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Abstract:

Mono-O-alkylated 1,1'-bi-2-naphthols (BINOLS) are often used as the source of chirality
for catalysts or ligand systems that are employed in asymmetric organic transformations. However,
these BINOLSs can be hard to synthesize. The O-alkylation of BINOL can be accomplished with
primary and secondary alkyl halides or under Mitsunobu conditions, the yields of these alkylations
with tertiary halides or alcohols are very low. A new protocol was developed utilizing
trichloroacetamide electrophiles to install bulky groups onto one of the phenolic oxygens.

Trichloroacetimidates are also shown to be useful reactions for the synthesis of esters.
These reagents proceeded through a symbiotic activation pathway. Under these conditions
sensitive substrates did not decompose, which often is observed with other conditions using Lewis
or Brensted acids. These reactions have been broadened to benzyl esters without electron donating
groups on the benzylic ring. The trichloroacetimidates therefore provide inexpensive and
convenient methods that should find use in the formation of esters in complex substrates.

Benzylic amines are important structural features in pharmaceuticals, food additives, and
insecticides. Many methods to synthesize benzylic amines have been developed but many of these
protocols generate significant waste by-products. Additionally, the benzylic amines are often
protected as amides or carbamates in a second step, which requires further resources and produces
more waste. Alternatively, the rearrangement of benzylic trichloroacetimidates to acetamides may
provide direct access to protected benzylic amine containing systems in a single step. The activity
of palladium catalysts in the rearrangement of benzylic trichloroacetimidates to acetamides was
explored. Using tris(dibenzylideneacetone)dipalladium(0) gave promising results. The exploration

of chiral ligands to access enantioenriched products from this reaction has been investigated.



N-Alkylated pyrazoles and benzotriazoles are present in a number of natural products and
pharmaceuticals. However, methods of synthesizing pyrazoles and benzotriazoles generally use
hydrazine derivatives and limited regioselectivity. N-Alkylated pyrazole utilizing
trichloroacetimidate electrophiles under Bronsted acid catalyzed conditions has been developed.
Both primary and secondary imidates provided good yields. Benzylic primary imidates provided
significantly better yields than phthalimidomethyl imidate. Structurally different pyrazoles were
also studied in this transformation. Changing the halogen was tolerated, however, iodine provided
the lowest yield. When adding methyl groups at the 3 and 5 position on the pyrazole, product was
isolated in moderate yield. Interestingly, when using benzotriazole, a single product was isolated
in good yield. This was the dearomatized alkylated product. Further substrate scope investigations

and mechanism studies need to be performed to better understand these results.

Oxoammonium salts are commonly used to oxidize alcohols to aldehydes or ketones, but
these reagents may also be used in a number of other oxidative transformations which are useful
in organic chemistry. Taking advantage of these reagents, a new tandem elimination-oxidation
process of tertiary alcohols has been discovered, synthesizing a protected allylic alcohol. Data
suggests that the transformation first proceeds through elimination of the alcohol mediated by the
oxoammonium salt. Then the allylic oxidation proceeds through an ene type mechanism.
Additionally, the tetramethylpiperidine derived from the oxoammonium salt also serves as a
protecting group for the newly generated allylic alcohol, resulting in a process with high atom

economy. The optimization and scope of the reaction has been investigated.

N-Oxoammonium salts are also shown to be useful reagents for the metal free 1,2-
difunctionalizations of alkenes with heteroatom nucleophiles. While many transformations for the

1,2-addition of heteroatoms to alkenes have been developed, most are dependent on transition



metals. Rarer are alkene difunctionalizations that utilize nonmetallic reagents, with most of these
reactions relying on photochemical or radical conditions. Investigating these N-oxoammonium salt
mediated additions provides a new method for the elaboration of alkenes into molecules with
significantly greater complexity. The determination of the stereochemistry of the products of an
amino-oxidation with N-oxoammonium salts was also accomplished. Attempts to improve the
diastereoselectivity of this process were explored. Investigations have also been initiated to
perform these alkene difunctionalizations in an enantioselective manner utilizing anionic phase
transfer catalysis. Expansion of the N-oxoammonium salt mediated additions of alkenes with

primary alcohols, water, and isatin was also initiated.
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Chapter 1 — Trichloroacetimidates: A Versatile Tool in Organic
Synthesis

Abstract:

Trichloroacetimidates are often used as electrophiles when activated by a catalytic amount
of a Brensted or Lewis acid. Theses mild conditions allow for their application in multistep
synthesis of complex polyfunctional molecules. Schmidt utilized this reagent in glycosidic bond
formation in carbohydrate chemistry. Trichloroacetimidates have also been used as protecting
groups for alcohols and carboxylic acids. Expanding on that chemistry, trichloroacetimidates were
employed to synthesize substituted anilines and sulfonamides. Additionally, theses reagents have
been used in Friedel-Crafts reactions forming new C-C bonds. Overman’s rearrangement of allylic
trichloroacetimidates to trichloroacetamides under thermal, acid, or transition metal catalyzed have
been explored to a great extent, since this rearrangement provides easy access to protect amines.
The use of chiral catalysts renders enantioselective conditions. This chapter provides an overview

of the most common applications of trichloroacetimidates and summarizes recent developments.

Introduction:

Trichloroacetimidates, generally referred to as imidates, are a type of functional group that
are characterized by an imine with a trichloromethyl and ether as R groups at the imine carbon
(1.2, Scheme 1.1). These functional groups are typically synthesized with inexpensive
trichloroacetonitrile, readily available alcohols, and a base. Steinkopf and Malinowski first
reported synthesis of trichloroacetimidates utilizing trichloroacetonitrile, an alcohol, and an
alkoxide as base (Scheme 1.1).%2 Later, Cramer expanded the use of this functional group using
benzylic trichloroacetimidates.® Cramer synthesized the benzylic imidates with catalytic amounts

of metal hydride used as the base.* However, Bernet found the use of a milder bases, such as DBU,



could be used instead of metal alkoxide and hydrides.> Unfortunately the preparation of tertiary

imidates from less reactive tertiary alcohols still requires a strong metal hydride base.*

Scheme 1.1. Synthesis of Trichloroacetimidates
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1.1 12773

Imidates provide a good alternative to other electrophilic sources in displacement reactions.
Since trichloroacetimidates have a basic nitrogen (part of the imine), they can be activated by an
acid catalyst. Once activated, either by a Lewis or Brgnsted acid catalyst, the imidate can serve as
an electrophile or cation precursor (Scheme 1.2). This provides mild conditions for substitution
reactions. Additionally, the trichloroacetamide 1.5 that is formed as a side product, is less acidic
than strong acid byproducts produced in alkyl halide substitution reactions (Scheme 1.2).%5 This
reactivity is enhanced by the trichloroacetimidates in these reactions, as after the substitution the
imidate isomerizes to the corresponding amide. This isomerization is thermodynamically favored
by ~14 kcal/mol, due to the stronger carbon oxygen double bond.” ® Trichloroacetimidates have
been utilized for C-O, C-S, and C-N bond formation in reactions such as glycosidic bond
formation,®*3 formation of protecting groups of alcohols,***" carboxylic acids,> 182 thiols,®
sulfonamides,?> and anilines,”® and synthesis of allylic amines.?*?" Additionally,
trichloroacetimidates have been used for the formation of C-C bonds in Friedel-Crafts
alkylations,?®32 and functionalization of pyrroloindolines.® In the following sections, the common

uses for trichloroacetimidates in organic synthesis will be highlighted.



Scheme 1.2. Substitution of Trichloroacetimidate via Acid Catalyzed Activation
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Glycosidic Bond formation with Trichloroacetimidates

Schmidt and co-workers in the 1980’s first demonstrated the use of trichloroacetimidates
as alkylating reagents for glycosidic bond formation.**® Easy conversion of glucopyranose to the
corresponding imidate is accomplished with base and trichloroacetonitrile addition to the anomeric
hydroxyl group. The imidate can be displaced under Lewis acid catalyzed conditions with another
glucopyranose to form the glycosidic bond (Scheme 1.3). Schmidt showed that both alpha and beta

glycosyl imidates can be prepared from benzyl or acetyl protected glucopyranose.'? 13

Scheme 1.3. Glycosidic Bond Formation with Trichloroacetimidates
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This methodology provides advantages over other glycosidic bond formation reactions,
which typically involve the displacement of halides with stoichiometric amounts of base or heavy
metals.?* The use of stoichiometric amounts of base or metals is not amenable to sensitive
substrates, limiting their application. However, since trichloroacetimidates can be displaced under
catalytic conditions, this methodology can be applied to more sensitive substrates. Additionally,

the anomeric stereochemistry can be controlled. When the trichloroacetimidate is installed,



depending on which base is used, conditions have been established to produce either the a-anomer
or the B-anomer. Strong bases, such as sodium hydride, provide the a-anomer. While weak bases,
such as potassium carbonate, prove the B-anomer.®® Since it is the displacement of the
trichloroacetimidate that forms the glycosidic bond, it is important to be able to control the
stereochemistry. Additionally the stereochemistry of the glycosidic bond formation is determined
by steric effects,*® neighboring groups,®” and solvent effects® (Scheme 1.4). Nguyen developed
conditions for stereoselectivity utilizing catalytic amounts of Pd(CH3CN)(BF.)2 as the Lewis

acid.®” This palladium complex is air and moisture stable unlike other many other Lewis acids.

Scheme 1.4. Stereocontrol Glycosidic Bond Formation
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Since the trichloroacetimidate can be selectively displaced under mild conditions, it has
been applied to the synthesis of glycolipids, glycolyl amino acids, and other complex bioactive
molecules.®® Recently, Li and co-workers used this glycosylation for the convergent synthesis of

B-glucan tridecasaccharides (Scheme 1.5) in 2021. These substates have been shown to have



biological activity such as anti-inflammatory and anti-microbial activities, which can be applied

for cancer treatment or mycotic treatment.*

Scheme 1.5. Synthesis of B-glucan Tridecasaccharides
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Trichloroacetimidates for Protecting Group Formation

Since Schmidt’s research into glycosidic bond formation by using trichloroacetimidates,
this led others to similar research in the formation of other C-O bonds using trichloroacetimidates.
This research has been especially important for protecting groups in complex organic molecules
which do not tolerate strong base needed to install protecting groups under Schotten-Bauman type
conditions (NaOH, DCM/H20). Trichloroacetimidates have been used to install protecting groups
to form a variety of bonds, such as C-O bonds to afford ethers and esters, and C-S bonds to afford
thioethers. The most recent and well know conditions for these transformations are highlighted

below.
Trichloroacetimidates in C-O Bond Formation

Ethers can act as a protecting group of sensitive alcohols, which is valuable in organic
synthesis.* 42 Mild conditions are desired to both protect and deprotect alcohol substrates in order
to limit the molecules degradation in a multistep synthesis. The most commonly used methods for

the etherification of alcohols are the Williamson ether synthesis, dehydration under strong acidic



conditions, and the use of transition metal catalysts such as tungsten®® or palladium.***® The
Williamson ether synthesis uses strongly basic conditions to form an alkoxide, which then
displaces an alkyl halide. Due to the strongly basic conditions, this method’s application is limited
to robust substrates. Sensitive substrates like beta-hydroxy esters (which undergoes retroaldol
reactions under basic conditions) cannot be protected under Williamson conditions. Alternatively
acid-catalyzed condensations have been established as a way to synthesize a symmetrical ether.
However, when utilizing this method for secondary or tertiary alcohols substrates, elimination
products are usually favored rather than the desired ether.*” Additionally, this method can be
problematic in the presence of acid sensitive bonds, such as silyl ethers and acetals, which can be
cleaved by the acid. Metal catalysts have also been employed for ether synthesis, including
Ullmann®®%® and Buchwald-Hartwig®® reactions; while these reactions provide milder

conditions, they usually employ expensive catalysts and ligands.

Due to these limitations, milder conditions for alcohol protection in complex molecules is
an ongoing area of research. Recently trichloroacetimidates have been used to form ethers in the
presence of a Bransted or Lewis acid. Free alcohols, including secondary alcohols, have been
protected with t-butyl, p-methoxybenzyl, and diphenylmethy! trichloroacetimidates.'* 5758 These
conditions have been proven to be mild and only side product being the trichloroacetamide. More
recently it was shown that diphenylmethyl ethers can be formed under thermal conditions by
refluxing the alcohol with diphenylmethyl trichloroacetimidate without the need for an acid
catalyst (Scheme 1.6).}* Recently similar trifluoroacetimidates,>® phosphinimidates,®® and

pyridinium salts®! %2 have been used to protect alcohols.



Scheme 1.6. Etherification utilizing Trichloroacetimidates

NH R'—OH . )

R R +

‘OJ\CCIS Lewis Acid (cat.) ROR HoN” CCly
1.22 1.23 1.24

OH O
) (Ym0
NH Ph O (@] . J?\
OJ\CQ3 toluene, reflux ©)\/U\O/\ HoN™ "CClg
O 1.25 1.27 1.24

96%

The synthesis of ethers utilizing trichloroacetimidates has also be employed for asymmetric
reactions. Overman has shown ethers can be synthesized enantioselectively from Z-allylic
trichloroacetimidates, an alcohol with a chiral cobalt oxazoline palladacyclic complex 1.29
(Scheme 1.7).%%%% This catalyst could also be used for esterification by displacing z-allylic

trichloroacetimidate with a carboxylic acid.

Scheme 1.7. Enantioselective Etherification and Esterification of Z-allylic Trichloroacetimidates
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Typically, carboxylic acids also need to be protected as the corresponding ester during
complex molecule synthesis. Commonly, esters are synthesized by alkylations of carboxylic acids
with alkyl halides under basic conditions or by dehydration under acidic conditions. Both methods

have limitations with sensitive substrates. Alternatively, carboxylic acids may be protected as



ethers using diazomethane derivatives; however, these reagents are typically unstable and toxic.%®
67 Carboxylic acids have also been protected by trichloroacetimidates. Facile esterification
utilizing  allyl trichloroacetimidate,t  glycosyl trichloroacetimidate,’®*  benzyl

trichloroacetimidate,?>  p-methoxybenzyl trichloroacetimidate,%®  ©°

2-phenylisopropyl
trichloroacetimidates,’® "* and tert-butyl trichloroacetimidates have been reported. In most of these
cases no additional acid is required, as the carboxylic acid itself is acidic enough to promote the

esterification.

Scheme 1.8. Esterification using Trichloroacetimidates
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Recently the Chisholm group utilized carboxylic acids and trichloroacetimidates for
esterification.® 2% 72 First, in 2014 the Chisholm group found diphenylmethyl?®® and p-
methoxybenzyl esters’ can be synthesized utilizing the corresponding imidate without the need of
an acid catalyst. This is synthetically useful since both PMB and DPM groups can be removed via

hydrogenation or acidic conditions. Later in 2021 trichloroacetimidate 1.41 was used for



trimethylsilylethyl (TMSE) ester synthesis. Again, this was accomplished under thermal
conditions without the need of a Lewis or Brgnsted acid catalyst.® Trimethylsilylethyl esters have
become popular for complex molecule synthesis since they can be cleaved with acid,’* base,” or
fluoride’® without degrading other functionality in the molecule.

Scheme 1.9. Esterification with 2-(Trimethylsilyl)ethyl 2,2,2-Trichloroacetimidate

X
SiM
0 cle” Yo e 0

1.41
O2N 02N /\/SIM93
O)‘\OH toluene, reflux, 24 h O)‘\O

1.42
81%

Trichloroacetimidates in C-S Bond Formation

Sulfides have been used in many pharmaceuticals. However, there are only a few of
examples of mild conditions to install these bonds outside of carbohydrate chemistry. One of the
first reports of synthesizing sulfides utilizing trichloroacetimidates and thiols was with Schmidt
and co-workers in 2012.”" The O-cyclopropylmethyl trichloroacetimidate 1.44 was used. This
substrate can be problematic as it can form the desired cyclopropylmethyl , or cyclobutyl products.
These structures can occur from the rearrangement and trapping of the carbocation intermediate.
Therefore, the product formation is dictated by nucleophilicity and sterics of the nucleophile
attacking the imidate. Schmidt found that with alcohol 1.43 as the nucleophile a mixture of
products formed; but when thiol 1.47 was used, only the desired product 1.48 was isolated (Scheme
1.10). This result was explained by the enhanced reactivity of the thiol resulting in more efficient

trapping of the carbocation prior to rearrangement.



Scheme 1.10. Examples of Alkylation with O-cyclopropylmethyl Trichloroacetimidate
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Later Zhu and co-workers discovered that hydroxyindole imidate 1.50, formed in situ,
could be displaced which provided a useful method for substituting oxindoles at the C-3 position.’
Alcohols, phenol, amines, anilines, indoles, pyrroles, allyltin, and enol ethers were shown to be
effective nucleophiles. When thiophenol was utilized, Friedel-Crafts (1.53) and direct substitution

(1.55) products were isolated, which did not occur when other nucleophiles were employed.

(Scheme 1.11) This was attributed to the increased nucleophilicity of sulfur.
Scheme 1.11. Substitution of 3-hydoxyindoles
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Recently the Chisholm group developed a methodology to alkylate thiols under thermal
conditions without acidic, basic, or metal catalysts utilizing trichloroacetimidates as the
electrophile (Scheme 1.12). This reaction was shown to tolerate a variety of substrates including
alkyl, allylic, propargylic, and benzylic trichloroacetimidates (including substrates with electron-
donating and electron-withdrawing groups). Aromatic thiols tended to provide better yields,
however alkyl substrates still delivered sulfide product. Conditions were also developed to
generate the sulfide product from the corresponding alcohol in a single flask by generating the

imidate in situ.®

Scheme 1.12. Alkylation of Thiols with Trichloroacetimidates Under Thermal Conditions
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Rearrangement of Trichloroacetimidates for the Synthesis of Amines

Amines are widely seen in pharmaceuticals, natural products, and bioactive molecules.”
Due to this, the development to new methods to form C-N bonds in organic scaffolds is of great
interest. Given their importance, a number of different methods to synthesize amines have been
developed from the corresponding alcohol as a starting material, such as Gabriel amine synthesis®®-
8 and the Mitsunobu reaction. However, the harsh conditions of the Gabriel amine synthesis
produce phthalhydrazide as a waste product and are only amenable to the synthesis of primary
amines. A modified Gabriel amine synthesis has been developed using N-Boc 1.58 or N-Cbz ethyl
oxamate 1.59, which can be alkylated under basic conditions.®? The free amine is formed by
treating N-Boc 1.60 or N-Cbz ethyl oxamate 1.61 with lithium hydroxide. Trifluoroacetic acid can
be used to remove the Boc group, or hydrogenation can be done to remove the Cbz group and

provide amide 1.64 (Scheme 1.13, eq 1). The Mitsunobu reaction, while the stereochemistry can
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be controlled since the reaction proceeds through an Sn2 mechanism, the two major side products
— a phosphine oxide and a hydrazinedicarboxylate — can be difficult to separate from the desired
amine.848 Additionally, harsh deprotection conditions are usually needed to synthesize the free
amine (Scheme 1.13, eq 2). Amines may also be directly alkylated with alkyl halides; however,
polyalkylation can occur, leading to undesired quaternary amine side products and limiting yields
(Scheme 1.13, eq 3).8%%" Reductive methods may also be employed to produce amines via the
amides or imines.®°2 Ketones and aldehydes can be transformed to amines through reductive
amination using sodium cyanoborohydride or sodium borohydride and catalytic amounts of acid.
This avoids the problem of over alkylation of amines; however, both the sodium cyanoborohydride
and its byproducts from the reaction are highly toxic.2 A more recent method of reductive

amination uses a less toxic reagent, sodium triacetoxyborohydride.®

Scheme 1.13. Synthesis of Amines via Alkylations
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More recently amines have been synthesized directly from alcohols using “borrowing
hydrogen” methods. These methods use transition metal catalysts and stoichiometric strong bases
(Scheme 1.14).%2% Mechanistically, the transformation occurs by oxidation of the alcohol to the
carbonyl, followed by imine formation the consequent reduction using the same hydrogen atoms
from the starting alcohol to produce the substituted amine and water. As the same hydrogens which
are removed from the starting material reappear in the product, the process is often referred to as
“borrowing hydrogen”.

