®C NMR (CDCl;, 125 MHz): 5 171.8, 138.1, 129.0, 124.0, 119.7, 15.8, 7.9.

H

g
4-10a

N-Cyclohexyl-benzamide (4-10a, major)?’: Prepared from cyclohexyl phenyl oxime 4-9 (102
mg, 0.50 mmol) and BAC-42 using the general procedure. Purified by flash column
chromatography (5:1 to 1:1 hexane:EtOAc) and isolated as a white solid (99 mg, 97%, 3:1

mixture of isomers with conditions A; 96 mg, 94%, 3:1 mixture of isomers with conditions B).

'H NMR (CDCl,, 500 MHz): § 7.55 (d, J = 7.8 Hz, 2H), 7.35-7.29 (m, 2H), 7.27 (br s, 1H), 7.11 (t,
J = 7.4 Hz, 1H), 2.25 (tt, J = 11.7, 3.5 Hz, 1H), 1.98 (d, J = 15.0 Hz, 2H), 1.85 (d, J = 12.5 Hz,
2H), 1.73-1.72 (m, 1H), 1.61-1.53 (m, 2H), 1.38-1.22 (m, 3H);

3C NMR (CDCls, 125 MHz): 5 174.4, 138.1, 129.0, 124.1, 119.8, 46.6, 29.7, 25.7.
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O

4-10b

N-Phenyl-cyclohexanecarboxamide (4-10b, minor)®:

'"H NMR (CDCl;, 500 MHz): § 7.77 (d, J = 7.2 Hz, 2H), 7.50 (t, J = 7.3 Hz, 1H), 7.44 (t, J= 7.4
Hz, 2H), 5.97 (br s, 1H), 4.01 (dtt, J = 14.6, 8.0, 3.9 Hz, 1H), 2.06 (dd, J = 12.5, 3.4 Hz, 2H),
1.78 (dt, J = 13.4, 3.7 Hz, 2H), 1.68 (dt, J = 12.9, 3.8 Hz, 1H), 1.51-1.40 (m, 2H), 1.31-1.18 (m,
3H);

3C NMR (CDCl;, 125 MHz): 5 166.6, 135.2, 131.2, 128.5, 126.8, 48.7, 33.3, 25.6, 24.9.

/O\< j o)
N)J\
H
4-12

N-(4-Methoxyphenyl)acetamide (4-12)"": Prepared from 4-methoxyacetphenone oxime 4-11
(84 mg, 0.51 mmol) and BAC-42 using the general procedure. Purified by flash chromatography
(1:1 hexane/EtOAc) and isolated as an off-white solid (81 mg, 96% with conditions A; 81 mg, 96%

with conditions B).
"H NMR (CDCl3, 500 MHz): & 7.41-7.38 (m, 2H), 6.87-6.84 (m, 2H), 3.79 (s, 3H), 2.15 (s, 3H);

®C NMR (CDCl;, 125 MHz): 5 168.2, 156.5, 131.0, 121.9, 114.1, 55.5, 24.3.

SO

4-14

N-(3-Methoxyphenyl)acetamide (4-14)*°: Prepared from 3’-methoxyacetophenone oxime 4-13
(85 mg, 0.52 mmol) and BAC-42 using the general procedure. Purified by flash chromatography
(1:1 hexane/EtOAc) and isolated as a pale brown solid (72 mg, 84% with conditions A; 73 mg,
86% with conditions B).
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'H NMR (CDCl, 500 MHz): § 7.35 (br s, 1H), 7.27 (s, 1H), 7.20 (app t, J = 8.1 Hz, 1H), 6.96 (d,
J=7.6 Hz, 1H), 6.66 (d, J = 8.3 Hz, 1H), 3.79 (s, 3H), 2.16 (s, 3H);

®C NMR (CDCl3, 125 MHz): 5 168.4, 160.1, 139.1, 129.6, 111.9, 110.1, 105.7, 55.3, 24.7.

Q\ O
N)J\
H
/O

4-16

N-(2-Methoxyphenyl)acetamide (4-16)"": Prepared from 2’-methoxyacetphenone oxime 4-15
(84 mg, 0.51 mmol) and BAC-42 (5 mg, 0.025 mmol) using the general procedure. Purified by
flash chromatography (1:1 hexane/EtOAc) and isolated as a white solid (59 mg, 72% with

conditions B).

Prepared from 2’-methoxyacetphenone oxime 4-15 (84.2 mg, 0.51 mmol) and BAC-50 (5.4 mg,
0.022 mmol) using the general procedure. Purified by flash chromatography (1:1 hexane/EtOAc)
and isolated as a white solid (76.8 mg, 92%).

'H NMR (CDCls, 500 MHz): 5 8.35 (d, J = 7.8 Hz, 1H), 7.75 (br s, 1H), 7.03 (app t, J = 7.7 Hz,
1H), 6.96 (app t, J = 7.7 Hz, 1H), 6.87 (d, J = 8.1 Hz, 1H), 3.88 (s, 3H), 2.20 (s, 3H);

3C NMR (CDCls, 125 MHz): 5 168.1, 147.6, 127.7, 123.6, 121.1, 119.8, 109.9, 55.6, 24.9.

ok

4-18

N-(o-Tolyl)acetamide (4-18)%": Prepared from 2’-methylacetophenone oxime 4-17 (74 mg, 0.50
mmol) and BAC-42 using the general procedure. Purified by flash chromatography (1:1
hexane/EtOAc) and isolated as a white solid (53 mg, 71% with conditions A; 52 mg, 70% with

conditions B).

'H NMR (CDCls, 500 MHz): § 7.75 (d, J = 7.9 Hz, 1H), 7.22-7.18 (m, 2H), 7.08 (app t, J = 7.3 Hz,
1H), 6.99 (br s, 1H), 2.26 (s, 3H), 2.20 (s, 3H);
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®C NMR (CDCls, 125 MHz): 5 168.3, 135.65, 135.64, 130.5, 129.3, 126.8, 125.3, 123.4, 24.3,
17.8.

BocHN
(o]
Tk

N
H

4-20

tert-Butyl (4-acetamidophenyl)carbamate (4-20): Prepared from tert-butyl-4-acetylphenyl
carbamate oxime 4-19 (126 mg, 0.50 mmol) and BAC-42 using the general procedure. Purified
by flash chromatography (1:1 hexane/EtOAc) and isolated as a white solid (88 mg, 70% with
conditions A; 112 mg, 88% with conditions B).

M.p. 160-163 °C;

'H NMR (CD,0D, 500 MHz): § 7.42 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 2.09 (s, 3H),
1.51 (s, OH);

®C NMR (CDs0D, 125 MHz): 5 171.4, 155.4, 136.8, 134.8, 121.8, 120.2, 80.8, 28.7, 23.6;
IR (Microscope, cm™): 3331, 2982, 2970, 1865, 1693, 1660;

HRMS (ESI) for C13HgN2NaOs3: calcd. 273.1210; found 273.1214.

AL

4-22

N-(4-Hydroxyphenyl)acetamide (4-22)**: Prepared from 4’-hydroxyacetophenone oxime 4-21
(76 mg, 0.50 mmol) and BAC-42 using the general procedure. Purified by flash chromatography
(EtOAc) and isolated as a red-orange solid (75 mg, 99% with conditions A; 71 mg, 93% with

conditions B).

'H NMR (CD,0D, 500 MHz): & 7.30 (d, J = 8.8 Hz, 2H), 6.72 (d, J = 8.8 Hz, 2H), 4.86 (s, 1H),
2.08 (s, 3H);
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3C NMR (CD;0D, 125 MHz): & 171.3, 155.4, 131.7, 123.3, 116.2, 23.5.

Br
: ~ I
N)J\
H
4-24

N-(4-Bromophenyl)acetamide (4-24)°: Prepared from 4’-bromoacetophenone oxime 4-23
(108 mg, 0.50 mmol) and BAC-50 (6 mg, 0.026 mmol) using the general procedure. Purified by
flash chromatography (1:1 hexane/EtOAc) and isolated as an off-white solid (92 mg, 85% with

conditions B)
"H NMR (CDCls, 500 MHz): & 7.43-7.39 (m, 4H), 2.17 (s, 3H);

®C NMR (CDCl;, 125 MHz): 5 168.3, 136.9, 132.0, 121.4, 116.9, 24.6.

F
1
( I. A
H
4-26

N-(4-Fluorophenyl)acetamide (4-26)'": Prepared from 4-fluoroacetophenone oxime 4-25 (75
mg, 0.49 mmol) and BAC-42 using the general procedure. Purified by flash chromatography
(1:1 hexane/EtOAc) and isolated as a pale brown solid (45 mg, with conditions A; 61 mg, 81%

with conditions B).

Prepared from 4-25 (78 mg, 0.51 mmol) and BAC-50 (6 mg, 0.026 mmol) using the general
procedure. Purified by flash chromatography (1:1 hexane/EtOAc) and isolated as a pale brown
solid (72 mg, 92%).

'H NMR (CDCls, 500 MHz): § 7.46-7.43 (m, 2H), 7.31 (br s, 1H), 7.00 (app t, J = 8.6 Hz, 2H),
2.16 (s, 3H);

®C NMR (CDCls, 125 MHz): § 168.5, 159.6 (d, J = 243.5 Hz), 134.0 (d, J = 2.8 Hz), 121.9 (d, J
=7.9 Hz), 115.7 (d, J = 22.5 Hz), 24.5;

'F NMR (CDCls, 469 MHz): 5 —118.0 (m, 1F).

255



4-28

N-(2,5-Dimethylfuran-3-yl)acetamide (4-28)*: Prepared from 3-acetyl-2,5-dimethylfuran oxime
4-27 (77 mg, 0.50 mmol) and BAC-42 (18 mg, 0.10 mmol) using a modified general procedure
at 50 °C in 1:1 MeNO2:HFIP. Purified by flash chromatography (1:1 hexane/EtOAc) and

isolated as a white solid (77 mg, 99%, 2.5:1 mixture of isomers with conditions A).