Scheme 1.14. General Synthesis of Amines via the Borrowing Hydrogen Technique
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The aza-Claisen rearrangement (also known as the Overman Rearrangement) of allylic
trichloroacetimidates, such as 1.77, to provide allylic trichloroacetamides 1.78, a protected amine,
has also been used for synthesizing complex amines (Scheme 1.15).2% 25 This occurs through a
[3,3]-sigmatropic rearrangement of the trichloroacetimidate, which can be easily synthesized from
the alcohol precursor, catalytic amount of base, and trichloroacetonitrile. Typically 1,8-
diazobicyclo[5.4.0]undec-7-ene (DBU) is utilized as a base for primary or secondary alcohols.
However, more hindered alcohols require hydride, such as KH, in order to synthesize the

trichloroacetimidate.5®
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Scheme 1.15. Overman Rearrangement
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Overman and co-workers found that the trichloroacetimidate, when refluxed in m-xylene,
a high boiling solvent (~140 °C), underwent rearrangement to provide the trichloroacetamide.?
Alternatively, Overman also found when treated with catalytic amounts for mercury (I1)
trifluoroacetate the trichloroacetimidate also underwent rearrangement to the trichloroacetamide,
even at room temperature (Scheme 1.16).%* 2 This product can be transformed to the
corresponding amine by treating the trichloroacetamide with aqueous sodium hydroxide.
Mechanistically there are two possible pathways. When the rearrangement occurs thermally, the
reaction is thought to occur through a concerted sigmatropic pathway (Scheme 1.16, eq 1).
However, with the addition of catalytic mercuric trifluoroacetate a two-step reaction is proposed.
First, the mercury adds across the alkene to form mercurinium ion 1.81. Second, this intermediate
1.81 collapses to provide the product, trichloroacetamide 1.78. This reaction is favored by a

thermodynamic driving force since the amide is more stable than the imidate.

Scheme 1.16. Mechanisms of the Overman Rearrangement
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Later, Overman and co-workers investigated the use of palladium catalysts in these
reactions. The use of palladium has several advantages compared to mercury. First, palladium is
significantly less toxic than mercury. Additionally, chiral palladium complexes may be used to
create asymmetric conditions. For these reasons, palladium has become a common catalyst for
Overman rearrangements. For example, palladium complex 79 was used in enantioselective

rearrangement of imidate 78 to amine 80 (Scheme 1.17).%°

Scheme 1.17. Asymmetric Rearrangement of N-phenylbenzimidate with Chiral Pd Catalyst
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The palladium-catalyzed rearrangement is proposed to occur in a cyclization-induced
rearrangement (CIR) mechanism, shown in Figure 1.1.7 First the pi-allyl complex 1.85 is formed
when a ligand is displaced by the allyl trichloroacetimidate 1.77 coordinated the palladium to the
alkene. The cyclic intermediate 1.86 is formed by an intramolecular addition of the imidate
nitrogen. The cyclized intermediate collapses to the rearranged intermediate 1.87. This

intermediate is displaced by a ligand, regenerating the catalyst and forming the final product 1.78.
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Figure 1.1 Cyclization Induced Rearrangement Mechanism
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Enantioselectivity was first achieved with the palladium diamine complex 1.82. However,
the diamine ligand only provided low enantioselectivity. This prompted for further investigation
of ligands such as the palladium catalyst containing ferrocenyl-oxaoline® and cobalt oxazoline
(COP-CI), as shown in Figure 1.2. Overman found that with the COP-CI catalyst the
rearrangement of allylic trichloroacetimidates could be performed in high yields with excellent
enantioselectivity (Scheme 1.18). Additionally, the trichloroacetyl group can be removed under,
acidic, basic, or reducing conditions.?* %> However, these COP catalysts only provided high yields
with E-allylic trichloracetaminidates.®® 8 Although the Z-allylic trichloroacetimidates did not
work well in the rearrangement, it was discovered that Z-allylic trichloroacetimidates underwent
substitution reactions with phenols and carboxylic acids with a COP catalyst.®* % Later the COP-
Cl catalysts 85 were found to have limited solubility in organic solvents, leading to the
development of other COP catalysts with improved solubility including the COP-acac catalyst

1.29.54.96
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Figure 1.2. Overman’s Chiral Palladium Complexes Used in Rearrangements
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Scheme 1.18. Asymmetrlc Rearrangement Using COP Catalyst with Allylic Imidates
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The enantioselective rearrangement of an imidate was employed for the synthesis of (S)-

vigabatrin 1.92, an GABA aminotransaminase inhibitor.®” The COP catalyst 1.88 was used in this
transformation and provided the corresponding trichloroacetamide 1.94 in good yield and high
enantioselectivity. Once the trichloroacetamide was synthesized, the acid deprotection of the

trichloroacetyl group provided the free amine 1.95 (Scheme 1.19).

Scheme 1.19. Synthesis of (S)-Vigabatrin
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Recently, the Chisholm group has become interested in the rearrangement of benzylic
trichloroacetimidates to the acetamides, which may provide access to benzylic amine containing

systems. While the rearrangement of allylic trichloroacetimidates is known, the benzylic
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trichloroacetimidate rearrangement was not explored in detail before our work.%® This
rearrangement of benzylic imidates provides quick access to protected benzylic amines and
analogues. In 1961, the rearrangement of benzylic trichloroacetimidates to the corresponding
acetamide using a Lewis acid was first reported by Cramer.® Later, Schmidt and others found
glycosidic trichloroacetimidates could be converted to the acetamide with Lewis acids.*® More
recently we developed both thermal and Lewis acid catalyzed conditions (Scheme 1.20) to promote

the rearrangement.?’

Scheme 1.20. Thermal and Acid Catalyzed Conditions of Imidate Rearrangement

NH MeNO, 0

i reflux, 22 h
07 cely _ HN" CCly
or
©/kR 1 mol % (j/k R
BF3OEt2

1.96 MeNO, 1.97

0°C, 10 min

However, these conditions are not enantioselective. When performed with the imidate
derived from enantiopure 1-phenethyl alcohol, both the thermal and acid catalyzed product gave
product that exhibited less than 10% enantiomeric excess. This racemization was attributed to a

carbocation intermediate in the rearrangement.

Alternative Trichloroacetimidate-Based Formation of C-N Bonds

While the Overman rearrangement is an established method for forming C-N bonds, there
are some drawbacks, such as the use of an expensive transition metal catalyst, and few alternative
methods available. Cramer reported the rearrangement of benzylic trichloroacetimidates to the
corresponding acetamide using a Lewis acid.*® This reaction was shown to tolerate a number of

imidates, including more highly substituted benzyl imidates. For these substrates, formation of a
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carbocation intermediate 1.103 enables the rearrangement (Scheme 1.21, eq 2). While methyl
imidate 1.98 is thought to rearrange to the corresponding trichloroacetamide through a concerted

mechanism, through intermediate 1.99 (Scheme 1.21, eq 1).

Scheme 1.21. General Imidate Rearrangement Mechanisms
NH

07 >cel
0-__CCls
NH 1.98 7N o
o~ col HN, o DA \Nkccb (1)
’ >‘\ / "1.100
1.98 ce” © :
1.99
0
F3B\_ _H )k _BF;
RN Cl,e¢” N0 o
Py 1.102" I
07 CClg HN™ >CCly
> > (2)

R ®

1.101 R ©/1.t7
1.103

A small number of direct alkylations to form C-N bonds utilizing trichloroacetimidates as
electrophiles have been reported. For example, tert-butyl trichloroacetamide has been used to form
C-N bonds with anilines but requires BFs-OEt,.1% Later, Zhu and co-workers developed
discovered certain nitrogen nucleophiles, such as aniline, can be alkylated with hydroxyoxindoles

by generating the imidate in situ (Scheme 1.22).

Scheme 1.22. Substitution of 3-hydoxyindoles with Aniline Nucleophile

C'3C>: @—NHZ (1.5 equiv) Q

o CI;CCN (1.3 equiv) o HN
DBU (0.1 equiv) (PhO),PO,H (0.2 equiv)
o] o ©
N DCM, rt, MS 4 A N N\
1.104 1.105 1106

87%

There are a few examples reported of transition metal catalysts used to perform these

transformations. Rhodium catalyzed alkylations of N-methyl anilines with allylic
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trichloroacetimidates has been reported (Scheme 1.23).1%% 1% Nguyen and co-workers have also
found asymmetric conditions for this reaction.'®> Notably, these reactions occurs favoring the
branched N-arylamine, not the liner product and without the use of a Lewis acid catalyst.
Investigations into expanding this chemistry has been done including the use of tertiary
trichloroaceitmidates,'®  asymmetric aminations of tertiary trichloroacetimidates,'® and
enantioselective synthesis of seven-membered nitrogen heterocycles.%® Other than rhodium
catalysts, palladium has been wused to synthesize pseudodisaccharides using

trichloroactetimides.10°

Scheme 1.23. Rhodium Catalyzed Alkylation of N-methyl Anilines

Q.

1.108"
/ifb 1 mol% [RhCl(ethylene),], /[::j
4 mol% P(OPh
0”7 NH o POPN): | ~N
THF, 40 °C
TBso/A:q;5\47 TBSO/A\“/L\47

1.109
86%

The Chisholm lab has displaced trichloroacetimidates to form C-N bonds with anilines and
sulfonamides.?3 1% For the monoalkylation of anilines using trichloroacetimidates as electrophiles,
this was accomplished under Brgnsted acid catalyzed conditions. While most anilines reacted well,
electron-rich anilines competed in Friedel-Crafts reactions and more basic anilines formed the
amine salt. This method was compatible with benzylic, allylic, and tertiary implying a carbocation
intermediate. Additionally, a one-step protocol was developed for this method, where the imidate
is generated in situ. This protocol was used in the synthesis a lipoxygenase inhibitor, onosmin B

(Scheme 1.24).
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Scheme 1.24. Brgnsted Acid Monoalkylation of Anilines

OJ\CCI3 . C'j@\ 10 mol% CSA N o
©)\ H,N cl DCM, rt, 24 h ©)\
1.110 1.111 1.112

97%

The alkylation of sulfonamides with trichloroacetimidates was performed under thermal
conditions (refluxing toluene); therefore, it does not require the use of acid, base, or transition
metal catalyst. Several sulfonamides were utilized in this reaction where the least sterically
hindered sulfonamides provided the best yields. Also, a number of trichloroacetimidates were
employed in the reaction and it was determined that only trichloroacetimidates that would provide
a stable carbocation precursor would react under these conditions, implying an Sn1 mechanism.

This methodology was used to synthesize a ketoprofen analog in high yield (Scheme 1.25).1%

Scheme 1.25. Alkylations of Sulfonamides under Thermal Conditions

NH
)J\ \\s
O CCl N

3 + \ HN \O

-S2 , , : /L
©)\ N toluene, reflux, 18 h
1.110 1.113 1.114

86%

Trichloroacetimidates in Friedel-Crafts Alkylations and C-C Bond Forming Reactions

A common carbon-carbon forming reaction is the Friedel-Crafts alkylation. This reaction
utilizes alkyl or acetal halide as a leaving group with a stoichiometric amounts of Lewis acid, such
as aluminum trichloride. While carbon-carbon bond formation reactions are synthetically
important, a significant draw back to this reaction is the stoichiometric amounts of metal salts as a

byproduct. Additionally, the substrate scope for Friedel-Crafts is limited to only stable carbocation
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precursors as electrophiles and only electron rich aromatic rings. Due to these drawbacks, research
has been done to ascertain more general and environmentally friendly reaction conditions. Schmidt
showed trichloroacetimidates are suitable in Friedel-Crafts alkylations under acid catalytic
conditions and using electron poor trichloroacetimidates (Scheme 1.26).3! This reactivity may be

due to thermodynamic driving force for the alkylation by forming acetamide byproduct.

Scheme 1.26. Friedel-Crafts Alkylations using Trichloroacetimidates

" O,N NO,
O,N o)J\cho, /@\ TMSOTF (20 mol%) O
\©/\ * o o~ DCM O
NO, ) o~
1.115 1.116 117

72%

Trichloroacetimidates have been used to synthesize more complex molecules utilizing
Friedel-Crafts chemistry. Since Schmidt has established trichloroacetimidates for glycosidic bond
formation, predictably this methodology was employed in the synthesis of aryl-C glycoside
visnagin'® and flavone-C glycosides vitexin, isovitexin, isoembigenin.’®® Later, Fukuyama
utilized this chemistry for the synthesis of dictyodendrins (Scheme 1.27). These compounds were
isolated from a Japanese marine sponge Dictyodendrilla verongiformis and have inhibitory activity
against telomerase, a target for cancer chemotherapy.'® When Fukuyama and co-workers were
synthesizing indole 1.119, PMB-CI was initially used, however, this route did not form any
product. When using the PMB-imidate 1.32 and Lewis acid Yb(OTf)s, indole 1.119 and 5-
benzylated product 1.120 were isolated, demonstrating the advantage of trichloroacetimidates as
electrophiles compared to halides. Additionally, these examples demonstrate the wide application

of trichloroacetimidates to sensitive and complex substrates.
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Scheme 1.27. Synthesis of Dictyodendrin E utilizing PMB-Trichloroacetimidate 1.32

NH Yb(OTf);
)J\ (20 mol%
ClsC OMe N OMe N OMe
1.118 % O

Recently, the Chisholm lab has utilized trichloroacetimidates to alkylate indoles.?®° It was
shown to regioselectively monoalkylate indoles at the C3 position (Scheme 1.28). The best
reaction conditions were when excess indole is used to avoid over alkylated products.*
Dialkylation products were also optimized utilizing trichloroacetimidates and Lewis acid catalyst
to provide indolenines. These indolenines are synthetic precursors for spirocyclic structures, such
as 1.128.28 The synthesis of 3,3 -disubstiuted indolines was also accomplished by the alkylation
of 2,3-disubstituted indoles with trichloroacetimides.?® This reaction occurs with TMSOTf as an
acid catalyst, which is an alternative to base or transition metal catalyzed reactions to access similar
indolenines.*%112 Allyl trichloroacetimidate 1.126 provided product in high yields for a number

of substituted indoles. Benzyl trichloroacetimidates were investigated as well. The benzyl
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trichloroacetimidates with electron-withdrawing groups, such as imidate 1.123 exhibited
significantly higher yield due to the benzylic trichloroacetimidates containing electron-donating

groups competing with a Friedel-Crafts side product.

Scheme 1.28. Friedel-Crafts Alkylations of Indoles
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0
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Other carbon-carbon bond formation reactions with trichloroacetimidates have also been
reported. The Chisholm lab has used the displacement of trichloroacetimidates to functionalize
pyrroloindolines (Scheme 1.29).% The trichloroacetimidate intermediate 1.132 can be displaced

by anilines, alcohols, thiols, and other carbon nucleophiles at the C3a position. 3

Scheme 1.29. Displacement of Trichloroacetimidates to Functionalize Pyrroloindolines

Cl;C BF3"Et,0 (10 mol%)
>:NH Nu
o Nu-H
N
N . N COzMe
\ \COZMe DCE, rt, 10 min Nz
Cbz 1.133
1132 Nu = ROH
= RSH
= RNH,
=R
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Trichloroacetimidates in Asymmetric Reactions

Since trichloroacetimidates have been established to provide efficient C-O, C-N, and C-C
bonds, a number of asymmetric conditions for these transformations have been developed.
Typically, these transformations utilize a chiral catalyst to achieve enantioselectivity. The most

recent and well know asymmetric conditions are highlighted below.

Overman’s group developed several chiral catalysts for the rearrangement of
trichloroacetimidates to trichloroacetamides. However, it was also discovered that the chiral COP
catalyst was also useful for enantioselective esterification and etherification of allylic
trichloraceimidates.®* 113 114 These COP catalysts only provided high yields with E-allylic
trichloroacetimidates in the rearrangement to trichloroacetamides.®® % Although the Z-allyl
trichloroacetimidates did not work well in the rearrangement, it was discovered they underwent
substitution reactions with phenols and carboxylic acids with a COP catalyst.®* ® This occurred in
high yields and enantioselectivity (Scheme 1.7). Later Overman also developed a new group of
catalyst, palladacyclic imidazoline-naphthalene complexes (PIN-acac 1.131) that are air and
moisture stable.® These PIN-acac catalysts were also utilized in the allylic substitution of allylic
trichloroacetimidates. This was done with carboxylic acids in high yield but low enantioselectivity

(Scheme 1.30).

Scheme 1.30. Asymmetric Substitutions of Z-allyl Trichloroacetimidates using PIN Catalyst

1.135

,0§

10 mol% 1.135 Pd |

’I"\Pr/\ )le" 3 equiv. HOAC OAC/ =N O
N-"N07 el DCM, rt n-Pr iPr“'N\)\iPr
1.134
1.136 PIN catalyst 1.135
100% yield

21% ee
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Other transition metal free catalysts have been used for asymmetric transformations
utilizing trichloroacetimidates as a starting material, such as Brensted acid and thiourea catalysts
(Scheme 1.31). For example, Toste and co-workers used a benzylic trichloroacetimidate 1.137 and
BINOL phosphoric acid catalyst 1.138 for asymmetrically open an episulfonium ring. The imidate
acts as a good leaving group after being protonated by the BINOL catalyst 1.138 and closes the
ring, providing the episulfonium ion 1.139. This forms ion pair with the BINOL catalysts.
Additions to the meso-ion pair 1.139 with an alcohol nucleophile 1.140 occurs asymmetrically.
The acid creates a chiral pocket for the nucleophilic addition to occur, resulting in
enantioselectivity of the product formation. Similar additions have also been explored by
Jacobsen’s group utilizing a chiral urea catalyst 1.143 and indole nucleophile. In this case, the
imidate 1.137 is protonated by a sulfonic acid 1.142, leaves and forms the episulfonium ion 1.144.
This forms an ion pair with the acid and chiral thiourea complex 1.144. From there, indole 1.145
nucleophile attacks the episulfonium ring and the thiourea complex controls the addition. The
indole is rearomatized by the acid deprotonating the indole nitrogen, forming the product 1.146

and regenerating the catalyst 1.143.
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Scheme 1.31. Asymmetric Ring Opening of Episulfonium lons using Thiourea and BINOL

Catalysts

s 1
Ph (6} Ph S
® 1 o 1.140 Ph (0] H.N cCl
j >SMe O-P. ) - ]/ * 2 3
Ph” “SMe toluene Ph toluene Ph”” “SMe 1.24
1.137 1.139 1141
98% yield
9 ° 92% ee
sZ
1.142 )k
O,N R. _R
HNy, CCls 7 mol% NN V1145 Ph, N
H H N <
Ph.__O 1.143 (10 mol%) Ph_ ® @'. \ H SMe
j | >SMe 0..-0 \
Ph”” “SMe toluene Ph Ar” N N
1.137 CF3 © H
1.144 1.146
72% yield

3 84% ee

o,
g

1.143

Summary:

Trichloroacetimidates have been used for C-O, C-N, C-S, and C-C bond formation in
organic synthesis. Since these reagents can be activated with catalytic amounts of Lewis or
Bransted acid, providing mild conditions for etherification, esterification, and thioesterification.
Schmidt utilized this reagent in glycosidic bond formation in carbohydrate chemistry.
Trichloroacetimidates have also been employed as alkylating agents for indoles and
pyrroloindolines. The Overman rearrangement has been widely used to form allylic amines form
allylic alcohols. More investigations into the sigmatropic rearrangement have found conditions for
benzylic trichloroacetimidates and asymmetric transformations. Recently trichloroacetimidates

were used in asymmetric transformations using thiourea and BINOL based phosphoric acid
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catalysts. We hypothesize benzylic trichloroacetimidates could be rearranged to the
trichloroacetamide enantioselectively in the presence of a palladium catalyst and phosphine ligand.
The reactivity of trichloroacetimidates led to the hypothesis that other imidates could be alkylating
agents for other C-N bond formations such as isatins and pyrazoles. It is also hypothesized that
other imidates could undergo promoter-free conditions for esterification. Additionally,
trichloroacetimidates could be used to protect chiral alcohols useful for catalyst synthesis, such as

BINOL derivatives.
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Chapter 2 — Carbon-Oxygen Bond Formation Under Mild
Conditions Utilizing Trichloroacetimidates

Abstract:

Mono-O-alkylated 1,1'-bi-2-naphthols (BINOLS) are often used as the source of chirality
for catalysts or ligand systems that are employed in asymmetric organic transformations. However,
these BINOLs can be arduous to synthesize. While the O-alkylation of BINOL can be
accomplished with primary and secondary alky! halides or under Mitsunobu conditions, the yields
of these alkylations with tertiary halides or alcohols are very low. A new protocol was developed
utilizing trichloroacetamide electrophiles to install bulky groups onto one of the phenolic oxygens.
Additionally, removal of the trichloroacetamide byproduct can be easily accomplished via flash
chromatography. These conditions provide improved access to monoalkylated BINOL systems
which may be employed in the development of new chiral catalysts.