'H NMR (CDCls, 500 MHz): & 6.64 (br s, 1H), 6.42 (br s, 0.4H) (minor) 6.11 (s, 1H), 5.82 (s,
0.4H) (minor) 2.20 (s, 3H), 2.17 (s, 3H), 2.11 (s, 3H);

3C NMR (CDCls, 125 MHz): 5 168.6, 149.1, 141.1, 118.7, 104.8, 23.5, 13.6, 11.3.

/ (o]
WS
H
4-30

N-(Thiophen-2-yl)acetamide (4-30)*°: Prepared from 2-acetylthiophene oxime 4-29 (75 mg,
0.53 mmol) and BAC-50 (6 mg, 0.026 mmol) using the general procedure. Purified by flash
chromatography (1:1 hexane/EtOAc) and isolated as a pale brown solid (56 mg, 74% with

conditions B).
'H NMR (CD;0D, 500 MHz):  6.84 (s, 1H), 6.80 (s, 1H), 6.65 (s, 1H), 2.10 (s, 3H);

®C NMR (CDs0D, 125 MHz): 5 169.3, 140.8, 124.8, 118.3, 112.7, 22.5.

4-32

N-(Thiophen-3-yl)acetamide (4-32)*': Prepared from 3-acetyl-1-methylpyrrole oxime 4-31 (72
mg, 0.51 mmol) and BAC-42 using the general procedure. Purified by flash chromatography
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(1:1 hexane/EtOAc) and isolated as a pale brown solid (60 mg, 86% with conditions A; 67 mg,
94% with conditions B).

'H NMR (CDCls, 500 MHz): & 7.57 (br s, 1H), 7.54-7.54 (m, 1H), 7.22-7.21 (m, 1H), 6.98 (d, J =
4.9 Hz, 1H), 2.16 (s, 3H);

®C NMR (CDCl;, 125 MHz): § 167.5, 135.5, 124.5, 120.9, 110.3, 23.9.

& i
\ HJ\
4-34

N-(1-Methyl-1H-pyrrol-3-yl)acetamide (4-34)**: Prepared from 3-acetyl-1-methylpyrrole oxime
4-33 (69 mg, 0.50 mmol) and BAC-42 using a modified general procedure at 50 °C. Purified by
flash column chromatography (1:1 to 1:2 hexane:EtOAc) and isolated as an off white solid (68
mg, 99% with conditions A; 60 mg, 87% with conditions B).

M.p. 83-85 °C.

'H NMR (CDCls, 500 MHz): & 7.16 (br s, 1H), 7.16-6.98 (m, 1H), 6.44 (t, J = 2.6 Hz, 1H), 5.92
(dd, J= 2.7, 1.8 Hz, 1H), 3.62 (s, 3H), 2.12 (s, 3H);

®C NMR (CDCl3, 125 MHz): 5 167.0, 122.4, 119.6, 113.1, 100.4, 36.5, 23.6;

IR (Microscope, cm™): 3260, 3128, 2990, 2943, 2881, 2818, 1714, 1637, 1563, 1499, 1340,
1293, 1165;

HRMS (El) for C;H1oN,O: calcd. 138.0793; found 138.0793.

%Nj( I
\ NJJ\
H

4-36

N-(2,4-Dimethyl-1H-pyrrol-3-yl)acetamide (4-36): Prepared from 3-acetyl-2,4-dimethylpyrrole
oxime 4-35 (76 mg, 0.50 mmol) and BAC-42 (18, 0.10 mmol) using a modified general
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procedure in HFIP:CH3NO, (v:v = 1:1) at 50 °C. Purified by flash column chromatography (20:1
DCM:MeOH) and isolated as a light brown solid (33 mg, 43% with conditions A).

'H NMR (CD50D, 500 MHz): § 9.62 (br s, 1H), 6.26 (s, 1H), 2.07 (s, 3H), 2.02 (s, 3H), 1.87 (s,
3H);

®C NMR (CDs0D, 125 MHz): § 173.2, 123.4, 117.3, 115.8, 113.3, 22.4, 10.7, 9.8;
IR (Microscope, cm™): 3251, 3090, 2972, 2934, 2861, 1622, 1546, 1475, 1416, 730;

HRMS (ESI) for CgH:3N,O [M+H]": calcd. 153.1022; found 153.1023,

HN \ 10
@lNJ\
H
4-38
N-(1H-Indol-3-yl)acetamide (4-38)**: Prepared from 3-acetylindole oxime 4-37 (88 mg, 0.50
mmol) and BAC-42 using the general procedure. Purified by flash column chromatography (1:1

hexane:EtOAc) and isolated as a light yellow solid (82 mg, 93% with conditions A; 70 mg, 80%

with conditions B).

'H NMR (DMSO-d6, 500 MHz): § 10.70 (br s, 1H), 9.76 (br s, 1H), 7.73 (d, J = 7.8 Hz, 1H), 7.65
(d, J = 2.4 Hz, 1H), 7.29 (d, J = 8.1 Hz, 1H), 7.06 (ddd, J = 8.1, 7.0, 1.0 Hz, 1H), 6.96 (ddd, J =
8.0, 7.0, 1.0 Hz, 1H), 2.06 (s, 3H);

®C NMR (DMSO0-d6, 125 MHz): § 166.8, 133.4, 121.3, 120.3, 117.9, 117.8, 115.2, 115.0, 111.2,
22.9.

4-40

N-(1-Tosyl-1H-indol-3-yl)acetamide (4-40): Prepared from 3-acetyl-N-tosylindole oxime 4-39
(164 mg, 0.50 mmol), BAC-42 using a modified general procedure at 50 °C. Purified by flash
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column chromatography (1:1 hexane:EtOAc) and isolated as a light yellow solid (148 mg, 90%
with conditions A; 163 mg, 99% with conditions B).

M.p. 192-194 °C:

'H NMR (CDCls, 500 MHz): § 8.22 (s, 1H), 8.09 (d, J = 8.4 Hz, 1H), 7.81-7.74 (m, 2H), 7.42-7.34
(m, 2H), 7.27-7.24 (m, 1H), 7.21-7.19 (m, J = 8.0 Hz, 2H), 2.33 (s, 3H), 2.26 (s, 3H);

®C NMR (CDCls, 125 MHz): & 167.5, 144.8, 135.0, 133.2, 129.8, 126.9, 125.4, 124.2, 123.1,
120.0, 116.6, 115.6, 114.3, 23.8, 21.6;

IR (Microscope, cm-1): 3302, 3210, 3086, 1915, 1799, 1653, 1553, 1449, 1367, 1168;

HRMS (ESI) for C4;H17;N,03S [M+H]": calcd. 329.0954; found 329.0961.

©\/\ (o]
P N)J\
H
4-42

(E)-N-Styrylacetamide (4-42)**: Prepared from benzylideneacetone oxime 4-41 (81 mg, 0.50
mmol) and BAC-42 using the general procedure. Purified by flash chromatography (1:1
hexane/EtOAc) and isolated as a pale brown solid (39 mg, 48% with conditions A; 40 mg, 49%

with conditions B).

Prepared from 4-41 (84.0 mg, 0.52 mmol) and BAC-50 (5.7 mg, 0.024 mmol) using the general
procedure. Purified by flash chromatography (1:1 hexane/EtOAc) and isolated as a pale brown
solid (62.0 mg, 74%).

'H NMR (CDCl;, 500 MHz): § 7.56-7.50 (m, 1H), 7.39 (br s, 1H), 7.34-7.28 (m, 4H), 7.21-7.18
(m, 1H), 6.10 (d, J = 14.6 Hz, 1H), 2.13 (s, 3H);

®C NMR (CDCl;, 125 MHz): 5 167.4, 136.0, 128.7, 126.7, 125.6, 122.7, 112.5, 23.4.
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4-44

N-Cyclohexylacetamide (4-44)*: Prepared from cyclohexylethanone oxime 4-43 (73 mg, 0.52
mmol) and BAC-42 using the general procedure. Purified by flash chromatography (1:1
hexane/EtOAc) and isolated as a white solid (60 mg, 83% with conditions A; 61 mg, 85% with

conditions B).

'H NMR (CDCls, 500 MHz): § 5.35 (br s, 1H), 3.78-3.71 (m, 1H), 1.94 (s, 3H), 1.92-1.89 (m, 2H),
1.72-1.67 (m, 2H), 1.63-1.59 (m, 1H), 1.39-1.31 (m, 2H), 1.18-1.06 (m, 3H);

3C NMR (CDCls, 125 MHz): 5 169.0, 48.2, 33.2, 25.5, 24.9, 23.6.

e

4-46

N-Benzyl-2-phenylacetamide (4-46)%°: Prepared from oxime 4-45 (110 mg, 0.49 mmol) and
BAC-50 (6 mg, 0.025 mmol) using the general procedure. Purified by flash chromatography (2:1
hexane/EtOAc) and isolated as an off-white solid (108 mg, 98% with conditions B).

'H NMR (CDCls, 500 MHz): § 7.37-7.33 (m, 2H), 7.31-7.23 (m, 6H), 7.37-7.17 (m, 11H), 7.19-
7.17 (m, 2H), 5.69 (s, 1H), 4.42 (d, J = 5.8 Hz, 2H), 3.64 (s, 2H);

3C NMR (CDCls, 125 MHz): & 170.8, 138.1, 134.8, 129.5, 129.1, 128.7, 127.5, 127.44, 127.42,
43.9, 43.6.

v

4-48

N-Isopropylisobutyramide (4-48)"": Prepared from 2,4-dimethyl-3-pentanone oxime 4-47 (68
mg, 0.52 mmol) and BAC-42 using the general procedure. Purified by flash chromatography
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(1:1 hexane/EtOAc) and isolated as a white solid (55 mg, 81% with conditions A: 57 mg, 84%

with conditions B).

'"H NMR (CDCls, 500 MHz): 8 5.23 (br s, 1H), 4.06 (app sextet, J = 6.8 Hz, 1H), 2.27 (septet, J =
6.9 Hz, 1H), 1.13 (app d, J = 6.3 Hz, 9H);

3C NMR (CDCls, 125 MHz): § 176.0, 41.0, 35.7, 22.8, 19.6.

O

/\N)Jv

N
4-50

N-Ethylpropionamide (4-50)*: Prepared from 3-pentanone oxime 4-49 (51 mg, 0.50 mmol)

BAC-42 (9 mg, 0.05 mmol) and perfluoropinacol (17 mg, 0.05 mmol) using a modified general

procedure at 50 °C. Purified by flash column chromatography (1:1 hexane:EtOAc to 20:1

DCM:MeOH) and isolated as a light yellow oil (37 mg, 74% with conditions B).

'H NMR (CDCls, 500 MHz): § 3.24 (qd, J = 7.3, 5.7 Hz, 2H), 2.16 (q, J = 7.6 Hz, 2H), 1.10 (t, J =
7.5 Hz, 3H), 1.10 (t, J = 7.5 Hz, 3H);

3C NMR (CDCls, 125 MHz): 5 173.8, 34.3, 29.7, 14.8, 9.9.

O

CNH

4-54

Azonan-2-one (4-54)""*": Prepared from cyclooctanone oxime 4-53 (71 mg, 0.50 mmol) and
BAC-42 (5 mg, 0.026 mmol) using a modified general procedure at 50 °C. Purified by flash
chromatography (1:1 hexane/EtOAc to 20:1 CH,Cl,/MeOH) and isolated as a white solid in

forms of cis/trans amide rotamers (68 mg, 96%, 2:1 mixture of isomers with conditions B).

'"H NMR (CDCls, 500 MHz): & 5.86 (br s, 1H), 5.32 (br s, 0.5H, minor), 3.36-3.33 (m, 2H), 2.42
(app t, J = 6.4, 2H), 2.16 (br s, 0.5H, minor), 1.85-1.80 (m, 2H), 1.73 (br s, 0.5H, minor), 1.63-
1.59 (m, 5H), 1.55-1.51 (m, 2H), 1.47 (br s, 1H);
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®C NMR (CDCls, 125 MHz): § 177.8, 176.5, 43.3, 40.4, 38.7, 33.1, 30.1, 29.35, 29.22, 27.8,
25.9, 25.50, 25.44, 24.5, 23.7, 23.0.

NH

4-56

Azacyclotridecan-2-one (4-56)%°: Prepared from cyclododecanone oxime 4-55 (100 mg, 0.50
mmol) and BAC-42 (4.6 mg, 0.026 mmol) using a modified general procedure at 50 °C. Purified
by flash chromatography (2:1 hexane/EtOAc to EtOAc) and isolated as a white solid (99 mg, 99%
with conditions A; 96 mg, 96% with conditions B).

'H NMR (CDCl,, 500 MHz): & 5.52 (s, 1H), 3.31-3.28 (m, 2H), 2.20-2.18 (m, 2H), 1.70-1.65 (m,
2H), 1.53-1.48 (m, 2H), 1.39-1.29 (m, 14H);

3C NMR (CDCls, 125 MHz): & 173.6, 39.2, 37.1, 28.5, 26.9, 26.5, 26.4, 25.9, 25.4, 25.1, 24.8,
24.1.

N-((3S,8R,9S,10R,13S,14S,17S)-3-Hydroxy-10,13-dimethyl 2, 3, 4, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)acetamide (4-58): Prepared
from pregnenolone oxime 4-57 (85 mg, 0.25 mmol), BAC-42 (5 mg, 0.025 mmol) and
perfluoropinacol (8 mg, 0.25 mmol) using a modified general procedure in pure HFIP at 50 °C.
Purified by flash column chromatography (4:1 to 2:1 DCM:acetone) and isolated as a white solid
(84 mg, 98% with conditions B).

M.p. 231-233 °C;

'H NMR (CDCl;, 500 MHz): & 5.36-5.33 (m, 1H), 5.26 (d, J = 8.4 Hz, 1H), 3.97-3.83 (m, 1H),
3.57-3.48 (m, 1H), 2.35-2.07 (m, 3H), 2.04-1.96 (m, 1H), 1.98 (s, 3H), 1.90-1.82 (m, 2H), 1.77-
1.62 (m, 2H), 1.61-1.17 (m, 9H), 1.16-1.04 (m, 2H), 1.05-0.92 (m, 1H), 1.01 (s, 3H), 0.70 (s, 3H);
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®C NMR (CDCl3, 125 MHz): § 169.9, 140.9, 121.3, 71.7, 58.9, 52.9, 50.1, 42.7, 42.3, 37.3, 36.8,
36.6, 32.1, 31.6, 31.5, 28.7, 23.7, 23.6, 20.6, 19.4, 12.0;

IR (Microscope, cm™): 3273, 3195, 3082, 2962, 2899, 2846, 1646, 1556, 1436, 1372, 1058;

HRMS (ESI) for Cp1HaNO, [M+H]": calcd. 332.2584; found 332.2589.

4.11.5 Procedure for gram-scale Beckmann rearrangement via BAC-42

OH BAC-42 (5 mol%) 0
N~ perfluoropinacol (5 mol%) )J\
)|\ Ph_
N Me
Ph Me HFIP:CH3NO, = 4:1, H
» 1.0 M, rt, 30 h 42 (04%)
(1.00 g, 7.4 mmol)

To a 15 mL round bottom flask charged with a stir bar, was added the oxime 4-1 (1.00 g, 7.40
mmol), boronic acid BAC-42 (67 mg, 0.37 mmol) and perfluoropinacol (124 mg, 0.37 mmol). A
solvent mixture of hexafluoroisopropanol and nitromethane (v:v = 4:1, 7.4 mL) was injected. The
reaction vial was then capped, sealed and subjected at the room temperature for 30 hours. The
crude product was obtained after removal of solvent. The product amide 4-2 was purified by

flash column chromatography (1:1 hexane:EtOAc) and isolated as a white solid (940 mg, 94%).

4.11.6 General procedure for the one-pot Beckmann rearrangement

from ketone

BAC-42 (20 mol%)

hydroxylamine (1.0 equiv) o
0 additive
P pn. AL
Ph” “Me HFIP:CH3NO, = xuy, N Me
acetophenone 1.0 M, temp, 24 h 4-2
(0.5 mmol)

To a 5 mL reaction vial charged with a stir bar, was added acetophenone (60 mg, 0.50 mmol),
hydroxylamine (0.50 mmol), boronic acid BAC-42 (18 mg, 0.10 mmol) and additives as
indicated. A solvent mixture of hexafluoroisopropanol and nitromethane (v:v = 1:1 or 4:1, 0.5 mL)

was injected. The reaction vial was then capped, sealed and subjected at the indicated
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temperature for 24 hours. The crude product was obtained after removal of solvent and

subjected to "H NMR analysis.

4.11.7 Procedure for the orthogonal catalysis via BAC-42

_OH _OH o)

I I pn. L
A BAC-42 (20 mol%) A N7 TMe

Ph Me
p-xylene (5.0 equiv)
4-1 (0.5 mmol) - 4-1 (31%) 4-2 (62%)

HFIP:CH3NO, = 4:1,

/©/\OH 0.5M, 50 °C, 24 h /@/\OH
Br Br

2-29 (0.5 mmol) 2-29 (97% recovery)

To a 5 mL reaction vial charged with a stir bar, was added the oxime 4-1 (68 mg, 0.50 mmol), 4-
bromobenzyl alcohol (94 mg, 0.50 mmol), p-xylene (265 mg, 2.50 mmol) and boronic acid BAC-
42 (18 mg, 0.10 mmol). A solvent mixture of hexafluoroisopropanol and nitromethane (v:v = 4:1,
1.0 mL) was injected. The reaction vial was then capped, sealed and subjected at 50 °C for 24
hours. The crude product was obtained after removal of solvent. The remaining oxime 4-1
(31%), amide product 4-2 (62%) and 4-bromobenzyl alcohol (97%) were isolated by flash

column chromatography (1:1 hexane:EtOAc).

4.11.8 Mechanistic studies

4.11.8.1 Procedure for the evaporation experiments to examine the role of HFIP

F3CYCF3
B(OH), O.__OH B(OD),
1. HFIP:CH3NO, = 4:1 B~ oD
CO,Me K D,O COyMe
50°C,8h 2 )\
CO,Me SN FsC CFs
2. evaporate then
add acetone-d6
BAC-42 4-71 1:1
(0.10 mmol)

To a 5 mL round bottom flask charged with a stir bar, was added boronic acid BAC-42 (18 mg,
0.10 mmol) followed by a solvent mixture of nitromethane and hexafluoropropanol (v:v = 1:4, 2

mL). The round bottom flask was then capped and allowed to stir at 50 °C for 8 hours. After the
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indicated time, the reaction mixture was cooled to room temperature. Product was obtained and
placed under vacuum for 1 hour after the removal of solvent. Initial '"H NMR and ''B NMR
studies of the product were performed in anhydrous acetone-d6. A complicated mixture of
compound 4-71 was observed for both '"H NMR and ''B NMR as shown in Figure 4-1 and
Figure 4-3. The same set of NMR experiments was run in acetone-d6 with 1 drop of D,O. A 1:1

ratio of boronic acid BAC-42 and HFIP was observed as shown in Figure 4-2 and Figure 4-4.