Trichloroacetimidates are also shown to be useful reagents for the synthesis of esters. These
reagents did not require an exogenous promoter, and instead proceeded through a symbiotic
activation pathway. Under these conditions sensitive substrates did not decompose, which often is
observed with alternative conditions employing Lewis or Brensted acids. Also the
trichloroacetamide can be removed via chromatography. These reactions have been extended to
benzyl esters without electron donating groups on the benzylic ring. The trichloroacetimidates
therefore provide inexpensive and convenient methods that should find use in the formation of
esters in complex substrates.

Introduction:

Aromatic systems with axial chirality are often utilized in the development of new catalysts

for asymmetric transformations, however the de novo synthesis of these systems remains a
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challange.! An alternative approach is to begin with an available compound with axial chirality
and modify it to access useful scaffolds. As either enantiomer of chiral 1,1’-bi-2-naphthol (BINOL)
are now available and inexpensive, mono-O-alkylated 1,1’-bi-2-naphthols (BINOLS) have become
a common source of chirality for these systems (Figure 2.1).% 3 Scaffolds like these are typically
accessed by the modification of one or both of the BINOL oxygens with alkyl groups, creating a
chiral environment around the remining phenolic oxygens which then can be used as ligands for
metals. These BINOL systems have been used for the development of new chiral Lewis acids,*® a
proton source for enantioselective protonation,’ and new chiral Brgnsted acids.® For example,
phosphoramidites based on this scaffold have been applied to asymmetric hydroformylations,*
hydroalkoxylations'? and hydrovinylation reactions.'? BINOLS such as 2.1 and 2.2, have also been
used as resolving agents, which have been useful in the separation of the enantiomers of racemic
cyclopropanes!?® including the chrysanthemic acids.** Other uses for mono-O-alkylated 1,1'-bi-2-
naphthols have also been described, including a report of their use as a conformational constraint
in the development of peptoids with antibacterial properties, like 2.3.13-17

Figure 2.1. Mono-O-Alkylated BINOLSs and their Incorporation in Antibacterials like 2.3
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Given the wide implementation of these structures, there has been surprisingly little

development into new methods for their synthesis. The most common method for the
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monoalkylation of BINOL is the Mitsunobu procedure advanced by Ogasawara.*® This method
works well for most primary and secondary alcohols to access the corresponding ether, forming a
C-0 bond. Unfortunately, tertiary alcohols are poor substrates in the Mitsunobu reaction,*® ?° and
usually provide only 10-15% yield with these methods (Scheme 2.1). Monoalkylation with
primary?! or benzylic?? alkyl halides and potassium carbonate in acetone also provides good yields
of the monoprotected BINOLS, but these etherifications proceed through an Sn2 mechanism which
is not applicable to more hindered alkyl halides. Additionally, the Mitsunobu protocols generate
large amounts of toxic waste since DEAD or similar azo reagents are typically employed, and
triphenylphosphine oxide is generated as a stoichiometric side product. Given our previous work
with the alkylation of more acidic oxygen,?*° sulfur,?® nitrogen,?’ and some carbon®® nucleophiles
without the addition of an exogenous acid catalyst using trichloroacetimidates, it was hypothesized
that a similar method could also be developed for the alkylation of BINOLs with hindered
electrophiles for chiral scaffold synthesis.

Scheme 2.1. BINOL Monoalkylation Methods
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The reactions of some other oxygen nucleophiles with trichloroacetimidates were also
investigated, in these cases carboxylic acids were utilized as the alkylation partner to access esters.

Esters are commonly used as protecting groups for carboxylic acids, however traditional methods
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to form esters require harsh reaction conditions. For example, one of the most common methods
for esterification is the Fischer esterification (Scheme 2.2, eq 1),?° which involves the dehydration
of a carboxylic acid and alcohol with a strong acid. Another method is alkylation of carboxylic
acids with alkyl halides under basic conditions (Scheme 2.2, eq 2).3% However, each method
require the use of strong acid or base, which limits their application with sensitive substrates.
Alternatives to using harsh acid or base include using coupling agents such as DCC and DMAP3*
or methyl imidazole carbamate (Scheme 2.2, eq 3).>> Unfortunately when coupling agents were
used with N-protected amino acids, racemization was reported.®* However, a uranium based
coupling agent has been developed to avoid the racemization issue.3®

Scheme 2.2. Common Esterification Methods
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Recently several alternative esterification methods have been developed to avoid the use of
strong acid and bases, allowing for the protection of more sensitive carboxylic acids by activating
both the carboxylic acid and the esterification reagent under the reaction conditions, termed
symbiotic activation (Scheme 2.3). This is accomplished by the esterification reagent being basic
enough to deprotonate the carboxylic acid, and the corresponding cationic salt being electrophilic
enough to react with the newly formed carboxylate anion. One example of this type of reactivity

is the reaction of carboxylic acids with diazoalkanes, such as 2.14 shown in Scheme 2.3. These
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reactions have been reported to follow a pathway through a tight ion pair intermediate®” formed
after proton transfer from the carboxylic acid, and generate nitrogen gas as a side product. This is
beneficial since the nitrogen gas as a side product would be unreactive to any functionality in the
substrate. However, many diazoalkanes have been reported to be toxic and energetic, making them
unattractive reagents and dampening enthusiasm for these methods.3%-4!

Scheme 2.3. Esterification Using Diazoalkane 2.14
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Several other groups have developed reagents that can affect esterifications under mild
conditions (Scheme 2.4). The Sarpong group used methyl imidazole carbamate to protect
carboxylic acids but observed racemization of N-protected amino acid 2.16. Dudley and co-
workers developed a pyridinium reagent 2.20 to synthesize benzyl esters that did not racemize the
chiral center of an N-protected amino acid 2.19.44 Another example of reagents for esterification
under mild conditions is the isourea based reagent 2.22. However the urea side product typically

needs to be removed via chromatography.*

46



Scheme 2.4. Examples of Mild Esterifications
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There have been reports of carboxylic acids reacting with trichloroacetimidates to form esters
in the presence of a Brgnsted or Lewis acid catalyst. These reactions have been reported with allyl
trichloroacetimidate*® and benzyl trichloroacetimidate.*® Less well known are reactions that
proceed without the addition of an exogenous acid, which occur through a symbiotic activation
manifold. These types of reactions were first reported for glycosyl trichloroacetimidate,*’ and 2-
phenylisopropy! trichloroacetimidates,*® 4° while later the Chisholm group showed that these
reactions also proceeded with p-methoxybenzy! trichloroacetimidate,>® 5 2-(trimethylsilyl)ethyl
trichloroacetimidate,® and diphenylmethyl trichloroacetimidate.>® The displacement of the
imidate allows for the rearrangement of the imidate to the corresponding acetamide, which is a
thermodynamic driving force, often leading to higher yields under mild conditions. Therefore, it
is hypothesized that trichloroacetimidates would be effective esterification reagents under near
neutral conditions, without the need of an acid catalyst. Initial studies in the Chisholm group

showed that both diphenylmethyl (DPM) (2.25) and 4-methoxybenzyl (PMB) (2.27) imidates
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could form esters at room temperature without the need for a promoter, as shown in Scheme 2.5.5%
5% Additionally spontaneous esterification with glycosyl imidates has been reported.*” > These
promoter-free esterifications were shown to function well with sensitive carboxylic acids which
decompose under more standard esterification conditions.> % These esterifications are notable as
imidates are simple to prepare from inexpensive precursors, formed at room temperature from the
alcohol and trichloroacetonitrile with a catalytic amount of DBU.% In addition, the
trichloroacetamide side product may be removed by washing with aqueous NaOH solution, since
the pKa of this acetamide is similar to a phenol (pKa of approximately 11). This is an advantage
over isourea-based esterification reagents, which require chromatography to remove the side
product. Given the utility and availability of trichloroacetimidates, the scope of these
transformations was explored further.

Scheme 2.5 Esterification Reactions with Imidates Under Promoter Free Conditions
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Results and Discussion Part 1: BINOL alkylations using trichloroacetimidates

In order to evaluate the direct, promoter free alkylation of BINOL with

trichloroacetimidates, initial experiments were performed with BINOL 2.4 and tert-butyl 2,2,2-

trichloroacetimidate 2.10 (Table 2.1 and Table 2.2) or diphenylmethyl 2,2,2-trichloroacetimidate
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2.25 (Table 2.3). Previously our group has had some success with the alkylation of more acidic

2325, 58 sulfur,?® nitrogen,?’ and some carbon?® nucleophiles without the addition of an

oxygen,
exogenous acid catalyst. ter-Butyl 2,2,2-trichloroacetimidate 2.28 was used to model the addition
of a bulky group, and because this reagent is readily available from commercial sources. First a
solvent screen was performed (Table 2.1, Entries 1-4). Non-polar solvents were used as the
rearrangement of the imidate to the corresponding trichloroacetamide was slower in these solvents.
1,2-Dichloroethane (DCE) was found to be the optimal solvent, providing the highest yield (33%)
after refluxing for 18 hours. This a significant improvement from the current values in literature
(10-15%).%° Additionally, removal of the trichloroacetamide byproduct can be easily accomplished
via flash chromatography. A number of promoters were employed at room temperature to improve
the yield further (Table 2.1, Entries 5-7), unfortunately, none of these reactions afforded desired

product, but instead a mixture of Friedel-Crafts C-alkylation products was formed.

Table. 2.1. Etherification Reaction Conditions

=L
2 g (]

OH 229 OH
s O

24 2.30

Entry? | Solvent Imidate Catalyst Temp. (°C) Isolated
(equiv) yield (%)

1 toluene 2 - reflux (111 °C) 17

2 xylene 2 - reflux (138 °C) o°

3 MeNO> 2 - reflux (101 °C) 16

4 DCE 2 - reflux (85 °C) 33

5 DCE 2 20 mol % CSA rt 0

6 DCE 2 20 mol % TMSOTf rt 0

7 DCE 2 20 mol % BF;+OEt, rt 0

3 reactions were run for 18 h. ® complex mixture of side products
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The effects of changing the amounts of imidate 2.10 and the reaction concentration was
then explored. Reducing the number of equivalents of imidate 2.10 reduced the yield (Table 2.2
Entry 1). It was previously found in the Chisholm lab that increasing the concentration of in
alkylation of diols using trichloroacetimidates improved the yield.®® With this in mind, the reaction
was tested at a number of different concentrations. This trend held true in this system as well, the
more concentrated the reaction the higher the yield, as seen in Table 2.3 Entries 6-9. The yield was
improved significantly to 65% when using 4 equivalents of imidate and keeping the BINOL
concentration at 1.0 M (Table 2.3, Entry 9). It is known that heating BINOL for long periods of
time can racemize the BINOL.®" %2 However, this did not occur during this reaction. This was
determined via chiral HPLC analysis of the BINOL product 2.30 as compared to a sample prepared
from racemic BINOL. Therefore, this methodology could be used to make chiral BINOL-based

catalysts or ligands without racemization.

Table 2.2. Concentration and Imidate Equivalents Screening Reactions

=L
L A oo
OH 229 OH
s O
2.30

24

Entry Solvent | Concentration | Imidate (equiv) | Temp. (°C) | Yield (%)
1 DCE 0.3 1 85 9
2 DCE 0.3 2 85 33
3 DCE 0.3 3 85 23
4 DCE 0.3 4 85 33
5 DCE 0.3 5 85 12
6 DCE 0.5 4 85 34
7 DCE 1.0 4 85 65
8 DCE 0.1 4 85 25
9 DCE 0.05 4 85 13

This methodology was then tested on the brominated BINOL derivative 2.31 (Scheme 2.6).

The reaction proceeded with moderate yield under the optimized conditions. While the yield
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decreased from optimized conditions, the electron withdrawing groups on BINOL 2.31 could slow
the reaction down. It is possible that this phenoxide is a weaker nucleophile and is not trapping the
cation efficiently from the imidate. Even though the rate determining step typically is cation
formation, if the nucleophilic attack is slow, it is possible the t-butyl cation is undergoing
elimination before the phenoxide attacks to form the product. Further exploration into the substrate

scope is needed to determine the reason for the difference in yield.

Scheme 2.6. BINOL-2.31 Alkylation

Br Br
OO imidate 2.28 (4 equiv) OO
OH OH
OO OH toluene, reflux, 18h OO O?(
Br

2.32
30%

Br
2.31

When applying these reaction conditions to secondary imidates such as diphenylmethyl
imidate 2.25, we hypothesized that this addition would occur under similar conditions to the t-
butyl imidate. However, when using excess of the diphenylmethyl imidate 2.25, the dialkylation
product 2.34 was observed in high yield (table 2.3, entry 1). Varying the equivalents showed that
monoalkylation could be achieved in moderate yield when using one equivalent of imidate. When
using 1.2 equivalents of imidate the yield of monoalkylated product 2.33 improved to 81%

(compare Table 2.3, Entries 2 and 5).
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Table 2.3 Etherification Conditions using DPM imidate 2.25
Ph

NH
(D, g U2 X
OH 2.25 OH 0~ “Ph

+

OH o Ph o] Ph
¢ U h Gk
Ph Ph

2.4 2.33 2.34
Entry | Solvent | Imidate | Temp. (°C) | Time | Yield (2.33) | Yield (2.34)

1 toluene 4 111 18 h 0 98

2 toluene 1 111 18 h 57 I

3 toluene 2 111 18 h 23 67

4 toluene 3 111 18 h 9 90

5 toluene 1.2 111 18 h 81 12

6 toluene 1.5 111 18 h 24 23

A couple of other examples of these O-alkylations were attempted in similar systems
(Scheme 2.7). First a different BINOL was used, 2.31, and 42% of the monoalkylated DPM ether
product was isolated. It is possible having electron withdrawing groups on the aromatic rings
deactivates the phenoxide, and the weaker nucleophile is not trapping the cation from the imidate
efficiently, leading to C-alkylation side products. Then, a different secondary imidate 2.36, was
employed. This also resulted in a lower yield (19%), perhaps due to the highly reactive nature of
the imidate. In the future a number of other imidates and BINOLSs will be explored to determine if
these reactions can be executed with a general protocol or whether different conditions are

necessary for each imidate and BINOL.
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Scheme 2.7. Initial Substrate Scope using Secondary Imidates

Br.
RO®
OH
oy DPM imidate 2.25 (1.2 equiv) O
OO OH toluene, reflux, 18 h OO

Br

2.35
2.31 1%
By
CCI3
‘ ‘ OH 2.36 (1 2 equiv) OH O
OO OH toluene, reflux, 18 h OO .
2.4 2.37

19%

Results and Discussion Part 2: Promoter Free Esterifications with Trichloroacetimidates
Prompted by the need for mild esterification reagents, we began to further explore
trichloroacetimidate esterifications, focusing on reaction conditions that do not need an acid
promotor. Initially, the esterifications were studied with a number of different
trichloroacetimidates to determine the scope with regard to trichloroacetimidate electrophile using
benzoic acid as the nucleophile (Table 2.4). Simple alkyl trichloroacetimidates did not undergo
esterification at room temperature or in refluxing toluene (Entries 1-2) with the exception being
the tert-butyl trichloroacetimidate 2.28 (Entry 3). Curiously, the esterification with imidate 2.28
and benzoic acid gave a higher yield at room temperature in DCM than in refluxing toluene. This
may be due to the tendency of imidate 2.28 to undergo elimination at elevated temperatures,
decomposing to isoprene and trichloroacetamide. This has been reported to be a limitation in the
formation of fert-butyl amines when using this imidate.®> The prenyl trichloroacetimidate 2.43
gave a useful 73% yield of product at room temperature (Entry 4). While nearly all of the product

was the prenyl ester 2.44, a trace amount of the tert-prenyl isomer was detected in the 'H NMR.
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Benzylic trichloroacetimidates are of special interest, as these are some of the most common esters
utilized in organic synthesis.®* % However, benzylic imidates with electron-withdrawing
substituents were unreactive under these promoter-free conditions, as shown by the lack of ester

formation with the 4-nitrobenzyl trichloroacetimidate 2.45 (Entry 5).

Table 2.4 Esterification with Different Imidates

Entry Imidate Ester Yield (%)? Yield (%)°
1 0 0 (48h) 0 (18h)
h J\CCls Ph)J\O/
2.38 2.39
2 CL o Q 0 (48h) 0 (18h)
CCI3 Ph)J\O
2.41
3 NH 0 84 (48h) 17 (18h)
>LOJJ\CC|3 Ph)J\OJ<
2.28 2.42
4 0 73°(16h) -
)\/\ CCI3 Ph)J\O/\)\
2.43 2.44
5 NH 0 - 0 (48h)
J\ch Ph)J\O/\©\
2.45 2.46 NO,

aIsolated yleld (DCM, rt). PIsolated yield (toluene, reflux). “Trace of the tert-prenyl isomer

detected in the *H NMR.

A brief selection of carboxylic acids were esterified with t-butyl imidate 2.28 and (2,4-
dimethoxyphenyl)methyl-2,2,2-trichloroacetimidate 2.53 to determine the effects of the
carboxylic acid structure on the esterification reaction (Table 2.5). Initially the effects of the steric
environment near the carboxylic acid were examined. Use of diphenylacetic acid 2.47 provided
high yield of the corresponding ester (Table 2.5, Entry 1). The ability to form esters in the presence
of other protic functionality was also investigated. Mandelic acid 2.49 was esterified under these

conditions, demonstrating that the presence of an alcohol was well tolerated, providing a moderate
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yield with tert-butyl imidate (Table 2.5, Entry 2). The protected amino acid (+)-Boc-phenylalanine

2.51 was also esterified under these conditions (Entries 3 and 4). The propensity of alkene

isomerization under these reaction conditions was also explored. Vinyl acetic acid 2.55 was

esterified in good yield under with DMB imidate 2.53 without any observed isomerization of the

alkene. However, the tert-butyl ester of vinyl acetic acid 2.55 proved to be quite volatile and

therefore was difficult to obtain a high isolated yield. Cinnamic acid 2.59 also proved to be a good

substrate, providing the corresponding ester in good yield.

Table 2.5. Carboxylic Acid Scope with t-butyl Or Dimethoxybenzyl Imidate

Entry Acid Imidate Product Time (h) | Yield
(%)
1 o NH 0 48 81
Phj)kOH >LOJ\CCl3 Phj)\ok
Ph 2.28 Ph
2.47 2.48
2 o NH o 48 59
Ao | e, en A K
OH 2.28
2.49 2_“50
3 H 9 NH y © 48 62
Boc/N\ﬁ‘\OH >LO)J\CClg Boc/N\fJ\O)<
2.28
Ph Ph
2.51 2.52
4 H o] OMe )le-i H 0O OMe 24 80
Boc/N\ﬁ‘\OH /©/\O CCls Boc/N\ﬁko/\@
251 Ph MeO 2.53 254 Ph OMe
5 o) NH o) 48 30
NJ\OH >Lo)J\cu3 Nj\o)<
2.55 2.28 256
6 0 OMe NH 0 OMe 05 73
NJ\OH OJ\CCI3 Moﬁ\
2.55 MeO 2.53 2.57 OMe
7 0 NH o 48 60
Ph/\)J\OH >LO)J\CCI3 Ph/vj\ok
2.58 2.28 2.59
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The scope of the esterification reaction in refluxing toluene with benzyl trichloroacetimidate
2.66 was also explored (Table 2.6), as benzyl groups are common carboxylate protecting groups.
The series of carboxylic acids underwent esterification in good yields. Additionally, no elimination
products from the a-bromoacid 2.61 were observed, and the less reactive carboxylic acid 2.58 was

also esterified under these conditions in good yield.