4.11.8.2 Procedure for the experiments to explore the role of perfluoropinacol

OMe
B(OH), FsC  CFs nitron:eg%arr]\e-dé’ \,O
COMe For Yl cr, ft, o

VA ®)

HO OH then add HFIP (0] CF;
(0.0 to 8.0 equiv) FsC -

BAC-42 perfluoropinacol CFs

0.025 mmol (1.0 equiv) 4-72

To a vial charged with a stir bar, was added boronic acid BAC-42 (5 mg, 0.025 mmol) and
perfluoropinacol (8 mg, 0.025 mmol) in nitromethane-d3 (0.7 mL). The reaction mixture was
allowed to stir at room temperature for 18 h before subjected to '"H NMR, ''B NMR and "°F NMR
spectroscopic studies. The corresponding spectrums are shown as Figure 4-6, Figure 4-8 and
Figure 4-10.

Afterwards, the previous mixture of boronic acid BAC-42 and perfluoropinacol was titrated using
various amounts of HFIP from 0.0 to 8.0 equivalents. As a result, the corresponding 'H NMR,
“F NMR and "B NMR spectra were recorded as Figure 4-11 and Figure 4-12. At the end point,
3C NMR, HSQC, HMBC spectrums of reaction mixture with 8.0 equivalents of HFIP were also
recorded as Figure 13 to Figure 15.

OMe
B(OH), FsC  CFs omethane.ds ®E<p
CO,Me + |:30|..>—<- 'ICFs nitromethane- > /B,\O
HO  OH rt, 18 h ;/%ca
FsC CFs
BAC-42 perfluoropinacol CFs
0.025 mmol (2.0 or 3.0 equiv) 4-72

To a vial charged with a stir bar, was added boronic acid BAC-42 (5 mg, 0.025 mmol) and
perfluoropinacol (17 mg, 0.05 mmol or 25 mg, 0.075 mmol) in d3-nitromethane (0.7 mL). The
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reaction mixture was allowed to stir at room temperature for 18 h before subjected to "'B NMR

spectroscopic studies. The corresponding spectrums are shown as Figure 4-16.

4.11.8.3 Synthesis and mechanistic investigation of compound 4-72

OMe
B(OH), FsC CF; 5 Stark ®E§O
CO,Me . FsCtr H' CF, ean-Star _ ,B,\o
HO OH toluene, reflux, 24 h ()%/%CF:;
FoCm L or
BAC-42 perfluoropinacol 3
(1.0 equiv) 4-72

Methyl 2-(4,4,5,5-tetrakis(trifluoromethyl)-1,3,2-dioxaborolan-2-yl)benzoate (4-72): To a 25
mL round bottom flask charged with a stir bar, was added boronic acid BAC-42 (180 mg, 1.00
mmol) and perfluoropinacol (334 mg, 1.0 mmol) in 10 mL of toluene. The reaction mixture was
heated up to reflux using a Dean-Stark apparatus for 24 hours. After the indicated time, the
reaction mixture was cooled down to room temperature. Compound 4-72 was obtained as a

light yellow solid (454 mg, 95%, decomposed upon heating) after the removal of excess toluene.

'H NMR (CD;NO,, 500 MHz): § 7.98-7.96 (m, 1H), 7.87-7.84 (m, 1H), 7.76-7.74 (m, 1H), 7.67-
7.64 (m, 1H), 4.53 (s, 3H);

*C NMR (CD3;NO,, 125 MHz): & 182.8, 137.1, 130.7, 130.5, 130.1, 125.6, 121.5 (q, J = 293.9
Hz), 87.6, 59.4 (The boron-bound carbon was not detected due to quadrupolar relaxation of

boron);

F NMR (CD3NO,, 469 MHz): 5 -69.9 (s, 12 F);

"B NMR (CD3NO,, 160 MHz): 5 14.9;

IR (Microscope, cm™): 1620, 1591, 1566, 1485, 1444, 1244, 1209, 1119;

HRMS (El) for C14H;BF,04: calcd. 478.0246; found 478.0237.
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OH o} Yo
N 4-72 (5 mol%) ;
- en. B~

P

HFIP:CH3NO, = 4:1,
Ph™  Me 1.0 M, rt, 24 h F.C
4-1 (0.5 mmol) 4-2 3

Irz
=<
[0}
ﬁ\
(@)
39
w

To a 5 mL reaction vial charged with a stir bar, was added the oxime 4-1 (68 mg, 0.50 mmol)
and the boronic ester 7-72 (12 mg, 0.025 mmol). A solvent mixture of hexafluoroisopropanol
and nitromethane (v:v = 4:1, 0.5 mL) was injected. The reaction vial was then capped, sealed
and subjected at the room temperature for 24 hours. The crude product was obtained after
removal of solvent. The product amide 4-2 was purified by flash column chromatography (1:1
hexane:EtOAc) and isolated as a white solid (62.8 mg, 93%).

4.11.8.4 Synthesis and characterization of the oxime ester intermediates

% ~OH EDC+HCI (2.5 equiv) o0._.0

o. O 5eq N
B~ + )N|\ DMAP (10 mol%) B 0O

N_ _Ph
Ph” M -
©/002H © DCM. 1t, 18 h ©)ko Y
Me

4-77 4-1 4-78 (14%)

(E)-1-Phenylethan-1-one 0-(2-(4,4,5,5,-tetrmethyl-1,3,2-dioxaborolan-2-yl)benzoyl oxime
(4-78): To flame-dried 50 mL round bottom flask charged with a stir bar, was added a solution of
2-carboxyphenyl pinacol boronate 4-77 (496 mg, 2.00 mmol) in 20 mL of DCM followed by
EDC-HCI (959 mg, 5.00 mmol), DMAP (24 mg, 0.20 mmol). The reaction was allowed to stir
under nitrogen atmosphere for 15 minutes before the addition of oxime 4-1 (270 mg, 2.00 mmol).
After continuous stirring for 24 hours at room temperature, the reaction mixture was quenched
with 20 mL of water. The resulting mixture was extracted with DCM (3 x 10 mL). The combined
organic layers were washed with water (20 mL), brine (20 mL), dried over anhydrous MgSQO,,
fitered and concentrated. The oxime ester was purified by flash column chromatography (10:1
to 4:1 hexane:MTBE) and isolated as a white solid (100 mg, 14%).

M.p. 120-122 °C.
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'H NMR (CDCl;, 500 MHz): & 8.00 (d, J = 7.8 Hz, 1H), 7.84-7.77 (m, 2H), 7.61-7.52 (m, 2H),
7.49-7.34 (m, 4H), 2.50 (s, 3H), 1.42 (s, 12H);

®C NMR (CDCl;, 125 MHz): & 165.2, 163.8, 135.0, 132.8, 132.8, 132.0, 130.6, 129.1, 128.6,
128.5, 127.3, 84.2, 24.9, 15.0;

IR (Microscope, cm™): 3028, 2980, 2932, 1734, 1599, 1570, 1347, 1310, 1249, 757;

HRMS (ESI) for C,1H,sBNO, [M+H]': calcd. 366.1871; found 366.1881;

(E)-1-Phenylethan-1-one O-(2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)benzoyl) oxime (4-80):
Prepared from 2-bromo benzoic acid (804 mg, 4.00 mmol) and oxime 4-1 (405 mg, 3.00 mmol)
using the general procedure from Section 4.11.2, step 1 and 2. Purified by flash column
chromatography (10:1 to 3:1 hexane:EtOAc) and isolated as an off-white solid (282 mg, 40% for
step 2).

M.p. 78-79 °C;

'H NMR (CDCl,, 500 MHz): 5 7.99 (d, J = 7.8 Hz, 1H), 7.81 (d, J = 6.9 Hz, 2H), 7.57 (app dt, J =
14.6, 7.1 Hz, 2H), 7.49-7.38 (m, 4H), 3.81 (s, 4H), 2.51 (s, 3H), 1.09 (s, 6H);

3C NMR (CDCl3, 125 MHz): 6 166.0, 163.8, 134.9, 132.3, 132.1, 131.8, 130.6, 128.6, 128.5,
128.4, 127.3, 72.5, 31.8, 22.1, 14.9 (The boron-bound carbon was not detected due to

quadrupolar relaxation of boron);
"B NMR (CDCl;, 160 MHz): & 28.3;

IR (Microscope, cm™): 3012, 2963, 2929, 2885, 1725, 1689, 1565, 1472, 1314, 1253, 1130,
1065;

HRMS (ESI) for CoH2,BNO,Na [M+Na]": calcd. 374.1534; found 374.1532.
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BAC-51

(E)-(2-((((1-Phenylethylidene)amino)oxy)carbonyl)phenyl)boronic acid (BAC-51): Prepared
from neopentyl boronic ester 4-80 (282 mg, 0.80 mmol) using the general procedure from
Section 4.11.2, step 3. Purified by recrystallization (3:1 hexane:DCM) and isolated as a white
solid (45 mg, 20%, decomposed upon heating).

'H NMR (CD5COCD; + 1 drop D,0, 500 MHz): 5 8.03 (d, J = 7.7 Hz, 1H), 7.87 (dd, J = 8.1, 1.5
Hz, 2H), 7.65-7.54 (m, 2H), 7.52-7.41 (m, 4H), 2.54 (s, 3H);

3C NMR (CD3COCD; + 1 drop D,O, 125 MHz): 6 165.9, 164.1, 136.1, 133.2, 132.9, 132.8,
131.4, 129.8, 129.5, 129.1, 127.9, 14.7 (The boron-bound carbon was not detected due to

quadrupolar relaxation of boron);
"B NMR (CD;COCD; + 1 drop D,O, 160 MHz):  30.1;

IR (Microscope, cm™): 3423, 3064, 3023, 2930, 2856, 1718, 1596, 1444, 1314, 1268, 1124,
1045, 912;

HRMS (ESI) for C45H3BNO,4 [M-H]": calcd. 282.0943; found 282.0943.

(E)-1-Phenylethan-1-one O-benzoyl oxime (4-81): Oxime ester was prepared according to the

reported procedure by Guan and co-workers*® and isolated as a white solid (560 mg, 78%).