Table 2.6. Esterification of Benzyl Trichloroacetimidate in Refluxing Toluene

Entry Carboxylic acid Product Yield (%)
1 o] 0 78
Ph %OH Phﬁ)ko
Ph Ph
2.47 2.60
2 o} o 80
Br Br
261 2.62
3 o o 77
Ph/\)J\OH Ph/vj\o/\©
2.58 2.63

The effects of these esterification reactions on a substrate with a chirality center next to the
carboxylate were also investigated (Scheme 2.8). Chiral naproxen 2.64 was utilized for this study,
since this substrate can racemize quickly as the chirality center is both benzylic and next to the
electron-withdrawing carboxylate. Treatment of chiral naproxen with imidate 2.25 at room
temperature in DCM gave the desired ester products in high yields. Evaluation of the enantiopurity
of these samples by chiral HPLC analysis showed that virtually no racemization had occurred.
While these results ensured that there was no racemization under these conditions, it did not
provide information about the possibility of racemization with less reactive benzylic imidates

which required refluxing toluene to affect the esterification. To address this, naproxen was heated

56



in refluxing toluene with benzyl trichloroacetimidate 2.66 to provide a 79% yield of benzyl ester
2.67. Chiral HPLC analysis of 2.67 showed that virtually no racemization had occurred with this
substrate compared to a racemic sample (racemic samples of 2.65 and 2.67 were prepared by
heating the chiral esters with DBU in toluene).

Scheme 2.8. Esterification of Naproxen without Racemization

imidate 2.25 0
DCM rt,
24 h
2.64

2.65
93%
X
(0]
aclaces
2.66 o
toluene, reflux,
18 h
2.67

79%

The mechanism of the esterification was briefly investigated by the use of two chiral imidate
substrates in the esterification reaction. Chiral phenethyl trichloroacetimidate 2.70 has already
been reported,% 87 and was therefore employed in the esterification reaction. In addition, the
imidate of (S)-(2-methoxyphenyl)phenylmethanol® (imidate 2.71) was also prepared. During the
course of the esterification with chiral 2.70 substantial racemization was observed, with a
completely racemic mixture being observed in refluxing toluene. Additionally, a 71:29 mixture of
enantiomers was observed in DCM at room temperature (Table 2.7). Similar results were observed
with imidate 2.71, with a nearly racemic mixture being isolated in refluxing toluene and a scalemic

67:33 mixture being isolated from the esterification in DCM at room temperature.
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Table 2.7 Esterification with Enantioenriched Imidates

o O Ry
NH R,
OH + o — o e
Cle” ~0” Ph
Ri Rq

2.68 R, = H 2.70 R, = Me

2,69 R, =Ph 2.71 R, = 2-OMePh 272R;=HR,=Me

2.73 R, = Ph R, = 2-OMePh
Entry | Imidate Conditions Yield (%) | e.r.
1 2.69 | toluene, A, 24 h 95 50:50
2 2.69 DCM, rt, 24 h 35 71:29
3 2.70 | toluene, A, 24 h 73 55:45
4 2.70 DCM, rt, 24 h 60 67:33

Since there was significant racemization observed with chiral imidates, an Sn2 type
substitution mechanism was ruled out, as an Sn2 mechanism proceeds with inversion. This left
either a radical or a cationic mechanism as possibilities for the formation of the esters. Given that
a radical substitution reaction should proceed well with an electron poor imidate (like 2.45), it
seemed unlikely that a radical intermediate was involved. The available evidence seems to indicate
a cationic mechanism, as shown in Figure 2.2. First, symbiotic activation of the imidate with the
proton from carboxylic acid forms intermediate 2.76. Loss of trichloroacetamide 2.77 then
provides the carbocation 2.78, which is trapped by the carboxylate anion 2.79 to give the ester
product 2.80. Further supporting this mechanism, is that the addition of triethylamine to
esterifications with paramethoxyimidate® and diphenylmethyl imidate 2.25% effectively poisoned
the reaction and halted the esterification, as reported in literature. The more basic amine likely
deprotonates the carboxylic acid, stopping the activation of the imidate and interrupting the
esterification. While carbocation formation is predicted to provide a racemic mixture, scalemic

mixtures can occur from cationic processes due to ion pairing.5°
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Figure 2.2. Ester formation via Symbiotic Activation of the Trichloroacetimidate

o) (@]
R)J\O/HA\ H ® f eo)J\R
274 2, : NI H\N/]H o 2.79 )OL
' - . | -
o)\cm3 oj\ccl3 N Rz/.7\s R )o\ R
R)\R R)\R NH, R™ R
2.75 276 2.80
o)\ccn3
2.77

Conclusions and Future Work:

Mono-O-alkylated 1,1'-bi-2-naphthols (BINOLs) are commonly used as a source of
chirality for a number of reagents and catalysts in asymmetric transformations. While the
alkylation of BINOL can be achieved with primary and secondary alkyl halides or under
Mitsunobu conditions, the yields of these alkylations with tertiary alkyl halides or alcohols are
very low. Typically, bulky groups help achieve enantioselectivity. In order to access BINOLs with
bulky groups on one of the phenolic oxygens, a new method was developed using
trichloroacetimidates as electrophiles. This was accomplished under thermal conditions in DCE
without the use of a Lewis or Bronsted acid promoter. The monoalkylation using t-butyl-2,2,2-
trichloroacetimidate was achieved in moderate yield (65%), which is a significant improvement to
current literature procedures (10-15%). Additionally, even under the thermal conditions, virtually
no racemization occurred. Therefore, these conditions could facilitate access to the chiral products
for new catalyst development. When applying this methodology to secondary imidates, moderate
yields were achieved. However, this protocol utilizes mild conditions and avoids the use of any
exogenous acid or base and minimizes byproduct formation. Further studies into the substrate
scope will need to be performed to fully assess the utility of the reaction.

Trichloroacetimidates electrophiles were also employed in the synthesis of esters under
mild conditions. Imidates that are precursors to stabilized carbocations were reliable esterification
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reagents under promoter free conditions. These esterifications were accomplished at room
temperature in DCM, or simple heating in refluxing toluene. Under these conditions, no alkene
isomerization or alkylation of other protic functional groups occurred. This provides a useful
methodology for complex systems or natural product synthesis. The mechanism of the reaction
was briefly studied with chiral imidates. During the course of the reaction, racemization was

observed, which combined with other observed results appears to implicate a cationic mechanism.
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Experimental:

General Experimental Information

All anhydrous reactions were run under a positive pressure of argon. DCM (DCM) was dried by
passage through an alumina column.'’* 1,2-Dichloroethane (DCE) was freshly distilled from
calcium hydride before use. Silica gel column chromatography was performed using 60 A silica
gel (230—400 mesh). The methyl-2,2,2-trichloroacetimidate 10, t-butyl-2,2,2-trichloroacetimidate
13, and benzyl-2,2,2-trichloroacetimidate 17 used in these studies were purchased from
commercial sources. Cyclohexyl-2,2,2-trichloroacetimidate 12,172 prenyl-2,2,2-
trichloroacetimidate 15,1” (4-nitrophenyl)methyl-2,2,2-trichloroacetimidate 23,1’* 1-phenethyl-
2,2,2-trichloroacetimidate 25,22 1% diphenylmethyl-2,2,2-trichloroacetimidate 26" 2° and (2-
methoxyphenyl)phenylmethyl-2,2,2-trichloroacetimidate 292" were synthesized as previously

reported.

General Procedure for the alkylation of BINOL using tertiary trichloroacetimidates:

A round bottom flask was charged with (R)-BINOL (1 equiv) and t-butyl trichloroacetimidate (4
equiv) and put under an atmosphere of argon. Dry DCE was added to form a 1.0 M solution and
the flask was heated to reflux (85 °C). The reaction was left to stir at reflux for 18h. After 18h, the
reaction was cooled to room temperature and purified by dry loading silica gel flash column
chromatography. Some BINOL products show additional carbon peaks in the NMR. After the

monoalkylation more sigma bonds are hindered and reduces the symmetry.
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S5
2.30
Ether 2.30 : [0]*p -183.1 (¢ 0.49, DCM); 'H NMR (400 MHz, CDCl3) § 7.91-7.81 (m, 4H), 7.46
(d, J= 8.7 Hz, 1H), 7.39-7.34 (m, 2H), 7.29-7.18 (m, 4H), 7.07 (d, J= 8.4 Hz, 1H), 5.62 (s, 1H),
1.06 (s, 9H); PC{*H} NMR (100 MHz, CDCl3) §; 152.6, 151.7, 133.9, 133.8, 130.8, 129.8, 129.7,
129.0, 128.0, 126.7, 126.4, 126.0, 125.8, 124.7, 123.8, 123.1, 1185, 116.9, 81.0, 29.2;

enantiomeric ratio was determined by HPLC using a chiral column (OJ-H), n-hexane:i-PrOH =

20:1, 1 mL/min; compared to a racemic sample which showed two peaks tr = 7.4 and 9.3 min.

RO®
OH
XK
Br

2.32
Ether 2.32: mp: 75-78 °C; TLC Rt = 0.46 (20% ethylacetate/80% hexanes); *H NMR (400 MHz,
CDCls) § 8.02 (dd, J= 19.2, 1.7 Hz, 2H), 7.81 (dd, J= 17.4, 9.0 Hz, 2H), 7.49 (d, J= 9.0 Hz, 1H),
7.36 (d, J= 8.8 Hz, 1H), 7.31-7.24 (m, 2H), 6.99 (d, J= 9.0 Hz, 1H), 6.88 (d, J= 9.0 Hz, 1H), 5.64
(s, 1H), 1.08 (s, 9H); 3C{*H} NMR (100 MHz, CDCls) §; 152.6, 151.7, 133.9, 133.8, 130.8, 129.8,
129.7,129.0,128.0, 126.7, 126.4, 126.0, 125.8, 124.7,123.8, 123.1, 118.5, 116.9, 81.0, 29.2; Anal.

Calcd for C24H20Br202: C, 57.63; H, 4.03; Found: C, 57.58; H, 4.00.

General Procedure for the alkylation of BINOL using secondary trichloroacetimidates:
A round bottom flask was charged with (R)-BINOL (1 equiv) and diphenylmethyl-2,2,2-
trichloroacetimidate (1.2 equiv) and put under an atmosphere of argon. Dry toluene was added to

form a 1.0 M solution and the flask was heated to reflux (111 °C). The reaction was left to stir at
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reflux for 18h. After 18h, the reaction was cooled to room temperature and purified by dry loading
silica gel flash column chromatography. Some BINOL products show additional carbon peaks in

the NMR. After the monoalkylation more sigma bonds are hindered and reduces the symmetry.

X
O/‘\Ph
O Ph
S
Ph

2.34
Ether 2.34: IR:3059, 3027, 1713, 1493, 693; mp: 50-53 °C; TLC in 5% ethylacetate/90% hexanes
Rt = 0.43; 'H NMR (400 MHz, CDCls) § 7.80 (dd, J= 8.1, 15.4 Hz, 4H), 7.39-7.35 (m, 3H), 7.33-
7.29 (m, 3H), 7.26-7.20 (m, 8H), 7.08-6.99 (m, 9H), 6.95-6.92 (m, 5H), 6.03 (s, 2H); BC{*H}
NMR (100 MHz, CDCls) 8 153.7, 142.0, 141.9, 139.8, 134.3, 130.1, 129.6, 129.4, 129.0, 128.9,
128.3, 128.2, 128.1, 128.0, 127.8, 127.3, 127.2, 127.0, 126.7, 126.2, 126.1, 125.8, 123.7, 121.5,

116.9, 82.5; Anal. Calcd for C4sH3402: C, 89.29; H, 5.54; Found: C, 89.04; H, 5.64

e
o L)
OO 5

.35

Ether 2.35: IR: 3504, 3055, 2979, 1584, 732 mp: 90-94 °C TLC Ry 0.35 10% ethylacetate/90%
hexanes NMR: 'H NMR (400 MHz, CDCl3) & 7.94-7.75 (m, 4H), 7.59-7.52 (m, 2H), 7.44-7.39
(m, 1H), 7.34-7.02 (M, 13H), 5.77 (s, 1H), 5.10 (s, 1H); 3C{*H} NMR (100 MHz, CDCls) 5 154.6,
151.5, 142.6, 142.5, 140.3, 140.2, 134.1, 133.8, 130.5, 130.3, 129.2, 129.1, 129.0, 128.2, 128.1,
127.7, 1275, 127.2, 126.6, 125.5, 125.4, 125.1, 124.8, 123.4, 120.1, 120.0, 119.9, 118.6, 117.7,

115.1, 81.5; Anal. Calcd for C33H20,: C, 87.89; H, 4.92; Found: C, 87.62; H, 5.21.
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O

OH
Oy
Br O
2.37

Ether 2.37: IR: 3510, 3060, 1581, 1491, 696; mp: 75-79 °C; TLC in 10% ethylacetate/90%
hexanes Ri = 0.32; NMR: *H NMR (400 MHz, CDCls) § 7.93 (dd, J= 1.6, 15.6 Hz, 2H), 7.74 (dd,
J=9.1, 15.6 Hz, 2H), 7.36 (d, J= 9.4 Hz, 1H), 7.29 (d, J= 8.8 Hz, 1H), 7.25 (dd, J= 1.6, 8.7 Hz,
1H), 7.18-7.08 (m, 4H), 7.04-6.94 (m, 6H), 6.82 (d, J= 7.0 Hz, 2H), 6.76 (d, J= 9.1 Hz, 1H), 6.16
(s, 1H), 4.85 (s, 1H); *C{"H} NMR (100 MHz, CDCls) § 154.3, 151.8, 140.9, 140.7, 132.5, 132.3,
130.7, 130.5, 130.3, 130.1, 130.0, 129.9, 129.7, 129.2, 128.5, 128.3, 127.7, 127.6, 126.8, 126.7,
126.6, 126.4, 126.3, 126.3, 118.8, 1185, 117.8, 117.2, 117.1, 114.9, 82.5; Anal. Calcd for

C33H22Br02: C, 64.94; H, 3.63; found: C, 64.91; H, 3.61

General Procedure for the synthesis of trichloroacetimidates from the corresponding
alcohol: A flame dried 25 mL round bottom flask was charged with the alcohol starting material
(1 equiv) under argon. Dry DCM was then added to form a 0.5 M solution, and the flask was
cooled to 0 °C. 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU, 0.2 equiv) was added to the solution,
followed by trichloroacetonitrile (1.5 equiv). The reaction was monitored by TLC. After
completion of the reaction, reaction mixture was concentrated, and silica gel column

chromatography was performed to provide the desired trichloroacetimidates.
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OMe NH

/©/\0J\00|3
MeO

2.53
(2,4-Dimethoxyphenyl)methyl-2,2,2-trichloroacetimidate 2.53. Yellow oil (7.40 g, 99%),
purified by silica gel chromatography (30% ethyl acetate/ 69% hexanes/ 1% triethylamine). 1H
NMR (400 MHz, CDCl3) & 8.33 (s, 1H), 7.33 (d, J = 8.4 Hz, 1H), 6.49 (t, J = 2.4 Hz, 2H), 5.30 (s,
2H), 3.81 (s, 3H), 3.81 (s, 3H); 3C{*H} NMR (100 MHz, CDCls) & 162.9, 161.3, 158.8, 130.6,
116.4, 104.0, 98.6, 98.4, 91.7, 66.6, 55.4; Anal. Calcd for C11H12CisNOs: C, 42.27; H, 3.87; N,

4.48. Found: C, 42.28; H, 3.56; N, 4.57.

General procedure for esterification by method A: In a flame dried flask, the
trichloroacetimidate (2 equiv) was dissolved in dichloromethane (0.25 M) under argon. The
carboxylic acid (1 equiv) was then added and the mixture was stirred at room temperature. The
reaction progress was monitored by thin layer chromatography. After completion the reaction
mixture was poured into 2N NaOH and extracted with DCM (3x). The combined organic extracts
were then dried over sodium sulfate, filtered, and concentrated. The residue was purified by silica
gel column chromatography to give the ester product.

General procedure for esterification by method B: The carboxylic acid (1 equiv) and
trichloroacetimidate (2 equiv) were placed in a flame dried round bottom flask under argon.
Anhydrous toluene (0.25 M) was then added and the reaction was heated to reflux. The reaction
progress was monitored by thin layer chromatography. After disappearance of the carboxylic acid
the mixture was allowed to cool to rt, poured into 2N NaOH and extracted with DCM (3x). The
combined organic extracts were then dried over sodium sulfate, filtered, and concentrated. The

residue was purified by silica gel column chromatography to give the ester product.
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Phj\ok

2.42

tert-Butyl benzoate 2.42. Clear oil (0.097 g, 84%), purified by silica gel chromatography (1%
ethyl acetate/99% hexane). TLC R = 0.53 (10% ethyl acetate/ 90% hexane); *H NMR (300 MHz,
CDCl3) § 8.01-7.91 (m, 2H), 7.55-7.49 (m, 1H), 7.41 (t, J = 7.6 Hz, 2H), 1.60 (s, 9H); *C{*H}

NMR (125 MHz, CDCls) § 165.8, 132.4, 132.0, 129.4, 128.2, 81.0, 28.2.

0
Ph\HJ\ J<
o
Ph
2.48
tert-Butyl 2,2-diphenylacetate 2.48.1"> White solid (0.064 g, 91%), purified by silica gel
chromatography (2% ethyl acetate/98% hexanes). TLC Rf = 0.68 (10% ethyl acetate/90%
hexanes); *H NMR (400 MHz, CDCls) § 7.30-7.23 (m, 10 H), 4.91 (s, 1H), 1.44 (s, 9H). *C{*H}
NMR (125 MHz, CDCl3z) 6 171.7, 139.2, 128.6, 128.5, 127.0, 81.3, 58.0, 28.0.
o)
Ph%ok

OH
2.50

(+)-tert-Butyl-2-hydroxy-2-phenylacetate 2.50.1’® White solid (0.079 g, 59%), purified by silica
gel chromatography (5% ethyl acetate/95% hexanes). TLC Rs = 0.65 (50% ethyl acetate/50%
hexanes); *H NMR (400 MHz, CDCls) § 7.41-7.30 (m, 5H), 5.03 (d, J = 6.0 Hz, 1H), 3.53 (d, J =
6.0 Hz, 1H), 1.40 (s, 9H); 3C{*H} NMR (125 MHz, CDCl3) § 172.9, 139.0, 128.4, 128.1, 126.4,

83.1, 73.0, 27.8.
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Boc” fko
Ph
2.52

(+)-(tert-Butyl-2-[(tert-butoxycarbonyl)amino]phenylpropionate 2.52.17" Clear oil (0.90 g,
90%), purified by silica gel chromatography (4% ethyl acetate/96% hexanes). TLC R¢=0.75 (10%
ethyl acetate/90% hexanes); *H NMR (300 MHz, CDClz) § 7.31-7.16 (m, 5H), 5.00 (brs, 1H),
4.45-4.44 (m, 1H), 3.05 (d, J = 5.8 Hz, 2H), 1.42 (s, 9H), 1.40 (s, 9H); *C{*H} NMR (75 MHz,

CDCI3) 6 171.0, 155.1, 136.4, 129.6, 128.3, 126.8, 82.0, 79.6, 54.9, 38.6, 28.3, 27.9.
(0]
PP
2.56

2,2-Dimethylpropyl but-3-enoate 2.56.1"® Clear colorless oil (70 mg, 35% yield), purified by
silica gel column chromatography (10% diethyl ether, 90% pentane). TLC Rf = 0.76 (10% ethyl
acetate/ 90% hexanes); *H NMR (400 MHz, CDCls) § 5.88-5.78 (ddt, J= 13.9, 9.8, 7.0 Hz, 1H),
5.06 (M, 2H), 2.93 (d, J = 6.9 Hz, 2H) 1.38 (s, 9H); 2C{*H} NMR (100 MHz CDCls) & 170.8,
130.9, 117.9, 80.5, 40.4, 28.0.
o
s K
2.59
(E)-tert-Butyl cinnamate 2.59*"° Clear oil (0.052 g, 60%), purified by silica gel chromatography
(1-4% ethyl acetate/hexanes). TLC Rs = 0.71 (10% ethyl acetate/90% hexanes); *H NMR (400
MHz, CDCl3) § 7.59 (d, J = 16.0 Hz, 1H), 7.50-7.49 (m, 2H), 7.36-7.36 (m, 3H), 6.37 (d, J = 16.0
Hz, 1H), 1.54 (s, 9H); 3C{*H} NMR (125 MHz, CDCls) 5 166.3, 143.5, 134.7, 129.9, 128.8,

128.0, 120.2, 80.5, 28.2.
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Phj\o&)\

2.44

3-Methylbut-2-en-1-yl benzoate 2.44.18 Clear colorless oil (0.126 g, 63% yield), purified by
silica gel column chromatography (10% ethyl acetate, 90% hexanes). TLC R = 0.60 (10% ethyl
acetate/ 90% hexanes); *H NMR (400 MHz, CDCls) § 8.08- 8.06 (m, 2H), 7.58-7.53 (m, 1H), 7.44
(t, J = 7.8 Hz, 2H) 5.52-5.48 (m, 1H), 4.85 (d, J= 7.2 Hz, 2H), 1.80 (d, J = 6.3 Hz, 6H); 3C{'H}
NMR (100 MHz CDCls) 6 166.6, 139.1, 132.8, 130.5, 129.6, 128.3, 118.8, 61.9, 25.8, 18.1.

O

Ph
Ao
Ph

2.60

(Phenyl)methyl 2,2-diphenylacetate 2.60.18" White solid (0.079 g, 88%), purified by silica gel
chromatography (2% ethyl acetate/98% hexanes). TLC R = 0.60 (10% ethyl acetate/90%
hexanes); *H NMR (400 MHz, CDCls) § 7.29-7.25 (m, 15H), 5.17 (s, 2H), 5.07 (s, 1H); *C{*H}
NMR (100 MHz, CDClz) 6 172.4, 138.7, 135.8, 128.73, 128.68, 128.24, 128.21, 127.36, 127.33,

68.0, 57.1.

(Phenyl)methyl 2-bromododecanoate 2.62. Clear oil (0.193 g, 80%), purified by silica gel
chromatography (3% ethyl acetate/97% hexane). TLC R¢ = 0.68 (10% ethyl acetate/90% hexanes);
IR (film, cm™) vmax 3054, 2928, 2305, 1740, 1422, 1265, 738; *H NMR (400 MHz, CDCls) § 7.39-
7.35 (m, 5H), 5.20 (s, 2H), 4.25 (t, J = 7.3 Hz, 1H), 2.06-1.95 (m, 2H), 1.35-1.21 (m, 16H), 0.88
(t, J=6.6 Hz, 3H); *C{*H} NMR (100 MHz, CDCl3) § 169.7, 135.2, 128.8, 128.6, 128.5, 128.3,

128.2, 70.7, 67.5, 46.0, 34.9, 31.9, 29.5, 29.5, 29.3, 28.8, 27.2, 22.7, 14.1. Anal. Calcd for
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C19H29BrO2: C, 61.79; H, 7.91. Found: C, 61.69; H, 8.01.

0]

Ph/vj\o/\©
2.63

(Phenyl)methyl cinnamate 2.63.182 Viscous oil (0.120 g, 77%), purified by silica gel
chromatography (2% ethyl acetate/98% hexanes). TLC Rs = 0.63 (10% ethyl acetate/90%
hexanes); H NMR (300 MHz, CDCls) 6 7.66 (d, J = 15.9 Hz, 1H), 7.47-7.44 (m, 2H), 7.36-7.27
(m, 8H), 6.42 (d, J = 16.2 Hz, 1H), 5.18 (s, 2H); *C{*H} NMR (100 MHz, CDCl3) 5 166.8, 145.2,

136.1, 134.4, 130.4, 128.9, 128.6, 128.3, 128.3, 128.1, 117.9, 66.4.
OO
e

2,67
(S)-(Phenyl)methyl-2-(6-methoxynaphthalen-2-yl)propanoate 2.67. Yellow solid (0.110 g,
79%), purified by silica gel chromatography (2% ethyl acetate/98% hexanes). [a]o? -3.7 (c 0.35,
DCM); mp =72-73 °C; TLC R¢=0.48 (10% ethyl acetate/90% hexanes); IR (film, cm™) vmax 3055,
2982, 1733, 1634, 1265, 738; 'H NMR (400 MHz, CDCls) § 7.70-7.65 (m, 3H), 7.41 (d, J= 1.6
Hz, 1H), 7.28-7.25 (m, 5H), 7.14-7.11 (m, 2H), 5.11 (q, J = 12.4 Hz, 2H), 3.93-3.88 (m, 4H), 1.59
(d, J = 7.2 Hz, 3H); 3C{*H} NMR (100 MHz, CDCls) 5 174.5, 157.6, 136.0, 135.6, 133.7, 129.3,
128.9, 128.5, 128.1, 127.9, 127.1, 126.3, 126.0, 119.0, 105.6, 66.5, 55.3, 45.5, 18.5. Anal. Calcd
for C21H2003: C, 76.10; H, 6.01. Found: C, 76.35; H, 5.64. The er was determined by chiral HPLC

(OD-H), n-hexane:i-PrOH = 99:1, 1 mL/min; t; = 10.1; to = 12.2 min.
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H (0] OMe
N
Ph OMe
2.54

(¥)-(2,4-Dimethoxyphenyl)methyl-2-[(tert-butoxycarbonyl)amino]phenylpropionate ~ 2.54.
Clear oil (0.101 g, 80%), purified by silica gel chromatography (15 % ethyl acetate/ 85% hexanes).
TLC Rr = 0.37 (40% ethyl acetate/ 60% hexanes); IR (film, cm™) vmax 3054, 2985, 1709, 1421,
1261, 739; *H NMR (300 MHz, CDs0D) § 7.26-7.16 (m, 6H), 6.56 (d, J = 2.2 Hz, 1H), 6.50 (dd,
J=8.3,2.3 Hz, 1H), 5.11 (q, J = 12.1 Hz, 2H), 4.38 (q, J = 6.0 Hz, 1H), 3.84 (s, 3H), 3.82 (s, 3H),
3.10 (dd, J = 13.9, 5.6 Hz, 1H), 2.91 (dd, J = 13.7, 8.6 Hz, 1H), 1.39 (s, 9H); 3C{*H} NMR (75
MHz, CD30D) 6 172.3, 161.7, 159.0, 156.4, 136.9, 131.2, 128.9, 128.0, 126.4, 116.0, 104.1, 97.9,
79.2,62.1,55.2,54.6,54.4, 37.3, 27.3. Anal Calcd for C23Hx9N: C, 66.49; H, 7.04; N, 3.37. Found:

C, 66.20; H, 6.93; N, 3.76.

0] OMe

Nj\o
2.57 OMe

(2,4-Dimethoxyphenyl)methyl but-3-enoate 2.57. Clear oil (0.163 g, 73%), purified by silica gel
chromatography (15% ethyl acetate/85% hexanes). TLC Rf = 0.40 (15% ethyl acetate/85%
hexanes); IR (film, cm™) vmax 2963, 2838, 2616, 1464, 1371, 1209, 739; 'H NMR (300 MHz,
CDCl3) § 7.23 (d, J = 8.9 Hz, 1H), 6.46 (m, 2H), 6.00-5.87 (ddt, J= 14.1, 9.9, 7.2 Hz, 1H), 5.18-
5.11 (m, 4H), 3.81 (s, 3H), 3.80 (s, 3H), 3.11 (dt, J = 6.9, 1.4 Hz, 2H); 3C{*H} NMR (75 MHz,
CDCl3) 6 171.6,161.3, 159.0, 131.4, 130.5, 118.4, 116.7, 104.1, 98.6, 61.9, 55.5, 55.4, 39.2. Anal.

Calcd for C13H1604: C, 66.09; H, 6.83. Found: C, 65.91: H, 6.47.

1L
©)Lo Ph
2.72

1-Phenethyl benzoate 2.72.182 Clear oil (0.140 g, 95%), purified by silica gel chromatography
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(2% ethyl acetate/98% hexane). TLC R¢ = 0.23 (10% ethyl acetate/ 90% hexane); *H NMR (300
MHz, CDCls) & 8.10-8.06 (m, 2H), 7.55-7.22 (m, 8H), 6.14 (g, J = 6.6 Hz, 1H), 1.66 (d, J = 6.6
Hz, 3H); *C{*H} NMR (100 MHz, CDCls) § 165.8, 141.9, 133.0, 130.6, 129.7, 128.6, 128.4,

127.9, 126.1, 73.0, 22.5.

~COT
e
2.65

(S)-Diphenylmethyl 2-(2-methoxynaphthalen-6-yl)propanoate (+)-2.65. White solid (1.38 g,
89%), purified by silica gel chromatography (20% ethyl acetate/ 80% hexanes). mp = 132-134 °C;
[0]®p +55.7 (¢ 1.1, CHCI3); TLC Rs = 0.42 (20% ethyl acetate/ 80% hexanes); IR (KBr, cm™) vmax
3059, 3000, 2942, 2359, 1723, 1604, 1162, 705; *H NMR (300 MHz, CDCls) § 7.70-7.60 (m, 3H),
7.37 (dd, J = 8.4, 1.8 Hz, 1H), 7.29-7.04 (m, 12H), 6.84 (s, 1H), 4.01-3.93 (m, 4H), 1.59 (d, J =
6.9 Hz, 3H); 3C{*H} NMR (75 MHz, CDCl3) § 173.7, 157.8, 140.4, 140.3, 135.7, 133.9, 129.5,
129.1,128.7,128.5, 128.1, 127.9, 127.4, 127.3 126.9, 126.7, 126.3, 119.2, 105.8, 77.4, 55.5, 45.9,
18.6. Anal. Calcd for C27H2403: C, 81.79; H, 6.10. Found: C, 81.54; H, 6.11. The enantiomeric
ratio was determined by HPLC using a chiral column (OD-H), n-hexane:i-PrOH =99:1, 1 mL/min;

compared to a racemic sample which showed two peaks tr = 9.7 and 11.4 min.

(2-Methoxyphenyl)(phenyl)methyl [1,1'-biphenyl]-4-carboxylate 2.73. White solid (73 mg,
73% vyield), purified by silica gel column chromatography (10% ethyl acetate, 90% hexanes). mp
=136-137 "C; TLC Rs = 0.35 (10% ethyl acetate/ 90% hexanes); IR (film, cm™) vmax 3064, 2938,
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1715, 1604, 1491, 1278, 1100, 857; *H NMR (400 MHz, CDCl3) § 8.12 (d, J = 8.2 Hz, 2H), 7.58
(d, J = 8.2 Hz, 2H), 7.54-7.52 (m, 2H), 7.44-7.36 (m, 5H), 7.32-7.15 (m, 6H), 6.91-6.80 (m, 2H),
3.75 (s, 3H); ®*C{*H} NMR (100 MHz CDCl3) § 165.4, 156.5, 145.8, 140.3, 140.1, 130.3, 129.2,
129.1,129.0, 128.9, 128.3, 128.2, 127.7,127.3, 127.2, 127.1, 127.0, 120.7, 110.9, 72.2, 55.6. Anal
Calcd for C22H2003: C, 82.21; H, 5.62. Found: C, 82.28; H, 5.67. The enantiomeric ratio was
determined by HPLC using a chiral column (AD), n-hexane:i-PrOH = 95:5, 1 mL/min; compared

to a racemic sample which showed two peaks tr = 14.8 and 16.9 min.
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c\documents and settings\lab-admin\desktop\rim\rim-06-094
5ipa Imimin 10ul oj.run 1= Detector RESULTS

anLC OO
OH R
1.00— O O Oj<
0.75—
2.30
0.50—]
0.25—]
0.00—]
0,12
s 5o hs oo I
Minutes
Peak Peak Name Result () Ret Time  Peak Area Rel Sep.  Width Status  Group
No Time  Offset (counts) Ret Code 1/2 Codes
(min) (min) Time (sec)
1 100.0000 7.391 0.000 42475520 0.00 BB 358 0
Totals 100.0000 0.000 42475520
Reaction conditions:
HLPC: 5% ipa 1 mL/min
su-:llings\]ab—;u:]min\dcsklop\rim\rim-%— 103b 5 ipa Imlmin
40ul oj.run 1 = Detector RESULTS
m\"'olg OO
T00—] OoH ?
' o}
-] CX°X
500—] rac 2.30 =
400
300
200
10—
—
-43
|".5 |5.0 |f-‘.5 |I0.0 |I2.5 |
Minutes
Peak Peak Name Result () Ret Time  Peak Area Rel Sep.  Width Status  Group
No Time Offset (counts) Ret Code 172 Codes
(min)  (min) Time (sec)
1 50.2251 7.398  0.000 26240844 0.00 BV 34.8 0
2 49.7749 _ 9.257 _ 0.000 _ 26005666 0.00 VB 51.7 0
Totals 100.0000 0.000 52246512

Reaction conditions: rac BINOL used

HLPC: RIM-06-103B 5 ipa 1 mL/min
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mVolts

O
OB

g
75 n $
50 (S)-2.67
1% i-PrOH/Hexanes |
OD column i
25 |
0 |
25 |
—50 \
-75
2.5 5.0 7.5 10.0 12.5 ‘15.0
Minutes
Peak Peak Name Result () Ret Time  Peak Area Rel Sep. Width Status Group
No Time  Offset (counts) Ret Code 172 Codes
(min) (min) Time (sec)
1 100.0000  14.225 0.000 4791049 0.00 BB 34.6 0
Totals 100.0000 0.000 4791049
mVolts | _O
OO
E o
200 OBn \
2.6 | ‘
.67 | |
150 1% i-PrOH/Hexanes | .
OD column \‘ |
100 "
il "‘.
50 | \
0 \
-37
2.5 5.0 7.5 10.0 12.5 15.0
Minutes
Peak Peak Name Result () Ret Time  Peak Area Rel Sep. Width Status Group
No Time Offset (counts) Ret Code 172 Codes
(min) (min) Time (sec)
1 445694 10.101 0.000 5669593 0.00 BB 24.3 0
2 55.4306 12233 0.000 7051221 0.00 BB 29.8 0
Totals 100.0000 0.000 12720814
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2 ) 50.3575  11.349
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Time

Offset
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Offset
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Peak Area
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32247062
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(counts)

16506846
16744576
33251422
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| |
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Volts]
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1.00— ©/\
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(R)-2.70
1% i-PrOH/Hexanes
0.50— OJ column
0.25— ’
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bs 50 75 hoo h25 hs.0 75 f
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Peak Ret. Area Sep. Width Result
No  Time  (counts) Code 1/2 (Area%)
(min) . (sec)
1 6474 10175439 BB 13.3 100.0000
10175439 100.0000
Volt; NH
O)J\CCI
1.00— 3
2
Y 4
0.75— @
I 2.70
1% i-PrOH/Hexanes
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0.25—
0.00— o S A
-0.15 T — -
25 ko 75 10,0 h2s 150 h7s !
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20250528 100.0000
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mVolts
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L
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48.5749 4.103
51.4251 4.396
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2 3

Result () Ret

Time
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20 25
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mVolts O

750 o ;‘t
Ph MeO ! g
2.73 I S
300 5% i-PrOH/Hexanes | i
AD column | \
|
1 1
250 | ‘
| [ 1
|
| !
0 I :
1
-250 I
-308
2.5 5.0 7.5 10.0 12.5 15.0 17.5
Minutes
Peak Peak Name Result () Ret Time Peak Area Rel Sep. Width Status Group
No Time  Offset (counts) Ret Code 1/2 Codes
(min) {min) Time (sec)
1 55.1168 14.903 0.000 11902913 0.00 BB 134 0
2 44.8832 17.010 0.000 9692872 0.00 BB 142 0
Totals 100.0000 0.000 21595784
HLPC:
loaded on with 1:1 hexanes:ipa
reaction conditions:
refluxing toluene overnight
mVolts o ~
=
300 -+
o T
|
Ph MeO ‘
200 2.73 l
5% i-PrOH/Hexanes |
100 AD column | g
| i
V] |
| |
| [
-100 |
I 1
| |
o0 o ‘ L
-263 T
2.5 5.0 7.5 10.0 12.5 15.0 17.5
Minutes
Peak Peak Name Result () Ret Time Peak Area Rel Sep. Width Status Group
No Time  Offset (counts) Ret Code 1/2 Codes
(min) (min) Time (sec)
1 66.8169 14.771 0.000 5025223 0.00 BB 10.7 0
2 33.1831 16.876 0.000 2495666 0.00 BB 9.7 0
Totals 100.0000 0.000 7520889
HLPC:

loaded on with 1:1 hexanes:ipa

Reaction conditions:
DCM, rt, overnight
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Chapter 3 — Carbon-Nitrogen Bond Formation Utilizing
Trichloroacetimidates in Rearrangements and Alkylations

Abstract:

Benzylic amines are key structural features in pharmaceuticals, food additives, and
insecticides. A large number of methods to synthesize benzylic amines have been developed but
many of these protocols generate significant waste by-products. In addition, the benzylic amines
are often protected as amides or carbamates in a second step, which requires additional resources
and produces more waste. Alternatively, the rearrangement of benzylic trichloroacetimidates to
acetamides may provide direct access to protected benzylic amine containing systems in a single
step. The activity of palladium catalysts in the rearrangement of benzylic trichloroacetimidates to
acetamides was explored. A catalytic system using tris(dibenzylideneacetone)dipalladium(0) gave
promising results. The exploration of chiral ligands to access enantioenriched products from this

reaction is now being investigated.