'H NMR (CDCls, 500 MHz): & 8.16-8.10 (m, 2H), 7.85-7.78 (m, 2H), 7.64-7.59 (m, 1H), 7.53-
7.48 (m, 2H), 7.48-7.36 (m, 3H), 2.53 (s, 3H);

®C NMR (CDCls, 125 MHz): 5 163.8, 163.6, 134.9, 133.3, 130.7, 129.7, 129.3, 128.6, 128.6,
127.2,77.3,14.7.
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4.11.8.5 Mechanistic investigation with the oxime ester intermediates

O

N/OH 4-78 (20 mol%) j\ N _Ph
)l\ _ =1 PN e oY
Ph” Me HFIP:CH3NO, = 1:1, H _ Me
1.0 M, 50 °C, 24 h Bpin
4-1 (0.5 mmol) 4-2 4-78

To a 5 mL reaction vial charged with a stir bar, was added the oxime 4-1 (68 mg, 0.50 mmol)
and the oxime ester 7-78 (37 mg, 0.10 mmol). A solvent mixture of hexafluoroisopropanol and
nitromethane (v:v = 1:1, 0.5 mL) was injected. The reaction vial was then capped, sealed and
subjected at the 50 °C for 24 hours. The crude product was obtained after removal of solvent
and subjected to 'H NMR spectroscopic study. Amide 4-2 was obtained in 72% vyield using 1,4-

dinitrobenzene as an internal standard.

0
_OH BAC-51 (5 mol%) (0]
)N|\ perfluoropinacol (5 mol%l Ph. )J\ O/NY Ph
P “Me HFIP:CHsNO, = 4:1, N Me Me
1.0M,rt,6 h B(OH).
4-1 (0.5 mmol) 4-2 BAC-51

To a 5 mL reaction vial charged with a stir bar, was added the oxime 4-1 (68 mg, 0.50 mmol),
boronic acid BAC-51 (7 mg, 0.025 mmol) and perfluoropinacol (8 mg, 0.025 mmol). A solvent
mixture of hexafluoroisopropanol and nitromethane (viv = 4:1, 0.5 mL) was injected. The
reaction vial was then capped, sealed and subjected at the room temperature for 6 hours. The
crude product was obtained after removal of solvent and subjected to '"H NMR spectroscopic

study. Amide 4-2 was obtained in 101% yield using 1,4-dinitrobenzene as an internal standard.

0]
0]
HFIP:CH3NO; = 4:1
o~ Y -, pn. L + OR
rt, 30 min ” Me
B(OH), B(OR),
BAC-51 (0.025 mmol) 4-2 (100% conv.) mixture 4-82

R = H or CH(CF3),

To a vial with a stir bar was added oxime ester BAC-51 (7 mg, 0.025 mmol) in a solvent mixture
of hexafluoroisopropanol and nitromethane (v:iv = 4:1, 0.5 mL). The reaction mixture was

allowed to stir at room temperature and monitored by TLC. After 30 min, full conversion of
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boronic acid BAC-51 was observed. The crude mixture was subjected to NMR spectroscopic
studies after the removal of solvent. '"H NMR analysis shows formation of the product 4-2 along
with mixture of the HFIP carboxyl ester and HFIP boronic ester 4-82 (Figure 4-19). The
identification of the mixture 4-82 was further elucidated in the following >*C NMR (Figure 4-20)
and HMBC (Figure 4-21) analysis.

4.11.8.6 Comparative experiments to observe the dimer 4-89 using TsCl and BAC-
42

TsCI (20 mol%

| ( b) NH

N

HFIP:CH3NO, = 1:4, \
50°C,24h,1.0M

4-51 4-52 4-89 (observed)

(0.5 mmol)
To a 5 mL reaction vial charged with a stir bar, was added the oxime 4-51 (57 mg, 0.50 mmol)
and 4-toluenesulfonyl chloride (19 mg, 0.10 mmol). A solvent mixture of hexafluoroisopropanol
and nitromethane (v:v = 4:1, 0.5 mL) was injected. The reaction vial was then capped, sealed
and subjected at 50 °C for 24 hours. The crude product was obtained after removal of solvent
and subjected to "H NMR spectroscopic study and HRMS analysis. As shown in Scheme 4-29,

the product 4-52 was observed along with the dimer 4-89.

_OH
N o)

| BAC-42 (20 mol%) NH
N
HFIP:CH3NO, = 1:4, }\1

50°C,24h,1.0M

4-51 4-52 4-89 (not observed)
(0.5 mmol)

To a 5 mL reaction vial charged with a stir bar, was added the oxime 4-51 (57 mg, 0.50 mmol)
and BAC-42 (18 mg, 0.10 mmol). A solvent mixture of hexafluoroisopropanol and nitromethane
(viv = 4:1, 0.5 mL) was injected. The reaction vial was then capped, sealed and subjected at
50 °C for 24 hours. The crude product was obtained after removal of solvent and subjected to
'H NMR spectroscopic study and HRMS analysis. As shown in Scheme 4-30, the product 4-52

was observed, but not the dimer 4-89.
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4.11.8.7 Analysis of the degradation of BAC-42 in the reaction conditions

BAC-42 (20 mol%) FaG  CFs
perfluoropinacol FsC CF;
n-oH (20 mol%) Q o__0
P - en. + B” o
Ph “Me HFIP:CHsNO, = 4:1, N Me
50°C,6h, 1.0 M OH
41 4-2 (100% conv.) 4-90

To a 5 mL reaction vial charged with a stir bar, was added the oxime 4-1 (68 mg, 0.50 mmol),
boronic acid BAC-42 (18 mg, 0.10 mmol) and perfluoropinacol (33 mg, 0.10 mmol). A solvent
mixture of nitromethane and hexafluoroisopropanol (viv = 1:4, 0.5 mL) was injected. The
reaction vial was then capped, sealed and subjected at the 50 °C for 6 hours. The crude product

was obtained after removal of solvent and subjected to UPLC-MS study (Scheme 4-31).
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Chapter 5 Conclusions and Future Perspectives

Catalysis is the key to the production of numerous chemical commodities. By reducing the
activation energy, direct transformations of previously inert starting materials become accessible.
In this context, boronic acid catalysis (BAC) can be developed into a general and versatile
strategy for the direct functionalization of hydroxyl groups, since it bypasses the need for
wasteful stoichiometric activation processes. While the last decade has seen great advances in
the direct activation of carboxylic acids and ketones via BAC (Chapter 1), very few reports
illustrate its potential in the direct transformation of alcohols. The research described in this
thesis describes the efforts towards the direct activation of alcoholic C—O bonds via BAC as a
mean to render synthetic chemistry more efficient. The concept of BAC is also extended to other

substrates, such as oximes.

Chapter 2 describes the successful Friedel-Crafts alkylation of arenes with m—activated alcohols
by BAC. A rationale for the unexpectedly higher reactivity of tetrafluorophenylboronic acid
compared to pentafluorophenylboronic acid is provided. Through the design of a novel ion
redistribution process, the cationic ferrocenium boronic acid hexafluoroantimonate salt was
developed into a highly reactive catalyst for direct Friedel-Crafts benzylation with deactivated
benzylic alcohols and electron-neutral arenes. In this way, a library of valuable diarylmethane
compounds was prepared. Despite these advances, there are still some limitations that can be
improved: (a) Due to its electrophilic 17-electron configuration, the ferrocenium boronic acid salt
displays a lack of stability in the presence of strong nucleophiles. Decomposition of the
ferrocenium scaffold was observed in some cases. A potential solution to this problem includes
replacing the iron cation with other metal centers, such as cobalt. As an 18-electron complex,
the cobaltocenium boronic acid hexafluoroantimonate salt could be a stable and highly reactive
catalyst for the direct Friedel-Crafts alkylation. Of course, other arylboronic acids with cationic
structures, such as the pyridinium salts, should also be considered (Scheme 5-1a). (b) There
are certain substrates that do not perform well in the optimal conditions, such as highly electron-
poor benzylic alcohols and tertiary aliphatic alcohols. To overcome the difficulties with these
substrates, different fluorinated diol additives, such as perfluoropinacol (Chapter 4) could be
tested as part of a highly electrophilic two-component BAC system. Alternatively, a less
coordinating anion, such as tetrakis[3,5-bis(trifluoromethyl)phenyllborate [BAr’,]", may be

worthwhile to explore (Scheme 5-1b). (c) There has been no example of direct asymmetric
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Friedel-Crafts alkylation of prochiral secondary alcohols with BAC. The formation of carbocation
intermediates in the Friedel-Crafts reaction renders the asymmetric variant of this process highly
challenging. In this regard, the design of a chiral ferrocenium boronic acid or a two-component
system combining ferrocenium boronic acid with a chiral diol could be beneficial, since a chiral
ion pair would be generated with the carbocation in the C-O bond breaking event. In another
design, ferrocenium boronic acids with chiral anions, such as chiral phosphoric anion, could be
introduced. Exchange of the boronate anion with a chiral anion may lead to ion-pairing of the
carbocation and the chiral anion, which could provide stereoselective functionalization of
alcohols (Scheme 5-2c¢).
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Scheme 5-1. (a) Design of new cationic boronic acid salts; (b) Strategies to activate highly

electron-poor alcohols; (c) Proposals to achieve asymmetric Friedel-Craft alkylation via BAC.