N-Alkylated pyrazoles and benzotriazoles are present in a number of natural products and
pharmaceuticals. However current methods of synthesizing pyrazoles and benzotriazoles generally
use hydrazine derivatives and exhibit limited regioselectivity. N-Alkylation of pyrazoles utilizing
trichloroacetimidates electrophiles under Bronsted acid catalyzed conditions has been developed.
Both primary and secondary imidates provided good yields. Benzylic primary imidates provided
significantly better yields than phthalimidomethyl imidate. Structurally different pyrazoles were
also studied in this transformation. Interestingly, when a similar alkylation was studied with
benzotriazole, a single product was isolated in good yield. This was the dearomatized N2-alkylated
product. Further substrate scope investigations and mechanism studies need to be performed to

better understand these results.
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Introduction:

Benzylic amines are key structural features often found in pharmaceuticals, food additives,
and insecticides.! Some examples from pharma include Cinacalcet, a drug used to treat chronic
kidney disease (Figure 3.1).%3 Amgen has made 357 million dollars in profit from this drug since
its approval for sale.* Additionally the Novartis product Rivastigmine also features a benzylic

amine, and is used to treat dementia (Figure 3.1).>”

Figure 3.1. Structures of Cinacalcet and Rivastigmine®”’

®
WQ A

: 3 N
: I
3.1 3.2
Cinacalcet Rivastigmine
Amgen Novartis
$357 million $ 444 million

Given their importance, a number of different methods to synthesize benzylic amines have
been developed from a variety of starting materials. Alkylations are one method to synthesize
benzylic amines from simpler substrates. Benzylic alcohols can be converted to a leaving group
(such as a bromide or sulfonate) which is then displaced with phthalimide. Removal of the
phthalimide with hydrazine and heat provides the amine, with the entire process being referred to
as the Gabriel amine synthesis. However, the harsh conditions which produce phthalhydrazide as
a waste product are only amenable to the synthesis of primary amines.®** Another method to
synthesize amines from alcohols is the Mitsunobu reaction. While in this case the stereochemistry
can be controlled, as the reaction proceeds through an Sn2 mechanism, two major side products —
a phosphine oxide and a hydrazinedicarboxylate — are produced which can be difficult to separate

from the desired amine.'?* Amines may also be directly alkylated with alkyl halides; however,
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polyalkylation can occur, leading to undesired quaternary amine side products and limiting yields

(Scheme 3.1).8°15

Scheme 3.1. Synthesis of Amines via Alkylations®1®

Gabriel Amine Synthesis

1) PBrs, 110°C,1.5h NH;
OH
0
33 ©<§ 3.4
82%

HZNNHZ

Mitsunobu

DEAD/PPh;

©/\OH TsNHMe ©/\NMeTs
_ TsNAMe
THF, 1t a5

3.3
50%
Alkylation of amines

NH, H Q
©/\ ©/ 7.5 mol% PhCH;Br _ N .
N
T ie0°C.2ah ©/
3.7 3.8

1 equiv 1.5 equiv 82% 5%

More recently amines have been synthesized directly from alcohols using “borrowing
hydrogen” methods. These methods use transition metal catalysts and stoichiometric strong bases
(Scheme 3.2).18 Mechanistically, the transformation occurs by oxidation of the alcohol to the
carbonyl, followed by imine formation with subsequent reduction using the same hydrogen atoms
from the starting alcohol to produce the substituted amine and water. As the same hydrogens which
are removed from the starting material reappear in the product, the process is often referred to as
“borrowing hydrogen”. While these methods are very atom economical, the reactions require high

temperatures and strong bases, and in many cases the yields are only moderate.
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Scheme 3.2. Synthesis of Amines via the Borrowing Hydrogen Technique®®

Borrowing Hydrogen

OH 2.0% Ru complex
NN 0.5 equiv. -BuOK NN
(j/K ' NH; toluene, 110 °C, 24 h N
.9 3.10

3 A 3.12
Ar Y 60% yield
0.~ ~Q_0oPh
|
>< Pigy-cymene
(6] o \Cl
Ar cl
Ar
Ru complex

3.1

Reductive methods may also be employed to produce benzylic amines via the amides or
imines (Scheme 3.3).152% Ketones and aldehydes can be transformed to amines through reductive
amination using a hydride reducing agent and catalytic amounts of acid. This avoids the problem
of over alkylation of amines; however, both the commonly used sodium cyanoborohydride and its
byproducts are highly toxic.” A more recent protocol of reductive amination uses a less toxic
reagent, sodium triacetoxyborohydride.'® Nitriles can also be reduced to primary amines using
lithium aluminum hydride. Unfortunately, lithium aluminum hydride is highly flammable.®
Nitriles can also be hydrogenated to primary amines with a transition metal catalyst, a strong base,
and hydrogen (Scheme 3.3).1° Amides can be reduced as well with lithium aluminum hydride to
synthesize primary, secondary or tertiary amines; however, these reactions still use a highly
flammable reagent. Hydrogenation of amides with transition metals under high pressure of
hydrogen gas may also be employed; however, these reactions produce an alcohol and a primary
amine (Scheme 3.3).%° Therefore, only one of the main products of the reaction is the desired
product. The hydrogenation of imines can be performed with high enantioselectivity by using
transition metals, chiral ligands, and high pressures of hydrogen (Scheme 3.3).?* The high

pressures of hydrogen are, unfortunately, not ideal for many applications.
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Scheme 3.3. Synthesis of Amines from Reductions and Hydrogenations¢-%:

Reductions and hydrogenations

o NaBH;CN INH
+  _NH, ——————~
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0.5 mol% [Ru(cod)(methylallyl),]
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1 mol% [{Ir(u-Cl)cod},]
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Recently, our group has become interested in the rearrangement of benzylic
trichloroacetimidates to the acetamides, which may provide access to benzylic amine containing
systems. While the rearrangement of allylic trichloroacetimidates is known, the benzylic
trichloroacetimidate rearrangement was not explored in detail before our work.?? This
rearrangement of benzylic imidates provides quick access to protected benzylic amines and
analogues. In 1961, the rearrangement of benzylic trichloroacetimidates to the corresponding

acetamide using a Lewis acid was first reported by Cramer.? Later, Schmidt and others found
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glycosidic trichloroacetimidates could be converted to the acetamide with Lewis acids.?* More
recently we developed both thermal and Lewis acid catalyzed conditions (Scheme 3.4) to promote
the rearrangement. However, these conditions are not enantioselective. When performed with the
imidate derived from enantiopure 1-phenethyl alcohol, both the thermal and acid catalyzed product
gave product that exhibited less than 10% enantiomeric excess. This racemization was attributed

to a carbocation intermediate in the rearrangement.

Scheme 3.4. Thermal and Acid Catalyzed Conditions of Imidate Rearrangement??

NH MeNO, o)
P§ reflux, 22 h
0] CCly ‘ HN CCls
or
R 1 mol % R
BF3OEt2
3.22 MeNO, 3.23
0°C, 10 min

Investigations have now been initiated to develop an enantioselective rearrangement. An
exploration of reaction conditions using palladium catalysts and phosphine ligands was performed
using the system shown below (Scheme 3.5). While these conditions do employ a transition metal
catalyst, they do not require a high pressure of hydrogen since it is not a hydrogenation reaction.
These conditions are also atom economical since all the atoms in the substrate are in the product,
with no stoichiometric waste by-products being produced.

Scheme 3.5. Reaction for Screening Rearrangement Conditions

NH 0
)j\ Pd Catalyst
0~ “CCl; phosphine ligand HN™ ~CCl,
3.22 3.23

Trichloroactmidates were also investigared as alkyating agents for the N-alkylation

nitrogen containing heterocycles, specifically pyrazoles and benzotriazoles. Pyrazole motifs are
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present in a variety of natural products and pharmaceuticals (Figure 3.2).2% 26 For example, amino
acid 3.24 was isolated from Citrullus vulgaris and showed activity in some anti-diabetic assays.?’
Fezolamine 3.25 was used in clinical trials as an antidepressant. Hydrazine 3.26 was investigated
as a possible lung cancer therapeutic.?® Modified steroid 3.27 was found to be a potent inhibitor of
17B-HSD type 1, which could be used to treat hormone dependent breast cancer.?® Eli Lilly and
company currently has N-alkylated pyrazole 3.28 in clinical trials as a TBR-1 kinase inhibitor to

prevent pro-tumorigenic cellular activity.*
Figure 3.2. Examples of Pyrazole-based Biologically Active Compounds

- o Q

N —N !\l_ N/N
E//\N \/\/N _ O | / CONHNH,

3.24 3.25 3.26

AN\QW

3.27 3.28

The first synthesis of pyrazoles was reported by Knorr in 1883 (Scheme 3.6, eq 1). Current
methods to synthesize pyrazoles include cyclocondensation of hydrazine and 1,3-dicarbonyl
systems, dipolar cycloadditions, and multicomponent reactions.! While the cyclocondensation of
1,3-dicarbonyl compounds with hydrazine is a simple and rapid approach, it often provides two
regioisomers, pyrazoles 3.31 and 3.32. Also, hydrazine is a strong reducing agent that is toxic and

explosive.32 After the initial Knorr method, a cycloaddition approach to pyrazoles using acetylene
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and diazomethane was reported by Pechmann in 1898 (Scheme 3.6, eq 2).3* Again, high
regioselectivity for substituted pyrazoles was difficult to achieve with this method. More recently,
hydrazones were used as an in situ source of diazo compounds that can react with alkene or alkynes
(Scheme 3.6, eq 3) to form pyrazoles. Under these conditions significant regioselectivity has been
reported under basic? or acidic conditions.** Multicomponent one-pot synthesis of pyrazoles have

been reported using terminal alkynes, aldehydes, and hydrazine (Scheme 3.6 eq 4).%

Scheme 3.6. Common Examples of Pyrazole Synthesis

R
O O R! R R
RMRQ + NH,NHAF —— j|\/\</N + ﬁN_Ar (eq 1)
R2 N Z\N/
AR
3.32

3.29 3.30 3.31

S —
=+ ﬁcN E\,NH (€q2)
=z N
3.33 3.34 3.35
.
NN R R? N'R
S + N~ (eq 3)
AL 4 )=
R H R2
3.36 3.37 3.38
R
1) nBuLi, THF, 0 C O NH,NH
Ph—— Ph—= | N (eq 4)
2) R-CHO = N
3) Iy, KoCO; Ph” N
3.39 3.40 3.4

The structurally related benzotriazoles have also shown significant biological activity.
Benzotriazole 3.42 is an antimicrobial and benzotriazole 3.43 is an antibacterial (Figure 3.3). %7
Some biological active products are N* alkylated, and some products are N? alkylated. This has
spurred investigations into the selective alkylation of the benzotriazole core, as the biological

activity of the two alkylated isomers is quite distinct.
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Figure 3.3. Examples of Biologically Active Benzotriazole-based Compounds

N
@[ "N _N,  CN 0
N NG C[\N/N \ <:> N>\\o y
0
3.42 3.43
However, selectively alkylating N! or N? of a benzotriazole has proven synthetically
challenging, typically resulting in mixtures (scheme 3.7).%% 3 Since the isomers are so similar,
separating the N from N? alkylated products can be difficult. Therefore, research into selective

alkylation conditions would be synthetically useful to access these products.

Scheme 3.7. Methods for N-Alkylation of Benzotriazole

OH N DBSA (10 mol%) N
)\ + N /N /N\ _<Ph
N  H,0,80C,24h N + _ N
Ph” “Ph N )\Ph N on
Ph
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62% 24%
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N
0, S
=N N“N TBN (20 mol%) @E\/N NP
Ph™ “Ph* ' DCE,rt 12h N * C[\N—(
~ph N Ph
Ph

N
H
3.48 3.45
3.46 3.47

50% 50%

In 1991, Greenhill and co-workers used excess hydroxide in DMF to alkylate
benzotriazoles and 1,2,4-triazole.*C While their findings were an improvement to using alkoxides**
or hydrides*? in respect to yield, these conditions typically provided a 1:1 mixture of N and N2
alkylation. However, when 2-bromoacetophenone 3.48 was used N alkylation was favored (4:1,
Scheme 3.8). Later different transition metal catalysts were employed in selective alkylations of
triazoles. For example, Shi and co-workers found that utilizing an iron chloride in acetonitrile

could provide selective N* alkylation of benzotriazole and secondary propargyl alcohols (Scheme
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3.8).3 Akai and co-workers reported a cobalt-catalyzed Markovnikov-selective hydroamination to
provide selective N2 alkylation of benzotriazoles (scheme 3.8).* In 2014, Breit and co-workers
developed the first N2 selectively alkylation benzotriazoles with allenes by using a rhodium and
DPEphos catalytic system.*® Later, a rhodium-catalyzed cross-coupling reaction with
benzotriazoles and diazo or eynones was developed for regioselective N? alkylation by Sun and
co-workers (Scheme 3.8).%% This utilized a metal carbene to selectively alkylate N2 through 1,3

hydride shift.

Scheme 3.8. Examples of Benzotriazole Alkylations
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These methods were not enantioselective; however, in 2020 an enantioselective N2
alkylation using chiral phosphoric acid was developed via a 1,8-conjugate addition to 6-methylene-
6H-indoles.*” While this method is metal-free, it utilizes an expensive chiral phosphoric acid 3.62,

and takes several steps to synthesize, and is limited to alcohols that form very stable carbocations.

Scheme 3.9. Enantioselective N2 Alkylation of Benzotriazole

; MeO
Meo Ar' = 2,4,6-(i—Pr)3CGH2
\ 3.62 i
N 'R
H DCE, 25C, 24 h
OH

\ /. 3.63
361 O 80%, 88% ee

Given our recent studies on promotor free or acid catalyzed heteroatom substitution with

Iz __

trichloroacetimidate electrophiles,*® 4® we hypothesized that trichloroacetimidates could be used

as effective and regioselective tools for the N-alkylation of pyrazoles and triazoles.

Results and Discussion Part 1: Palladium Catalyzed Rearrangement of Benzylic
Trichloroacetimidates to Trichloroacetamide

Palladium complexes were investigated to determine if they could catalyze the benzylic
trichloroacetimidate rearrangement, as they are well known to catalyze the rearrangement of allylic
trichloroactimidates.>®*® An initial set of experiments were performed in methylene chloride at
room temperature for the imidate rearrangement shown in Table 3.1. These reactions were carried
out using 1-phenethyl imidate 3.22 (0.1M), 3 mol % of Pd, and 9 mol% of a phosphine ligand.
However, these conditions did not promote the rearrangement of imidate 3.22 to the
trichloroacetamide 3.23. These results prompted the investigation of more vigorous conditions to

execute the rearrangement.

120



Table 3.1. Initial Reaction Screening with Phenethyl Imidate 3.22

i Pd Catalyst i
o)J\CC|3 phosphi?]:I?/g;Sand _ HN CCl,
3.22 3.23
Entry? Pd Catalyst Ligand Solvent | Temp. | Conversion*
)
1 3% Pd(OAc), - DCM Rt 0
2 1.5 % Pd(dba)s-CHCl3 - DCM Rt 0
3 - 9% PPh3 DCM Rt 0
4 - 9% DCM Rt 0
BINAP
5 3% Pd(OAC)2 9% PPh3 DCM Rt 0
6 3% Pd(OAC)2 9% DCM Rt 0
BINAP
7 1.5% Pd,(dba)s-CHCl; | 9% PPhs | DCM Rt 0
8 1.5% Pd(dba)s-CHCl3 9% DCM Rt 0
BINAP

. i A0 CC @@
Pd?* NN P P
[*o@ Cl DINNS )
; 99
Pd(OAc), 3 @
2.2

Pd,(dba)s CHCl, triphenylphosphine

Bis(diphenylphosphino)-
1,1'-binaphthalene
(BINAP)

3reactions ran for 18h, *% conversion determined by *H NMR
A new set of screening reactions was then performed; this time with a higher catalyst
loading (5 mol% of Pd) and a range of different solvents and temperatures (Table 3.2). The H
NMR spectrum of each crude reaction was analyzed to determine conversions (sample calculations
in the experimental section). Previous results indicated that this rearrangement occurs best in polar
aprotic solvents.?? However, using more polar solvents did not increase conversion in the

palladium catalyzed reaction. Instead, toluene at reflux showed the highest conversion.
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Additionally, as shown by table 2 entry 15, no rearrangement occurs without the palladium
catalyst. The Pd(OAc). catalyst showed poor conversions (Table 3.2 entries 1, 2, 5, 6, 9, 10);
however, Pd,(dba)s- CHCI3 exhibited the good conversions to trichloroacetamide 3.23 with PPhs.
This suggests that Pd (0) complexes are preferred in this reaction. Using toluene at reflux with
Pd2dbaz and triphenylphosphine gave the highest conversion of 86%, however there was a trace
amount of styrene (the competing elimination product) observed. Across the board, the use of
BINAP as a ligand was not favorable for this reaction, showing little or no rearrangement. The

lower conversion with BINAP demonstrated that the reaction conversion could be modulated by

choice of phosphine ligands, which was promising for an enantioselective rearrangement.

Table 3.2. Solvent and Temperature Screening

NH O
)J\ Pd Catalyst
0) CCly phosphine ligand _ HN CCl,
3.22 3.23
Entry? Pd Catalyst Ligand Solvent | Temp. (° C) | Conversion*

1 5% Pd(OAC)2 9% PPhs toluene 110 Trace
2 5% Pd(OAC)2 9% BINAP | toluene 110 0

3 2.5% Pda(dba)s-CHCls | 9% PPhs toluene 110 86°
4 2.5% Pda(dba)s-CHCIs | 9% BINAP |  toluene 110 9P
5 5% Pd(OAC)2 9% PPhs THF 60 12
6 5% Pd(OAC)2 9% BINAP THF 60 -

7 | 2.50 Pdy(dba)s:CHCI3 | 9% PPhs THF 60 49°
8 2.5% Pd(dba)s-CHCIls | 9% BINAP THF 60 0

9 5% Pd(OAC)2 9% PPhs | acetonitrile 75 32
10 5% Pd(OACc)2 9% BINAP | acetonitrile 75 0
11 2.5% Pda(dba)3-CHCIlz | 9% PPhs | acetonitrile 75 10
12 2.5% Pdz(dba)s-CHCI; | 9% BINAP | acetonitrile 75 5
13 5% Pd(OAC)2 9% PPhs DMF 150 0
14 | 2.5% Pdy(dba)s-CHCI3 | 9% PPhs DMF 150 0
15 - - toluene 110 0

3reactions ran for 18h, *% conversion determined by *H NMR, ° trace amounts of styrene

122



With the optimum solvent being determined as toluene, a screening of the proper amount

of ligand was undertaken (Table 3.3). Controls were performed for the rearrangement using only

Pd complex in refluxing toluene and using only triphenylphosphine. Interestingly, performing the

reaction with only the Pdx(dba)s complex gave a 95% conversion. Some trace amounts of

dibenzylideneacetone (dba) ligand were observed in the *H NMR as well. Later, isolated yields

were obtained, however, these yields were low despite the reactions showing high conversion. This

may be due to the formation of styrene as a byproduct which is removed by a silica plug before

the conversion is calculated by *H NMR.

Pd Catalyst

Table 3.3. Ligand Screening Reactions

N

0~ “CCl; phosphine ligand HN™ ~CCl,
3.22 3.23
Entry? Pd Catalyst Ligand | Solvent | Temp. | Conversion* | Isolated
(®)] Yield (%)°
1 2.5% 5% PPhs | toluene 110 >99P
Pd2(dba)3-CHCI3
2 2.5% 10% PPhz | toluene 110 >99
Pd2(dba)3-CHCI3
3 2.5% 15% PPhs | toluene 110 o8P
Pd2(dba)s-CHCIs
4 2.5% 20% PPh; | toluene 110 >99P 16
Pd2(dba)3-CHCI3
5 2.5% - toluene 110 95 40
Pd2(dba)s-CHCI3
6 - 15% PPh3 | toluene 110 3

3reactions ran for 18h, *% conversion determined by *H NMR, Ptrace amounts of styrene, trace

amounts of dba

The temperature of the reaction was also investigated, as lower temperatures may have a

better chance of providing enantioselective conditions and minimize the formation of elimination
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side-products. Another set of experiments in toluene at lower temperatures were investigated,
which are shown in Table 3.4. However, no conversion to the acetamide 3.23 was observed except

in refluxing toluene, therefore refluxing toluene was utilized in the future investigations.

Table 3.4. Reactions in Toluene at Different Temperatures

" Pd Catalyst 0
atalys
O)J\CC|3 phosphine ligand _ HN)J\CCI3
3.22 3.23
Entry Pd Catalyst Ligand | Solvent | Temp.(°C) | Conversion*
1 2.5% Pd,(dba)s-CHCls | 15% | toluene 60 2
PPhs
2 2.5% Pd(dba)s:CHCI3 - toluene 60 QP
3 2.5% Pda(dba)s-CHCl; | 15% | toluene rt 0
PPhs
4 2.5% Pda(dba)s-CHCls - toluene rt 0
5 2.5% Pdz(dba)s-CHCI; | 15% | toluene re 0
PPhs
6 2.5% Pd(dba)s-CHCI3 - toluene re 0

*05 conversion determined by *H NMR, reactions ran for 2 days at this temperature, ° trace
amounts of styrene

While these low isolated yields may be problematic, they may also be ligand dependent,
so the use of chiral ligands to control the enantioselectivity of the transformation was also
investigated. The chiral ligands that were utilized in this study are shown below in Figure 3.4.
Ligand 3.65 was especially interesting, as it has been used to control enantioselectivity in other r-
allyl systems and therefore may be able to control enantioselectivity in this rearrangement, if it is
proceeding through a similar pathway.® Shown below in Table 3.5 are the initial studies of the

rearrangement with chiral ligands.
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Figure 3.4. Chiral Ligands Evaluated in the Imidate Rearrangement
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Table 3.5. Chiral Ligand Screening Reactions

il Pd Catalyst i
atalys
OJJ\CQ3 phosphine I?/gand _ HN CCly
22 23
Entry? Pd Catalyst % Pd Ligand Conversion® | Isolated yield (%)

1 2.5% 5 5% 3.64 8g¢ 40
Pd2(dba)s-CHCI3

2 2.5% 5 10% 3.65 681 14
Pd2(dba)s-CHCI3

3 2.5% 5 10% 3.66 7 nd
Pd2(dba)s-CHClI3

4 2.5% 5 10% 3.67 34 nd
Pd2(dba)s-CHCI3

5 - 0 5% 3.64 0¢ 0

6 2.5% 5 10% 3.68 12 nd
Pd2(dba)s-CHCI3

7 2.5% 5 10% 3.69 7 nd
Pd2(dba)s-CHCI3

8 2.5% 5 10% 3.70 844 nd
Pd2(dba)s:CHCI3

9 2.5% 5 10% 3.71 >99 9 nd
Pd2(dba)s-CHCl3

2all reactions were run in refluxing toluene for 18 h, % conversion determined by *H NMR,
‘trace amounts of dba, “trace amounts of styrene, nd — not determined

The results in Table 3.5 show that the reaction conversion depends significantly on which
phosphine is used, as shown by high conversions in entries 1, 8, and 9, and by poor conversions in
entries 3, 6, and 7. Some isolated yields were obtained, but these were still significantly lower than
the measured conversions. Again, this was attributed to loss of substrate through elimination. Trace
amounts of dba ligand were present the isolated reaction product, causing problems with
determining accurate isolated yields. Even though the dba ligand was found in trace amounts, it
interfered with HPLC analysis of the reaction products. Since dba has a large UV extension

coefficient compared to the acetamide,®® even small amounts the dba signal may drown out the
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acetamide peaks on the HPLC, as a UV detector was being used. Therefore, an accurate account
of the enantioselectivity of these transformations from the HPLC proved impossible. The dba may

have also degraded to multiple products causing additional noise in the HPLC experiments.

In order to simplify the system and avoid elimination, a series of
diarylmethyltrichloroacetimidates were synthesized (Figure 3.5). These substrates should not be
prone to competing elimination reactions and should also have different mobility on the chiral
HPLC which may facilitate the evaluation of the enantioselectivity of the rearrangement. The
diarylmethyltrichloroacetimidate reactivity in this reaction was explored (Table 3.6).

Figure 3.5. Diarylmethyltrichloroacetimidates Substrates
NH

NH )l\tl NH
o)Lcm3 0~ "CCly O o)Lcm3 o CCh
oo OO
3.73 3.74 3.75 3.76
Table 3.6. Diarylmethyl Substrate Screening Reactions
NH (0]
Pd Catalyst
O)kCCb phosphine I?/gand _ HN CCly
R' R" R' R"

Entry? Pd Catalyst % Pd | Imidate Ligand Solvent | yield (%)
1 2.5% Pd>(dba)s-CHCl3 5 3.73 - toluene 70
2 2.5% Pd2(dba)s-CHCIs 5 3.73 10% PPh3 toluene 77
3 2.5% Pd2(dba)s-CHCIs 5 3.74 - toluene 40
4 2.5% Pd>(dba)s-CHCIs 5 3.74 10% PPh3 toluene 83
5 2.5% Pd>(dba)s-CHCIs 5 3.75 - toluene 70
6 2.5% Pd>(dba)s-CHCIs 5 3.75 20% PPh3 toluene 20
7 2.5% Pd>(dba)s-CHCIs 5 3.76 - toluene 61
8 2.5% Pd>(dba)s-CHCIs 5 3.76 10% PPh3 toluene 43

4all reactions were run in refluxing toluene for 18 h

The results from Table 3.6 show the diarylmethyl substrates provide higher yields in these

reactions, as they cannot undergo elimination. Additionally, these products can be separated from
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the dba ligand of the palladium catalyst, as seen in the isolated yields, which do not have trace

amounts of dba in them.

Chiral ligands shown in Figure 3.2 were also utilized with imidate 3.73. Shown below in
Table 3.7 are the initial studies of the rearrangement with the chiral ligands. The results in Table
3.7 shows that the phosphine affects the reaction yields, which is consistent with previous
screening reactions with different phosphines. This is seen with moderate isolated yields (Table
3.7 Entries 2, 6, and 7) and low isolated yields (Table 3.7 Entries 4 and 5). The chiral HPLC
analysis of these products did not show any enantioselectivity.
Table 3.7. Chiral Ligand Screening Reactions with Diarylmethyl Substrates

NH O

O CCl3 HN CCl3

X

3.73

Entry? Pd Catalyst % | Imidate | Ligand | Solvent | Temp. (° C) Isolated
Pd yield (%)°

1 2.5% 5 3.73 10% | toluene 110 30
Pdz(dba)z-CHCI3 3.64

2 2.5% 5 3.73 5% toluene 110 35
Pdz(dba)z-CHCI3 3.65

3 2.5% 5 3.73 5% toluene 110 30
Pdz(dba)z-CHCI3 3.66

4 2.5% 5 3.73 5% toluene 110 23
Pd2(dba)s-CHCI3 3.67

5 2.5% 5 3.73 5% toluene 110 18
Pd2(dba)s-CHCI3 3.68

6 2.5% 5 3.73 5% toluene 110 34
Pd2(dba)s-CHCI3 3.69

7 2.5% 5 3.73 5% toluene 110 58
Pd2(dba)s-CHCI3 3.70

8 2.5% 5 3.73 5% toluene 110 30
Pd2(dba)s-CHCI3 3.71

aall reactions were run in refluxing toluene for 18 h, "isolated racemic material
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To enhance enantioselectivity, a set of reactions with imidate 3.73 were run at lower
temperatures and longer reaction times in toluene (Table 3.8).

Table 3.8. Temperature Screening Reactions with Diarylmethyl Substrates

NH o}
o)kcm3 g HN™ ~ccCly
3.73 3.77
Entry Pd Catalyst % | Imidate | Ligand | Solvent | Temp. | Reaction | Isolated
Pd ¢ C) time yield (%)
1 2.5% 5 3.73 10% | toluene 60 24 h 0
Pd2(dba)s-CHCl3 PPhs
2 2.5% 5 3.73 10% | toluene 60 48 h 21
Pd2(dba)s-CHCl3 PPhs
3 2.5% 5 3.73 10% | toluene 60 72h 77
Pd2(dba)s-CHCl3 PPhs
4 2.5% 5 3.73 10% | toluene rt 72h 0
Pd2(dba)s-CHCl3 PPhs
5 2.5% 5 3.73 10% | toluene 45 72h 0
Pd2(dba)s-CHCl3 PPhs

As shown in Table 3.8, only entries 2 and 3 yielded any product, using toluene at 60 °C for
48 and 72 hours respectively. Since the reaction showed an improved yield after 72 hours, another
set of screening reactions with chiral phosphines was performed in toluene at 60 °C or 100 °C for
72 hours (Table 3.9). In the literature, some additives were explored such as N,O-
bis(trimethylsilyl)acetamide (BSA) or triethyl borane. These systems may improve yield and
enantioselectivity by activating the leaving group, facilitating the formation of a z-allylpalladium
species.® 82 Using imidate 3.73 and ligand 3.57, these additives were tested in the reaction to

determine if the yield or enantioselectivity would improve (Table 3.9 entries 8-11).
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Table 3.9. Chiral Ligand Screening Reactions with Diarylmethyl Substrates

3.73

e
? o

0]

N~ >ccly

3.77

Entry? Pd Catalyst % | Imidate | Ligand | Additive | Temp. | Isolated | ee® (%)
Pd (°C) |yield (%)

1 2.5% 5 3.73 5% - 60 23 68
Pd2(dba)s-CHCI3 3.67

2 2.5% 5 3.73 5% - 100 28 82
Pdz(dba)z-CHCI3 3.67

3 2.5% 5 3.73 5% - 60 56 30
Pdz(dba)z-CHCI3 3.68

4 2.5% 5 3.73 5% - 100 51 42
Pdz(dba)z-CHCI3 3.68

5 2.5% 5 3.73 5% - 60 31 40
Pd2(dba)s-CHCI3 3.69

6 2.5% 5 3.73 5% - 100 85 72
Pd2(dba)s-CHCI3 3.70

7 2.5% 5 3.73 5% - 100 56 82
Pd2(dba)s-CHCI3 3.72

8 2.5% 5 3.73 5% BSA 100 23 80
Pdz(dba)z-CHCI3 3.72

9 2.5% 5 3.73 5% BSA, 100 50 72
Pdz(dba)z-CHCI3 3.72 BEts

10 2.5% 5 3.73 5% BEts 100 12 78
Pdz(dba)z-CHCI3 3.72

11 2.5% 5 3.73 5% DPPF 100 12 30
Pd2(dba)s-CHCI3 3.72

3all reactions were run in toluene for 72h. Pee= enantiomeric excess. Determined by chiral
HPLC.

Interestingly, the ee (enantiomeric excess) was typically higher when the reaction was run

at higher temperatures (Table 3.9). It is possible that the -sigma-r transitions is slower at lower

temperatures, resulting in lower ee. High isolated yields were achieved with good ee (table 3.9
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entries 6 and 7) when the reaction was run at higher temperature with ligands 3.70 and 3.72.

Unfortunately, none of the additives increased the yield nor the enantiomeric excess (ee).

At this point we wanted to ensure that we were forming a m-allyl intermediate that would
readily allow the formation of both enantiomers. Therefore, the chiral (R)-imidate 3.83 was
synthesized (Scheme 3.8). Most steps were high yielding, including the asymmetric reduction of
benzophenone 3.83 to alcohol 3.80 using DIP-CI at low temperature, following a procedure from
Carlson and co-workers.®® To confirm that the asymmetric reduction did yield an enantiopure
product, a sample was separated on the chiral HLPC (OD 80% hexanes/20% isopropanol 1 mL/min
13 min, 14 min) and the enantiomeric excess (ee) was calculated to be 98%. After each subsequent
step, both HLPC and optical rotation were used to confirm the sample did not racemize. We hoped
that this intermediate would provide racemic product, indicating that the reaction was proceeding
through an intermediate that could be converted to either enantiomer of the product (either a free
cation or a pi-allyl complex).

Scheme 3.10. Synthesis of (R)-imidate 3.83.22 63-6°

? OH OH Bobbitt's Salt OH O
31 rt, 18h
e~ 0 T OC
HO

3.78 3.80 3.81
95% yield 87% vyield

1) DIP-CI, -15 °C on oH Q NH
3h, 0 °C 15min : _TCAN, DBU_ ~o CC|3
2) H,0, O O toluene, reflux, 18h DCM, rt, 16h ‘/\‘

(R)-3.80 (R)-3.82 (R)-3.83
86% yield 65% yield 87% yield

The (R)-imidate 3.83 was subjected to the rearrangement conditions with an achiral

phosphine ligand, triphenyl phosphine, and the Pd>(dba)s complex. The enantiomeric excess was
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measured via HPLC and showed that the trichloroacetamide product was racemic, indicating that
it should be possible to favor one enantiomer with the correct ligand system.

Some additional benzyl imidates were also tested (Table 3.11) under the Pd-catalyzed
rearrangement conditions, as these substrates did not provide high yields of product under other
conditions. However, these results were no better than previous work in the lab using Lewis acids

or thermal conditions.??

Table 3.10. Screening Reaction with Benzylic Imidates
NH NH NH

/©/\o)k00|3 (j/\o)kcm3 /©/\ o)kcm3
~o O,N
3.84 3.85 3.86
Entry Pd Catalyst % | Imidate | Ligand | Solvent | Temp. | Reaction | Isolated
Pd ¢ C) Time Yield
(%)
1 2.5% 5 3.84 5% toluene | 100 18 h 13
Pdz(dba)z-CHCIs 3.72
2 2.5% 5 3.85 5% toluene | 100 18h 10
Pdz(dba)z-CHCIs 3.72
3 2.5% 5 3.86 5% toluene | 100 18 h 0
Pdz(dba)z-CHCI3s 3.72

A proposed mechanism of the envisioned transition metal catalyzed rearrangement is
shown below (Scheme 3.9), where the transformation goes through m-allyl mechanism. First the
palladium displaces the imidate, forming the m-allyl complex 3.72 Then the trichloroacetamide
anion can attack from the opposite face of the palladium to form acetamide 3.23. However, the
palladium complex can isomerize through a n-sigma-r mechanism to produce the other enantiomer
of the m-allyl complex.®® This proceeds by the palladium forming a sigma bond to the benzylic
carbon, bond rotation and then reformation of the enantiomeric w-allyl complex. Since the ligands

are attached to the metal during the m-sigma-rn transitions, one confirmation of the palladium
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complex (3.72 or 3.75) will be more energetically favorable with a chiral ligand present on the
metal. This may provide a preference to which enantiomer over the other is formed as the main
product, leading to an enantioselective transformation.

Scheme 3.11. Proposed Mechanism for Palladium Catalyzed Rearrangement
NH

o
PN ©5 L
07 CCh Ly B HNXC% HN” >CCly
3.22 3.87 “ 3.23
@ i ® O
e o
HN™ "CClj HNAch
3.88 3.89
® O %
Pd e )k
QL/\ HN)kcm3 HN™ “CCly
3.90 3.23

A catalytic system using tris(dibenzylideneacetone)dipalladium(0) gave good results in the
rearrangement of some benzylic trichloroacetimidates. Elimination was found to be a problem in
phenethyl systems. Diarylmethyl trichloroacetimidates gave more promising results, and the use
of chiral ligands is now being explored. Further studies into the mechanism is needed. These

studies may provide a new route to highly functionalized benzylic amines and related compounds.

Results and Discussion Part 2: N-Alkylations of Pyrazoles using Trichloroacetimidates

We recently began to investigate the use of trichloroacetimidates for pyrazole N-
alkylations. Research into this transformation began by optimizing conditions for the alkylation of
4-chloropyrazole 3.91 with 1-phenethyltrichloroacetimidate 3.22. Imidate 3.22 was used since it
is easily prepared from 1-phenethylalcohol. First a number of different solvents were tested in the

reaction with camphorsulfonic acid (CSA) as a Bronsted acid promotor. This Bronsted acid was
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chosen since it has been shown to alkylate anilines under catalytic conditions.*® When the reaction
was performed in dichloroethane, the yield was the highest (Table 3.12, Entry 4). A number of
different acid promotors were tested at room temperature with DCE as the solvent (Table 3.12,
Entries 7-9). However, none of these catalysts provided a higher yield than CSA. Increasing the
amount of catalyst lowered the yield, therefore only 20 mol percent was used. No product was

formed without CSA (Table 3.12, Entry 5).

Table 3.11. Initial Optimization
of

NH o
CI3CJ\O //—g N{N\
+ N - -
N
® ” o

3.22 3.91 3.92
Entry | Solvent Catalyst Temp. (°C) Time (h) Yield (%)
1 Tol 20 mol % CSA rt 24 69
2 MeCN 20 mol % CSA rt 24 29
3 DCM 20 mol % CSA rt 24 70
4 DCE 20 mol % CSA rt 24 76
5 DCE - rt 24 0
6 DCE 50 mol % CSA rt 24 54
7 DCE 20 mol % TMSOTf rt 24 61
8 DCE 20 mol % BF3*OEt; rt 24 68
9 DCE 10% BF3*OEt2, 10% rt 24 55
TMSOTf

From there, different times and temperatures were tested. It was concluded that the reaction
needed at least 4 hours to go to completion. Less than 4 hours proved to lower the yield
significantly (Table 3.13, Entry 1). However, there was only a 6% increase in yield when running
the reaction for longer periods of time (Table 3.13, Entries 2-5). The effects of temperature were
also briefly explored but heating the reaction mixture gave a similar yield while cooling was shown

to be detrimental (Table 3.13, Entries 6-7).
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Table 3.12. Time and Temperature Screening Reactions
of

NH
o]
C|30)J\o . //—§ N/{_§
N‘N : /k
H

3.22 3.91 3.92
Entry | Solvent Catalyst Temp. (°C) Time (h) Yield (%)

1 DCE 20 mol % CSA rt 2 45

2 DCE 20 mol % CSA rt 4 71

3 DCE 20 mol % CSA rt 6 70

4 DCE 20 mol % CSA rt 8 75

5 DCE 20 mol % CSA rt 18 77

6 DCE 20 mol % CSA reflux 4 71

7 DCE 20 mol % CSA 0°C 4 16

With optimized conditions in hand, we began evaluating the scope of the reaction with

respect to the imidate (Table 3.14 and Table 3.15). First a number of different secondary imidates

were evaluated. Adding an electron donating group to the aromatic ring increased the yield

significantly to 97% (Table 3.14, Entry 2). Diarylmethyl systems also performed well, except when

a strongly deactivating electron withdrawing group was added (Table 3.14, Entries 4-10). Again,

the addition of electron donating groups on one of the aromatic rings of the imidate improved the

yield of the reaction (Table 3.14, Entries 8-9). Employing imidate 3.93 which is decorated with

multiple electron donating groups gave an excellent yield of 98%. The effect of sterics also

influenced the reactivity as can be seen in the difference in yield when employing imidates 3.58

and 3.88 (Table 3.14, Entries 7-8). The lower reactivity imidate 3.58 is consistent with the addition

of a substituent near the reacting position slowing the reaction due to steric hindrance.
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Table 3.13. Secondary Imidates with 4-Chloropyrazole 3.91

Entry Imidate Product Isolated yield
(%)
Cl,c” S0~ "Ph \N,N‘<
3.22
3.92
NH N
2 b N 97
Cl,c” S0 =
Cl
3.93 OMe 3.94 OMe
3 g cl 67
o~ ccly N/\ﬁﬁ
ooh
3.95 3.96
Cl,c” Y07 Ph < N~
3.97 N Pn
3.98
5 NH Ph NP 76
N,
ClsC o)\©\ S:JNb
cl
3.99 Cl
3100 C
6 NH Ph N Ph O
ClC o)\©\ S&NJ\@
Cl
3.101 NG, 3102 NO;
7 NH Ph N 098
Cl;C o)\©\ S:JN
Cl
3.103 3.104
8 NH Ph NP 85
Cl,ec” o S/:JN
cl
3.105 3.106
9 NH Ph N 71
CliC o)\©\ ;‘J\N
3.107 OMe “
' 3108 OMe
10 NH Cl 98
07 ~CCly N@
o Ph \
< <OI>)\Ph
© (¢]

3.109

3.110
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Since secondary imidates participated well in the alkylation, a number of primary imidates
were evaluated in the reaction (Table 3.15). It was found that benzyl imidates worked the best,
with imidate 3.84 providing a 92% yield. Consistent with the secondary imidates, the addition of
electron withdrawing groups was detrimental to the reaction (Table 3.15, Entry 5). Allyl and
propargyl imidates provided no product, possibly due to decomposition. However,
phthalimidomethyl imidate 3.104 gave a moderate yield of 62% and could be used as a mild way
to protect pyrazoles, as the phthalimidyl methyl group has been employed as a protecting group in

other systems.®’
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Table 3.14. Primary Imidates with 4-Chloropyrazole 3.91

Entry Imidate Product Isolated yield (%)
1 NH Cl\__ S~ 0
Clsc)J\O/\/ \EN\'N
3.1 3112
2 NH cl /// 0
clic” 07Ny -
3.113
3.114
3 NH NEAN 92
o o=
cl
MeO MeO
3.84 3.115
4 NH N bh 73
©/\o CCly \EN\,N—/
3.85 3.116
5 NH R 0
/@/\okcma Q\ \;\4
cl
O,N 0N
. 3.117
6 NH s 37
/@/\o CClg ﬁ\ \4
cl
cl o
3.118 3.119
0 NH ~_Cl
7 o 0 N‘/j/ 62
N—"  ccl ©<§NJN
o o)
3.120 3421
8 NH J< Cl _ 0
cl,e” Yo E\N‘é
3.122 3123

With the scope of the reaction with regard to the trichloroacetimidate determined, a brief

exploration of the reaction with respect to the pyrazoles was done using imidate 3.22 (Table 3.16).

Changing the halogen was tolerated, however the larger groups such as iodine lowered the yield

to a more moderate 59%. Adding multiple groups to the pyrazole was tolerated, however, steric

effects may have contributed to the decreased yield in some cases (Table 3.16, Entry 4).
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Interestingly, when benzotriazole was utilized, a single product was isolated, even though there

are two possible alkylation sites. This product was the dearomatized benzotriazole product 3.114.

Table 3.15. Pyrazole Substrate Scope

Entry Pyrazole Product Isolated yield
(%)
1 cl cl 77
N’ N
H
3.91 ©)\
3.92
2 Br Br 70
N N
H
3.124 ©)\
3.125
3 ! ' 59
Z/j,\N ng
N
H
3.126 ©)\
3.127
4 50
N{ \ N
N N
H
3.128
3.129
N N
5 CLy L *
N N Ph
3.45 3.130

Conclusions and Future Work:

The activity of palladium catalysts in the rearrangement of benzylic trichloroacetimidates

to acetamides was explored. A catalytic system using tris(dibenzylideneacetone)dipalladium(0)

gave good results. Additionally, these reactions with imidate 3.23 must be carried out at 110 °C in
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toluene to achieve higher conversions, but isolated yields were significantly lower likely due to
competing elimination. Trace amounts of styrene and dba were found in the reaction products. The
styrene is the elimination product. The activity of the palladium catalyst in the rearrangement of
diarylmethyltrichloroacetimidates to diarylmethylacetamides was explored as well, since these
substrates cannot eliminate. While these reactions achieved high yields in refluxing toluene, no
enantioselectivity was seen based on HPLC data. Carrying these reactions out at 60 °C or 100 °C
in toluene for 72 h exhibited moderate yields. The moderate enantioselectivity for
diarylmethylacetamides was achieved (82% ee). The exploration to use this reaction to access
inverted amides, starting from a chiral trichloroacetimidate, is currently being investigated. These
studies may provide a new route to highly functionalized benzylic amines and related compounds.