In Chapter 3, the first dual catalysis strategy merging boronic acid catalysis and chiral amine

catalysis is described. Catalytic enantioselective allylation of branched aldehydes with allylic

276



alcohols was achieved, providing valuable methyl-aryl all-carbon quaternary centers in good
yield and high enantioselectivity. Although this is the first demonstration of dual catalysis using
BAC, dual catalysis is a largely unexplored area of this chemistry. There are a number of areas
for improvement and new opportunities. (a) For example, the reaction suffers from a limited
substrate scope. Only the diphenyl allylic alcohol is applicable in the protocol. Reaction
conditions for a broader scope of allylic alcohols require further development. Similarly, more
efforts are required to expand the scope of the nucleophiles to alkyl-alkyl branched aldehydes,
since only methyl-aryl branched aldehydes served as efficient coupling partners in the current
protocol (Scheme 5-2a). (b) As an extension, other nucleophiles that employ chiral amine
catalysis should also be considered, such as ketones and B-keto esters (Scheme 5-2b). (c) It is
envisioned that BAC could also be used in parallel with other modes of catalysis, such as NHC

system (Scheme 5-2¢).
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+ 4
H HO)\R4 conditions H)%(kR
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Scheme 5-2. (a) Extension of the dual catalytic asymmetric allylation to a broader substrate
scope; (b) The use of B-keto esters as nucleophiles in dual catalysis with BAC; (c) Dual
catalysis uniting BAC and NHC catalysis.
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The research described in Chapter 2 and Chapter 3 focuses on the direct activation of alcohols
via carbocation intermediates. As an extension of the BAC concept, the direct activation and
transformation of hemiacetals via oxonium ions could be considered. Research in this field
could potentially be applied to the direct functionalization of carbohydrates (Scheme 5-3a).
Furthermore, an interesting question to ask is that, can the carbocation intermediates be

reduced into radicals for further transformation (Scheme 5-3b)?

+
© OH boronic acid catalysis O\ NuH © Nu
R R - = R
hemiacetals oxonium ion products
b
OH boronic acid catalysis + reductant .
J\ 1/\ 2 —_— 1/\ 2
R" "R? ROR ROR
alcohols carbocations radicals

Scheme 5-3. (a) Activation of hemiacetals via BAC; (b) The possibility of reducing the

carbocation intermediate into radicals in catalysis design.

Chapter 4 demonstrates that the concept of BAC can be further extended to the direct activation
of oxime N—OH bonds. An operationally simple protocol has been developed for the Beckmann
rearrangement of oximes using arylboronic acids substituted with ortho-carboxyester groups. In
addition to the broad functional group tolerance, the BAC Beckmann rearrangement features a
unique two-step reaction mechanism: boron induced oxime transesterification and boron
assisted Beckmann rearrangement. Although the Beckmann rearrangement was discovered
over 100 years ago, the development of the BAC Beckmann rearrangement sheds light on
potential solutions to other long lasting challenges of direct hydroxyl group activation, such as
the direct Sy2 reaction and E2 elimination from primary alcohols. Activation of primary alcohols
could possibly be achieved if the similar boron induced alcohol transesterification or
transsulfonylation could occur. A potential design for the direct Sy2 reaction and E2 elimination

using arylboronic acids with ortho-carboxyester groups is shown in Scheme 5-4.
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Scheme 5-4. Potential reaction designs of the Sy2 reaction and elimination using boronic acids

with ortho-carboxyester groups.

Although it has been over 50 years since the first report of catalytic reactions with BAC, this
area of research is still in its infancy. The research and proposals described in this thesis
constitute only a small fraction of the potential of BAC in organic synthesis. The author believes
that with increasing attention from the community, boronic acid catalysis can be developed into

a general platform for direct functionalization of hydroxyl groups.
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Appendices

Appendix 1: Selected copies of NMR spectra

NMR spectra of BAC-26. Top: ''B NMR (acetone-d6, 128 MHz);
Bottom: "*F NMR acetone-d6, 376 MHz);
"H NMR and "*C NMR were not obtained in high quality due to the paramagnetism of iron (lll);
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NMR spectra of BAC-44. Top: 'H NMR (acetone-d6 + 1 drop of D,O, 500 MHz).
Bottom: *C NMR acetone-d6 + 1 drop of D,0, 125 MHz)
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NMR spectra of BAC-49. Top: 'H NMR (acetone-d6 + 1 drop of D,O, 500 MHz).
Bottom: *C NMR (acetone-d6 + 1 drop of D,O, 125 MHz)
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NMR spectra of BAC-50. Top: 'H NMR (acetone-d6 + 1 drop of D,O, 500 MHz).
Bottom: *C NMR (acetone-d6 + 1 drop of D,O, 125 MHz)
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NMR spectra of BAC-51. Top: 'H NMR (acetone-d6 + 1 drop of D,O, 500 MHz).
Bottom: *C NMR (acetone-d6 + 1 drop of D,O, 125 MHz)

2017.03.21.u5_XMH-08-073-new_loc5_10.18_H1_1D
Xiaobin, XMH-08-073-new

499.800 MHz H1 1D in acetone (ref. to acetone @ 2.04 ppm)

temp 27.7 C -> actual temp = 27.0 C, colddual probe
$88828838a00RR3%
BENNNNNNNNNNNNN
G
Py
o}
_N_ _Ph
o] Y
Me
B(OH),
o R sgan g2
29 LR Q@i NnT <
@@ NINEIN NRRN  NRNRN
BAC-51 Y NPl
— _— —

b

2.54

S

SNSE 7
2acSq @
RN N
T T T T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 00 -05 -1.0
1 (ppm)
2017.03.21.u5_XMH-08-073-new_loc5_10.20_C13_1D
Xiaobin, XMH-08-073-new
125.689 MHz C13{H1} 1D i acetone (ref. to acetone @ 29.8 ppm)
temp 27.7 C -> actual temp| = 27.0 C, colddual probem . Mt oot onma
@3 SHBRIRTA@ e
g3 EEELERLRE b
\/ Sl
N Ph
O/ Y
Me
B(OH),
BAC-51
28R 3 R 2 b} e
(Y (. I
! |
| | | | |
|
T T T T T T T T T T T
133.0 1325 132.0 1315 131.0 130.5 130.0 129.5 129.0 1285 128.0
pm)
I
il
|
I | “
i A
T T T T T T T T T T T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

1 (ppm)

1400

1300

1200

1100

1000

F900

800

700

600

500

400

300

200

100

+-100

rov

28

26

t24

22

20

295



NMR spectra of 2-12. Top: "H NMR (CDCl;, 400 MHz). Bottom: "*C NMR (CDCl;, 100 MHz)
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NMR spectra of 2-14. Top: "H NMR (CDCl;, 400 MHz). Bottom: "*C NMR (CDCl;, 100 MHz)
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NMR spectra of 2-26. Top: 'H NMR (CDCl;, 400 MHz). Bottom:
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NMR spectra of 2-54. Top: '"H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 2-55. Top: '"H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 2-64. Top: '"H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 2-68. Top: '"H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 2-70. Top: 'H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 3-20. Top: '"H NMR (CDCl;, 500 MHz). Bottom:

XMH-06-090-new-reduced-HNMR
XMH-06-090-new-reduced-HNMR
498.118 MHz H1 1D in cdcl3 (ref. to CDCI3

— 590!
—5.88
—5.87,

3-20

3.73
3.72
3.71
3.70
3.58
3.57
3.56
3.55

A
X
A
X

\

1.0;

2.67
2.66
~264

\ 263

3C NMR (CDCls, 125 MHz)

8500
8000
7500
7000
6500
6000
5500

5000

2.46
2.45

4500

243

v

\ 242
Va 1.17
Z 116
N 1.15

4000

\

3500

3000

2500

<

2000

T T
3.7 3.6
f1 (ppm)

3.5 27

T T
1.20 1.12
f1 (ppm)

2.4
1500

1000

500

0

~-500

10.5 10.0 9.5 9.0 8.5 8.0

2016.05.16.u5_XMH-06-090-new-reduced_loc5_16.13_C13_1D
Xiaobin, XMH-06-090-new-reduced

125.691 MHz C13[H1] 1D in cdcl3 (ref. to CDCI3 @ 77.06 ppm), temp 27.7 C -> actual temp = 27.0 C, colddual probe

Ph

Ph

3-20

"\ 144.41
14352
14272

140.13

2.0 1. 0.0 -0.5 -1.0

71.93
22.17

—44.20

—38.20

129.96
— 125.50

T T T T T T T T T
132 131 130 129 128 127 126 125 124
f1 (ppm)

T T T T T T T T T T T
'50 240 230 220 210 200 190 180 170 160 150

T T T T T
140 130 120 110
f1 (ppm)

304



NMR spectra of 3-21. Top: "H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 3-22. Top: "H NMR (CDCl;, 500 MHz). Bottom:

3C NMR (CDCls,

125 MHz)
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NMR spectra of 3-23. Top: "H NMR (CDCl;, 500 MHz). Bottom:

3C NMR (CDCls,

125 MHz)
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NMR spectra of 3-24. Top: "H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 3-25. Top: "H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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3C NMR (CDCls, 125 MHz)

"H NMR (CDCls, 500 MHz). Bottom:

NMR spectra of 3-26. Top
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NMR spectra of 4-27. Top: "H NMR (CDCl;, 500 MHz). Bottom:

XMH-06-136-reduced-NO2-HNMR
XMH-06-136-reduced-HNMR
498.118 MHz H1 1D in cdcl3 (ref. to CDCI3 @ 7.26 ppm), temp 26.4 C -> actual temp = 27.0 C, autoxdb probe
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3C NMR (CDCls, 175 MHz)

"H NMR (CDCls, 500 MHz). Bottom:

NMR spectra of 4-28. Top
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NMR spectra of 3-29. Top: '"H NMR (CDCl;, 500 MHz). Bottom:

3C NMR (CDCls, 125 MHz)
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NMR spectra of 3-30. Top: '"H NMR (CDCl;, 500 MHz). Bottom:

3C NMR (CDCls,
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3C NMR (CDCls, 125 MHz)

"H NMR (CDCls, 500 MHz). Bottom

NMR spectra of 3-31. Top
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3C NMR (CDCls, 125 MHz)

"H NMR (CDCls, 500 MHz). Bottom:

NMR spectra of 3-35. Top
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NMR spectra of 4-17. Top: "H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 4-19. Top: "H NMR (CDs0D, 500 MHz). Bottom: "*C NMR (CDs0D, 125 MHz)
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NMR spectra of 4-27. Top: '"H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)

tmh-iv-181_H1_1D

498.118 MHz H1 1D in cdci3 (ref. to CDCI3 @ 7.26 ppm), temp 26.4 C -> actual temp = 27.0 C, autoxdb probe

A 8 eadnd
@ 58 INEARARERS,
I N SN
/ } 1)
_OH
N
4-27
1
|
| ‘ L
I
) g2 CEELE
= sS4 mSmmo
T T T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 2.5 2.0 1.5 1.0 0.5 0.0 -05 -1.0
1 (ppm)
tmh-iv-181_loc5_10.35_C13_1D
Timothy, tmh-iv-181
125.688 MHz C13[H1] 1D in cdcl3 (ref. to CDCI3 @ 77.06 ppm), temp 27.7 C -> actual temp = 27.0 C, colddual probe
5R% & 2% nNaown
Sow ~ S —nen N
Eipt b=} EE g ]
Ny I A NS
_OH
N
| ; : s s
i @ o
(o} E g 9 g
[
4-27
T T T T
14.5 14.0 13.5 13.0
1 (ppm)
|
[
|
‘ “ i ol
T T T T T T T T T T T T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

1 (ppm)

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

200

F-200

319



NMR spectra of 4-60. Top: '"H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 4-33. Top: 'H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 4-35. Top: "H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 4-39. Top: "H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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3C NMR (CDCls, 125 MHz)

"H NMR (CDCls, 500 MHz). Bottom:

NMR spectra of 4-57. Top
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NMR spectra of 4-20. Top: "H NMR (CDs0D, 500 MHz). Bottom: "*C NMR (CDs0D, 125 MHz)
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NMR spectra of 4-34. Top: "H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 4-36. Top: "H NMR (CDs0D, 500 MHz). Bottom: "*C NMR (CDs0D, 125 MHz)
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NMR spectra of 4-40. Top: "H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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3C NMR (CDCls, 125 MHz)

"H NMR (CDCls, 500 MHz). Bottom:

NMR spectra of 4-58. Top
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NMR spectra of 4-72. Top: "H NMR (CDsNO,, 500 MHz). Bottom: "*C NMR (CD3;NO,, 125 MHz)

XMH-08-103-HNMR
XMH-08-103-HNMR 2300
498.119 MHz H1 1D in cd3no2 recorded on ibd5
2200
2100
BRBEIRNEES B [ 5000
RRRRRRRNNR <
S 2
1900
1800
OMe 1700
1600
\o 1500
/
B’ 1400
~
O/ 0] 1300
CF3 F1200
F3C CF o Suy ©x Nux 1100
3 58 583 R 583 Q
CF3 NN NS NN NININ :
\ NI/ \ NI/ [ 1000
4-72 e
800
t700
1 i . ‘ ! 600
|
500
g 3 g s ]
T = T = T = T = T T N\ T [ 400
8.0 7 7.8 7.7 7.6 456 4.52 4.48 [ o0
f1 (ppm) f1 (ppm)
200
it [
n \‘ 100
A -0
Feee 4 [-too
3899 @
2333 ~ [ 200
T T T T T T T T T T T T T T
12 11 10 9 8 7 5 4 3 2 1 0 -1 -2
1 (ppm)
2017.07.06.u5_XMH-08-103_loc3_14.22_C13_1D
Xiaobin, XMH-08-103
125.688 MHz C13{H1} 1D in cd3no2
temp 27.7 C -> actual temp = 27.0 C, colddual probe
8 88RORS3RS n
o NOOOWUANO® «
g LEEEERREE %
I b
OMe
Yo
/
/ 8q3 83 3 3 3
B~o 888 -
o \/ I
CF3 |
F3C
3 CFs
CF; !
| |
4-72 " A | N
T T T T T T T
130 128 126 124 122 120 118
f1 (ppm)
|
|
! I
AL
T T T T T T T T T T T T T T T T T T T T T T T T T T T
240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10  -20
f1 (ppm)

330



NMR spectra of 4-78. Top: '"H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 4-80. Top: '"H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 4-93. Top: '"H NMR (CDCls,
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NMR spectra of 4-94. Top: "H NMR (CDCl;, 500 MHz). Bottom: "*C NMR (CDCl;, 125 MHz)
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NMR spectra of 4-95. Top: '"H NMR (CDCls,
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Appendix 2: Selected chromatograms of HPLC measurement

HPLC data for racemic (top) and optically enriched (bottom) 3-20

Ph

HO Z Ph

Me

3-20 (racemic)

DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16011900.D)

3
>
c
L

& @
o [=]
[

n
[=]

“17.896

o

5 10 15 20 25 min
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
* [min] [min] [mAU*s] [mAU] %
———m | e R — R | -————— |
1 14.989 BB 0.5624 2890.55542 78.71916 50.3945
2 17.896 BB 0.6497 2845.30127 67.50587 49.6055
Totals : 5735.85669 146.22503
Ph
/
HO R Ph
Me
3-20
DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16011901.D)
mAU 3 ®
60 g; &3’9
503 g2
3 [
40 2w
302 e g |
203 S |
E 0@ [ \
104 - N
03 ~ — AN I, —
T T T T T T : T T T . T T T T T T :
5 10 15 20 25 mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

Tot

R R e |—mmmm o= R |
1 15.310 MM 0.5778 227.24582 6.55487 6.2442
2 18.260 MM 0.8138 3412.07520 69.88269 93.7558

als : 3639.32101 76.43756
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HPLC data for racemic (top) and optically enriched (bottom) 3-21

Ph

HO Zph

Me

OMe
3-21 (racemic)

DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\160305.D)

mAUE =}
404 \ E
ul I\N\I %
307 [
] I M\
20 . ,r‘f \
1UE f‘ \ ’; \
o4 @ @~ — _ A &,\ —_— e Q‘_
—r 7 ][
5 10 15 20 25 30 35 mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e | == ———— R ——— R —— R !
1 22.513 BB 0.8638 2786.05811 48.52456 50.4230
2 33.510 BB 1.1438 2739.30908 30.79440 49.5770
Totals : 5525.36719 79.31896
Ph
/
HO R Ph
Me
OMe
3-21
DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\160306.D)
mAU 2
25 fs3\
20 [\
15 @ [
E 3 \
10*E o { \\
54 N /
0 T L I e — ——7— J./X"‘_ T — ! l/‘ R :
5 10 15 20 25 30 35 mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e | === | ——————- R | -————————— | ———————- |
1 22.449 BB 0.6242 213.3149¢ 4.06506 7.2200

2 33.181 BR 1.0583 2741.16675 31.59201 92.7800

Totals : 2954.,48170 35.65707
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HPLC data for racemic (top) and optically enriched (bottom) 3-22

Ph

HO & Ph

Me

Me
3-22 (racemic)

DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16022300.D)

mAU 3 <
B o5 ﬁ
100 el =z}
80*; | \ I‘.‘ ".‘
60 [ [
40 [ [
20 \ / \
0 —— ‘ \/ N B _
— —— —— — — —— — —
25 5 7.5 10 125 15 175 20 225 min
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
| | === | —————- R—— R —— R !
1 13.208 BV 0.6120 5092.99951 126.96583 50.0792
2 15.094 VB 0.6423 5076.88770 119.34355 49.9208
Totals 1.01699e4 246.30938
Ph
=
HO R Ph
Me
Me
3-22
DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16022301.D)
mAU o
125 3 5
1004 I
75 KO
50 8 ¥ |
pEp \
25 ae” |\
0—% — e J,ji \_Ii -
25 5 7.5 10 125 15 17.5 20 225 min
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
[min] [mMAU*s] [mAU] %

# [min]
el B e B R — |- |- !
1 13.183 MM 0.5785 459.67694  13.24360 7.2871
2 15.034 VB 0.6154 5848.40283 144.74348 92.7129

Totals 6308.07977 157.98708
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HPLC data for racemic (top) and optically enriched (bottom) 3-23

Ph

HO & Ph

Me

Br

3-23 (racemic)

DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\160229.D)

mAU % 0
100—E 2} E\
807 AA
E [
603 L
40 / [
] f \ \
20 / T \
I o - ‘ N
T T T T T : T I T T T : T T
5 10 15 20 25 mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
* [min] [min] [mAU*s] [mAU] %
———m | | === |- | === | ———m R —— |
1 16.122 BV 0.6456 4890.58008 115.12682 49.5540
2 17.425 VB 0.7137 4978.60693 106.04071 50.4460
Totals : 9869.18701 221.16753
Ph
/
HO R Ph
Me
Br
3-23
DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\160230.D)
mAU g
80 N
[
60 [
[
40 o | |
© \
20 s |\
04 : : — — — T T . . T : ‘\M‘ .\T : . . . . . .
5 10 15 20 25 mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
* [min] [min] [mAU*s] [mAU] %
———m | | === | === R —— R —— R |
1 16.166 BV 0.4684 192.14668 5.20822 4.2881

2 17.448 VB 0.6995 4288.78076 93.09840 95.7119

Totals 4480.92744 98.30662
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HPLC data for racemic (top) and optically enriched (bottom) 3-24
Ph

HO = Ph

Me

Br
3-24 (racemic)

DAD1 D, Sig=230,16 Ref=360,100 (XIAOBIN\16032103.D)

mAU 7
80_: f‘l \\ -‘ng"‘
60 f \ J \
| ! / 1
40 Vol
] N
20 / \M \
0 . I . . _ _ _J/ _ - S -
——T———————— T —————— — T T
0 5 10 15 20 25 30 min
Signal 4: DAD1 D, Sig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area
* [min] [min] [mAU*s] [mAU] %
e | === ——————— R —— R —— | - |
1 23.992 BV 0.9819 6464.99756 96.95376 49.4671
2 26.215 VB 1.0573 6604.30322 94.51028 50.5329
Totals 1.30693e4 191.46404
Ph
/
HO R Ph
Me
Br
3-24
DAD1 D, Sig=230,16 Ref=360,100 (XIAOBIN\16052302.D)
mAU é K
el AN
100 5N%_@
80 [
60 L2
40 8 -3\ \
s o/ \
o . ; . /A .
— — T T — T — T
0 5 10 15 20 25 30 mir
Signal 4: DAD1 D, S5Sig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area
[min] [mMAU*s] [mAU] %

# [min]
el e | ————————— |- |- [
1 23.130 MF 0.9636 371.50177 6.42561 4.0902
2 25.094 FM 1.1819 8711.17676 122.83964 95.9098

9082.67853 129.26525

Totals
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HPLC data for racemic (top) and optically enriched (bottom) 3-25

Ph

HO Z Ph

Me
Cl

Cl
3-25 (racemic)

DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16040221.D)

mAU ] 2 &

] 12\ \

m? f&\ f&\
] / \ / \

20 [ [\
] / \ / \
3 / \ / \

10 / \ / \

o B e 7{/z/ | :\\T_ ) -
10 12.5 15 17.5 20 22.5 25 27.5 30 325

mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e | === | ===~ | === | ————m R — |
1 25.01e BV 1.0473 2741.49609 36.45661 49,4250
2 27.622 VB 1.0808 2805.28223 35.16276 50.5750
Totals : 5546.77832 71.61937
Ph
=
HO R Ph
Me
Cl
Cl
3-25
DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16040222.D)
mAU P2y @
/=0 A S
40 f.; N “.‘\ ) rbg"i/
30 [ &
20 P |
10 Q& / \
\
0 — P S ,L_—-E— = \ |
— T T T : — — T T T T —
10 12.5 15 17.5 20 225 25 275 30 32.5 min
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

e R . R |-——mm——- !
1 24.834 MF 1.0602 128.19928 2.01524 3.1609
2 27.431 FM 1.3536 3927.60645 48.36098 96.8391

Totals : 4055.80573 50.37622
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HPLC data for racemic (top) and optically enriched (bottom) 3-26

Ph

HO Z Ph

Me

CO,Me
3-26 (racemic)

DAD1 B, Sig=254,8 Ref=360,100 (XIAOBIN\16040101.D)

mAU—; ﬁ @
250 3 fa |
2003 “ \I I
i
1003 | I
50 R
o ) L)
T : T T : T . : T T T T T : T T : T T
2 4 6 8 10 12 14 min
Signal 2: DAD1 B, Sig=254,8 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e | == | ————- R—— |-~ R — |
1 6.228 VB 0.1967 3812.34888 299.01938 50.1462
2 7.119 BB 0.1876 3790.11304 307.96967 49.8538
Totals 7602.46191 606.88904
Ph
/
HO R Ph
Me
CO,Me
3-26
DAD1 B, Sig=254,8 Ref=360,100 (XIAOBIN\16040102.D)
mAU 1 ﬁ
] A
300 \I |
] | |
200 I
1 [ P~
100 [ -
E [ ™~
0 -_ = e
. T T : T T T T : . T : T T . T T . —
2 4 6 8 10 12 14 min
Signal 2: DAD1 B, Sig=254,8 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
— [——— | ———— | | ——————— |
1 6.229 BB 0.1982 5588.61719 433.96240 94.9405
2 7.117 BB 0.1909 297.82480 23.66070 5.0595
Totals 5886.44199 457.62310
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HPLC data for racemic (top) and optically enriched (bottom) 3-28

Ph

HO & Ph

Me

CF3
3-28 (racemic)

DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16031703.D)

mAU 3 ©
& b
80 M n
1
60 f [
[ [
40 " \“\ "I \\
20 [ /
0".I..."‘T'.*.I.‘““.T‘V.T\"ﬁ"‘l%..‘ — : .
25 5 7.5 10 125 15 17.5 20 22.5 mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
e I e | === R | -——————- !
1 12.034 BB 0.4815 3510.86914 107.92533 50.0619
2 14.613 BB 0.5429 3502.19312 95.25643 49.9381
Totals : 7013.06226 203.18176
Ph
=
HO R Ph
Me
CF3
3-28
DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16031704.D)
mAU J ﬁ
150 F’i‘g
1 [
100 3 [\
1 |\ =)
3 [ IS
50 [\ 3
04 —_— — \/‘ \.‘ I ‘—_“,’_
— T ! T T S R S : ——1 ‘ T
25 5 7.5 10 12.5 15 17.5 20 225 mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mATU] %
e B | === | ——————- | ————mm | ————m———— R |
1 12.025 BB 0.4850 6729.61084 205.00648 96.3178
2 14.620 PB 0.4834 257.27011 7.47756 3.6822
Totals : 6986.88095 212.48405
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HPLC data for racemic (top) and optically enriched (bottom) 3-29

Ph

HO Z Ph

Me
CF3

F3C
3-29 (racemic)
DAD1 A, Sig=254,4 Ref=360,100 (XIAOBIN\16071702.D)

mAU §
50 o
40 [
30 R
203 R
E / ) \
10 /
0% s y/ \f \\\‘ e —
0 25 5 7.5 10 125 15 17.5 20 225 min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| |- |- R — R R —— |
1 12.998 BV 0.6828 2700.31958 59.35141 49.5277
2 14.596 VB 0.7177 2751.81763 56.74717 50.4723
Totals 5452.13721 116.09858
Ph
=
HO R Ph
Me
CF;
F5;C
3-29
DAD1 A, Sig=254,4 Ref=360,100 (XIAOBIN\16071703.D)
mAU %
100 e
80 I
60 -
40 [\ 2
20 / @
07; tr—\\-____‘/ \,,.'__\_ ‘
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 25 5 7.5 10 125 15 175 20 225 min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %

e P R o e |
1 13.534 BV 0.7047 5807.40186 124.69146 95.4082
2 15.275 VB 0.6722 284.31061 5.79667 4.5918

Totals 6191.71246 130.48813
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HPLC data for racemic (top) and optically enriched (bottom) 3-30

Ph

HO = Ph

O
3-30 (racemic)

DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16022600.D)

mAU 'ﬁ b
s 3!
20 {"‘. M
\ i
15 [ f,‘ \
10 | \ [ \
5 fl | .*; \
/ /
; § _ J N SN
—————— — T — ———
5 10 15 20 25 30 min
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
el | = |- R—— R R |
1 18.747 BB 0.8049 1570.42920 28.23412 50.1605
2 22.041 BB 0.9141 1560.37695 24.53124 49.8395
Totals 3130.80615 52.76536
HO
3-30
DAD1 A, Sig=254,4 Ref=360,100 (XIAOBIN\16052305.D)
mAU g
=
40 fﬁ‘.\
30 )
[
20 g [
10 @ f A
0 ,‘I’-\; — . -—[\“’l g' 7\-77, ——
—— 77— T T — 7
0 5 10 15 20 25 30 min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
[min] [mMAU*s] [mAU] %

# [min]
el B R et R |- - |- |

2.85537 3.8874

19.098 BB 0.5193 123.67179
96.1126

1
0.6944 3057.67017 52.12016

2 22.04c BB

Totals 3181.3419%¢6 54.97553
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HPLC data for racemic (top) and optically enriched (bottom) 3-31
Ph

HO Z Ph

Me

3-31 (racemic) Ts

DAD1 A, Sig=254,4 Ref=360,100 (XIAOBIN\16072501.D)

mAU 2 g %@‘b/\é’
B
I gt o2
150 \I@ﬂﬁg
100 | |
I
50 P
| L I‘.
\/
0 - o NN
77 — T
0 2 4 6 8 10 12 14 16 18 min

Signal 1: DAD1 A, Sig=254,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
|- | ———— | —————— R —— R ——— | ——————— !
1 8.552 MF 0.2493 3806.66309% 254.48%20 50.1982
2 9.214 FM 0.2665 3776.60205 236.21884 49.8018

Totals : 7583.26514 490.70804

DAD1 A, Sig=254,4 Ref=360,100 (XIAOBIN\16072502.D)

mAU 2 K
] ©
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1 |\ ow®
07 S — N o T —_— - =
] W
-—————— ——— 7 ————
0 2 4 8 10 12 14 16 18 min
Signal 1: DAD1 A, Sig=254,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e | === | ——————- | == |- R —— |
1 8.579 MM 0.2435 951.61816 65.12590 94.1480
2 9.241 MM 0.2520 59.14965 3.91202 5.8520
Totals : 1010.76781 69.03792
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HPLC data for racemic (top) and optically enriched (bottom) 3-35

HO

DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16020402.D)
mAU

Ph

/Ph

Et

3-35 (racemic)

40 il
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20 | \
10 oy J,J \
UE _ o/ \_IL \“r ~
-——TY Y 7 —————— [ ——————— [T —
2 4 6 8 10 12 14 16 18 mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| |- ———- R — R — R —
1 12.268 BB 0.5078 1533.57788 46.37879 49.6478
2 14.109 BB 0.5589 1555.33923 42.90279 50.3522
Totals 3088.91711 89.28158
3-35
DAD1 B, Sig=254,16 Ref=360,100 (XIAOBIN\16020403.D)
mAU &
60 é‘l Fos
[Tl ¥
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20 “/\\\ / ~\
0 - S —1—‘—'/— 7\ﬁ—
| T — T — T — T T : T T
2 4 6 8 10 12 14 16 18 mir
Signal 2: DAD1 B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
e e R | -———m———- | ———————- !
1 12.546 BP 0.5036 750.12634 22.12191 20.9845
2 14.435 MM 0.6338 2824.53931 74.27210 79.0155
3574.66565 96.39401

Totals
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