However, further exploration into the mechanism and reaction substrate scope is needed.

Additionally, the N-alkylations of pyrazoles utilizing trichloroacetimidates electrophiles
under Bronsted acid catalyzed conditions has been described. 4-chlorpyrazole was alkylated with
CSA, in DCE at reflux for 4 hours. A variety of trichloroacetimidates were employed and proved
to be compatible in this reaction. Both primary and secondary imidates provided good yields.
Benzylic primary imidates provided significantly better yields than phthalimidomethyl imidate. It
was found that electron donating groups improved the yield, while electron donating groups
provided no product. Structurally different pyrazoles were also studied in this transformation.
Changing the halogen was tolerated, however, the larger halogen, iodine, provided the lowest
yield. When adding methyl groups at the 3 and 5 position to the pyrazole, product was isolated in
moderate yield. Interestingly, when using benzotriazole, a single product was isolated in good
yield. This was the dearomatized alkylated product. Further substrate scope investigations and

mechanism studies are ongoing.
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Experimental:

General:

Compounds were used as received from the manufacturer without modification. All reactions were
run under a positive pressure of argon. All solvents were dried with the Grubbs method by passage
through an alumina column.%® Thin-layer Chromatography was done on silica at ambient
temperature. Silica gel 60 was used as the stationary phase for flash chromatography. All tH NMR
were taken using a Bruker Advance 400 MHz Fourier Transform Nuclear Magnetic Resonance
Spectrometer. Abbreviations for spectra: s = singlet, bs = broad singlet d = doublet, t = triplet, g =
quartet, quin = quintet, dd = doublet of doublets, td = triplet of doublets, m = multiplet.

Screening reactions:
General:

A test tube was charged with a palladium catalyst (0.050 equiv) and a phosphine (0.050 equiv).
The test tube was placed under an argon atmosphere. 1-Phenethyl imidate (3.22) (1 equiv) was
dissolved in dry toluene and was injected into the test tube. The reaction was diluted with dry
toluene to make the final concentration of the imidate 3.22 0.1M. The test tube was placed in an
oil bath at 110 °C and allowed to stir overnight. The next day, the reaction was removed from the
heat and allowed to cool to room temperature. The reaction mixture was run through a plug of
silica and eluted with 90% hexanes and 10% ethyl acetate, and one fraction was collected. The
solvent was removed by rotary evaporation. A *H NMR spectrum was taken of the crude product.

The conversion was then calculated by the following equation:

integration 1H of product .
g /v X 100 = Conversion %

integration 1 H of starting material+ integration of 1 H of product
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Example screening reaction of imidate rearrangement:

NH e)
Pd Catalyst (5 mol % Pd)
O~ "CClz phosphine ligand (5 mol %) HN” ~CCl,
©)\ toluene, 110 °C
3.22 3.23

A test tube was charged with 8.6 mg (0.0188 mmol) of Pd2(dba)z-CHCIs and 8.8 mg (0.0338 mmol)
of triphenylphosphine. The tube was put under an argon atmosphere. A solution of 100 mg (0.375
mmol) of 3.22 in 0.5 mL anhydrous toluene was injected into the tube. The reaction was diluted
with anhydrous toluene to a final volume of 3.75 mL. The tube was placed in an oil bath at 110 °C
and allowed to stir for overnight. The next day, the reaction was removed from heat and allowed
to cool to room temperature. The reaction mixture was run through a silica column and eluted with
90% hexanes and 10% ethyl acetate and one fraction was collected. The solvent was removed via
reduced pressure and a *H NMR spectrum was taken in CDCls. The conversion was calculated to
be 86%. 'H NMR (400 MHz, CDCls) § 7.27-7.40 (m, 8H), 5.99 (g, J = 6.5 Hz, 1H), 5.07 (g, J =

6.8 Hz, 1H), 1.82 (d, J = 6.8 Hz), 1.63 (d, J = 6.5 Hz, 1H).

- — 0
T0+0.16 < 100=86%

NH 0

CCly

3.77

3.73

A test tube was charged with 10.0 mg (0.0219 mmol) of Pdz(dba)s-CHCI3, 11.0 mg (0.044 mmol)
of triphenylphosphine, and 0.150 g of imidate 3.58. The tube was put under an argon atmosphere.

The reaction was diluted with anhydrous toluene to a final volume of 4.4 mL. The tube was placed
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in an oil bath at 110 °C and allowed to stir for overnight. The next day the reaction was removed
from heat and allowed to cool to room temperature. The reaction mixture was run through a silica
column and eluted with a gradient from 0% ethy| acetate to 10% ethyl acetate in hexanes. Fractions
containing product were combined and the solvent was removed via reduced pressure to provide
0.116 g of acetamide 3.62 as a white solid. Yield: 77%. *H NMR (300 MHz, CDCls) § 7.385-7.102
(m, 10H), 6.337 (d, J= 7.77, 1H), 2.328 (s, 3H); 3C NMR (100 MHz, CDCls) & 160.8, 139.3,
137.8,136.5,131.1, 128.9, 128.1, 128.0, 127.3, 126.6, 126.5, 92.6, 56.1, 19.36; FT-IT (KBr pellet)
3286.5, 3025.9, 1707.8, 1688.2, 1601.8, 1526.1, 1492.9, 1268.6, 1055.1, 847.5, 820.6, 730.8,
655.3; Anal Calculated for C16H14CIsNO: C, 56.09; H, 4.12; N, 4.09. Found: C, 55.99; H, 4.10; N,

4.00

General Procedure for the synthesis of trichloroacetimidates from the corresponding
alcohol: A flame dried 25 mL round bottom flask was charged with the alcohol starting material
(1 equiv) under argon. Dry DCM was then added to form a 0.5 M solution, and the flask was
cooled to 0 °C. 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU, 0.2 equiv) was added to the solution,
followed by trichloroacetonitrile (1.5 equiv). The reaction was monitored by TLC. After
completion of the reaction, reaction mixture was concentrated, and silica gel column

chromatography was performed to provide the desired trichloroacetimidates.

NH

X

0~ >ccly
3.22

Trichloroacetimidate 3.22.%° The residue was purified by a silica flash column chromatography
(5% ethyl acetate/90% hexanes/5% triethylamine) to provide 1.74 g of 3.22 as a colorless oil.
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Yield: 65%. *H NMR (400 MHz, CDCls3) & 8.31 (s, 1H), 7.44-7.26 (m, 5H), 6.00 (g, J = 6.4 Hz,
1H) 1.66 (d, J = 6.4 Hz, 3H).227°

j\]”\-i

0~ “ccl,
3.73

Trichloroacetimidate 3.73. The residue was purified by a silica flash column chromatography
(5% ethyl acetate/90% hexanes/5% triethylamine) to provide 0.825 g of 3.73 as a yellow oil. Yield:

96%. 'H NMR (400 MHz, CDCl3) & 8.39 (s, 1H), 7.61-7.12 (m, 10H), 2.37 (s, 3H).™*

N

A

T

Trichloroacetimidate 3.74. The residue was purified by a silica flash column chromatography
(10% ethyl acetate/85% hexanes/5% triethylamine) to provide 0.825 g of 3.74 as a yellow oil.
Yield: 98%. *H NMR (400 MHz, CDCls) & 8.46 (s, 1H), 7.60-7.25 (m, 10H). 3C NMR (100 MHz,
CDCl3) 6 161.0, 138.2, 137.5, 133.0, 129.7, 129.3, 128.5, 128.2, 128.0, 127.3, 127.2, 91.4; Anal

Calculated for C1sH1:CI4sNO: C, 49.62; H, 3.05; N, 3.86. Found: C, 49.74; H, 3.09; N, 4.05.

NH

M
O 0~ ~ccly

3.75
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Trichloroacetimidate 3.75.”% The residue was purified by a silica flash column chromatography
(5% ethyl acetate /90% hexanes/5% triethylamine) to provide 0.502 g of 3.75 as a yellow oil.

Yield: 76%. *H NMR (400 MHz, CDCls) & 8.05 (s, 1H), 7.88 -7.25 (m, 13H).

3.76

Trichloroacetimidate 3.76.% The residue was purified by silica gel chromatography (5% ethyl
acetate/90% hexanes/5% triethylamine) to give the 0.278 g of 3.76 as a white solid. Yield: 76%.;
IH NMR (400 MHz, CDCl3) & 8.27 (s, 1H), 7.42—7.38 (m, 3H), 7.26-7.15 (m, 5H), 6.89 (t, J =
7.5, Hz, 1H), 6.80 (d, J = 8.2 Hz, 1H), 3.75 (s, 3H); 13C NMR (100 MHz, CDCls) 5 161.3, 156.4,

139.7,129.1, 128.5, 128.3, 127.8, 127.0, 126.8, 120.7, 110.7, 91.7, 76.2, 55.6.%2

3.109
Trichloroacetimidate 3.109. The residue was purified by silica gel chromatography (10% ethyl

acetate/85% hexanes/5% triethylamine) to give the 0.278 g as a white solid. Yield 67%; mp: 67-
70 °C; R = 0.55 (10% EtOACc/90% hexanes); IR (film): 3336, 3030, 2889, 1662, 1487, 1237,
1065, 786 cm™; *H NMR (400 MHz, CDCI3) § 8.32 (s, 1H), 7.35 (m, 2H), 7.28-24 (m, 2H),
7.22-7.20 (m, 1H), 6.82-6.78 (m, 3H), 6.69-6.67 (M, 1H), 5.85 (d, J= 1.0 Hz, 2H); 3C{1H}
NMR (100 MHz, CDCI3) & 161.3, 147.8, 147.5, 139.8, 128.7, 128.5, 127.9,127.3, 127.2, 126.7,
121.1, 108.1, 107.7, 101.2, 81.2; Anal Calcd for C16H12CIsNO3: C,51.57; H, 3.25; N, 3.76;

Found: C,51.56; H, 3.21; N, 3.57.
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General Procedure for Synthesis of Alcohols:

The Grignard was synthesized by adding Mg turnings (1.5 equiv) and a small amount of
dibromoethane, under argon, to an oven-dried round bottom flask and suspended in dry THF or
dry ether. The reaction was refluxed for about 1 hour. After 1 hour the reaction was cooled to 0 °C
and a solution of carbonyl (1 equiv) in dry THF or dry diethyl ether (0.3 M) was added dropwise.
The solution was slowly warmed to room temperature, monitored by TLC, and allowed to stir
overnight. The reaction was cooled to 0 °C and quenched with sat. NH4CI. The aqueous layer was

extracted with ether, combined, dried over Na;SOyg, filtered, and concentrated.

OH

3.131
Alcohol 3.131.” The organic layer was dried over sodium sulfate and the solvent was evaporated
off with a rotary evaporator. This provided 1.99 g of 3.131 as a white solid. Yield: 99%. *H NMR
(400 MHz, CDCls) § 7.492 (d, J=27.3 Hz, 1H), 7.25-7.13 (m, 8H), 5.97 (s, 1H), 2.34 (s, 1H), 2.23
(s, 3H).
OH
3.132
Alcohol 3.132.%* The organic layer was dried over sodium sulfate and the solvent was evaporated
off with a rotary evaporator. This provided 1.80 g of 3.132 as a yellow solid. Yield: 90%. 'H NMR
(400 MHz, CDCl3) & 7.600 (dd, J=1.44, 7.52 Hz, 1H), 7.41-7.23 (m, 8H), 6.241 (d, J=2 Hz, 1H),

2.306 (s, 1H).
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OH

3.133
Alcohol 3.133.7 The organic layer was dried over sodium sulfate and the solvent was evaporated
off with a rotary evaporator. This provided 1.80 g of 3.133 as a yellow oil. Yield: 70%. *H NMR
(400 MHz, CDCl3) & 8.03 (d, J=8.02 Hz, 1H), 7.87-7.80 (m, 2H), 7.63 (d, J=7.12 Hz, 1H), 7.45-

7.24 (m, 8H), 6.52 (d, J = 4.0 Hz, 1H), 2.37 (d, J = 4.0 Hz, 1H).

Chiral Alcohol Synthesis:

O OH OH OH
MgCl |

o - ﬁ ]
3.79 3.78 3.80

Alcohol 3.80.54 Phenyl magnesium chloride 2.0 M solution in THF (3.79, 4.10 g, 30.0 mmol) was
added dropwise to a cooled solution of 1.22 g (10.0 mmol) of salicylaldehyde 3.78 in 1 mL THF.
The reaction was warmed to room temperature and to stir overnight. It was quenched with aqueous
NH4Cl and water, extracted with ethyl acetate, and the organic layer was washed with brine. The
organic layer was dried over sodium sulfate and the solvent was evaporated off with a rotary
evaporator. This provided 1.90 g of 3.80 as a yellow solid. Yield: 95%. *H NMR (400 MHz,
CDCls) § 8.00 (s, 1H), 7.37-7.29 (m, 5H), 7.18-7.14 (m, 1H), 6.88-6.77 (m, 3H), 5.96 (s, 1H), 3.11

(s, 1H). 57
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OH OH OH O

3.80 3.81

Benzophenone 3.81.”° An oven dried flask was charged with 1.00 g (5.00 mmol) of alcohol 3.80,
dissolved in 16.7 mL of anhydrous acetonitrile, and put under an atmosphere of argon. Then 1.65
g (5.50 mmol) of Bobbitt’s salt was added. The flask was purged with argon. The reaction was left
to stir overnight at room temperature. The reaction was quenched with saturated sodium
bicarbonate aqueous solution. The aqueous layer was extracted 3x16 mL DCM. The organic layers
were combined and washed with brine. The organic layer was dried over sodium sulfate and
concentrated via rotary evaporation. The residue was purified by silica gel chromatography, (10%
ethyl acetate/90% hexanes) This provided 0.861 g of 3.81 as a yellow oil. Yield: 60%. 'H NMR
(400 MHz, CDCl3) § 12.08 (s, 1H), 7.71-7.69 (m, 2H), 7.63-7.59 (m 2H), 7.53 (tt, J= 1.56, 7.84

Hz, 3H), 7.10 (dd, J=0.96 8.4 Hz, 1H), 6.90 (td, J= 1.12, 7.22 Hz, 1H).

OH O OH OH
3.81 (R)-3.80

Alcohol (R)- 3.80.”7 To an oven dried test tube, 0.100 g (0.504 mmol) of benzophenone 3.81 was
added and dissolved in 1.7 mL THF. The test tube was put under argon and cooled to -15 °C in a
salted ice bath. A solution of (-)-DIP-chloride in hexanes, was added dropwise to the reaction. The
reaction stirred at -15 °C for 3 hours. The reaction was warmed to 0 °C and stirred for 15 minutes.
To the reaction mixture at 0 °C a solution of 0.04 g of H202 (30 w%) in 1.5 mL DI water was
added dropwise. The mixture was extracted 3x1 mL ethyl acetate, washed with NaHSO3, DI water,
and brine. The organic layers were combined, dried over sodium sulfate, and concentrated. The
residue was purified by silica column chromatography (3% ethyl acetate, 97% hexanes). This
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provided 1.80 g of (R)- 3.80 as a yellow oil. Yield: 86%. *H NMR (400 MHz, CDCls) & 8.00 (s,
1H), 7.37-7.29 (m, 5H), 7.18-7.14 (m, 1H), 6.88-6.77 (m, 3H), 5.96 (s, 1H), 3.06 (s, 1H). Chiral
HPLC analysis: Chiralcel OD (hexanes/isopropanol = 80/20, 1 mL/min, 254 nm, 25 °C): t;= 13

min, tz= 14 min. [a]=-22.0 (c: 2.84, DCM)®%3

OH OH SO OH
(R)-3.80 (R)-3.82

Alcohol (R)- 3.82 %°:To a round bottom flask, 0.300 g (1.50 mmol) of (R)- 3.80, 0.386 g (2.25
mmol) of phenyltrimethylammonium chloride, and 0.292 g of Cs>CO3z (0.90 mmol). The flask was
put under an atmosphere of argon. Then everything was dissolved in 3 mL of anhydrous toluene.
The reaction was heated to reflux and left to stir overnight. The reaction was cooled to room
temperature and quenched 1 M HCI. The organic layer was washed with water, dried over sodium
sulfate, and concentrated. This provided 0.209 g of (R)- 3.82 as a white solid. Yield: 65%. *H NMR
(400 MHz, CDCl3) & 7.44-7.26 (m, 7H), 7.00-6.92 (m, 2H), 6.10 (s, 1H), 3.84 (s, 3H). Chiral HPLC
analysis: Chiralcel AD (hexanes/isopropanol = 95/5, 1 mL/min, 254 nm, 25 °C): ti=4 min, tt=5

min. [a]=-8.35 (c: 0.15, DCM)

NH
~o OH ~o Q)J\CCIg
(R)-3.82 (R)-3.83

(R)-Trichloroacetimidate 3.68.° (R)-2-methoxyphenyl(phenyl)methanol 3.82 (0.190 g, 0.887
mmol) was added to a flame-dried round bottom flask under argon atmosphere. Dry methylene

chloride (3.5 mL) was added, followed by 1,8-diazabicyclo[5.4.0Jundec-7-ene (0.013 g, 0.089
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mmol). The reaction stirred at room temperature for 5 minutes. The reaction was cooled to 0 °C in
an ice bath and trichloroacetonitrile (0.166 g, 1.15 mmol) was added via syringe. The reaction was
warmed to room temperature and stirred overnight. The solvent was removed under vacuum. The
residue was purified by a silica column and flash chromatography with the eluent of 95% hexanes,
5% ethyl acetate plus 5% triethylamine to provide 0.278 g of (R)- 3.83 as a white solid. Yield:
87%. 'H NMR (400 MHz, CDCls3) & 8.27 (s, 1H), 7.42-7.38 (m, 3H), 7.26-7.15 (m, 5H), 6.89 (t,
J =175, Hz, 1H), 6.80 (d, J = 8.2 Hz, 1H), 3.75 (s, 3H); 1*C NMR (100 MHz, CDCl3) & 161.3,
156.4, 139.7, 129.1, 128.5, 128.3, 127.8, 127.0, 126.8, 120.7, 110.7, 91.7, 76.2, 55.6. [a]= -4.59

(c: 0.494, DCM) .22

General Procedure for pyrazole alkylation:
A round bottom flask was charged with imidate (1 equiv), pyrazole (1 equiv), and CSA (0.2 equiv)

and put under an atmosphere of argon. Dry DCE was added to form a 0.25 M solution and the
flask was heated to reflux (85 °C). The reaction was left to stir at reflux for 4h. After 4h, the
reaction was cooled to room temperature and purified by dry loading silica gel flash column

chromatography.

N Ph
—~ /N‘<
N

3.92

Pyrazole 3.92. Yield 77%; Rt = 0.37 (5% EtOAc/95% hexanes); IR (film):3129, 3030, 2936,
1493, 1310, 960, 696, 617 cm™*; *H NMR (400 MHz, CDCI3) § 7.50 (s, 1H), 7.39-7.30 (m, 4H),

7.24 (d, J= 7.6 Hz, 2H), 5.48 (q, J= 7.0 Hz, 1H), 1.89 (d, J= 7.0 Hz, 3H); *C{1H} NMR (100
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MHz, CDCI3) & 141.1, 137.5, 128.9, 128.2, 126.4, 126.0, 109.9, 61.9, 21.1; Anal Calcd for

Cu1H1:1CIN2: C, 63.93; H, 5.36; N, 13.55; Found: C, 63.86; H, 5.00; N, 13.57.

N
N\l
Q/L cl
MeO 304
Pyrazole 3.94.% Yield 97%; Rs = 0.26 (5% EtOAc/95% hexanes); *H NMR (400 MHz, CDCI3) &
7.33 (s, 1H), 7.20 (s, 1H), 7.05 (d, J= 8.4 Hz), 6.75 (d, J= 8.4 Hz, 2H), 5.27 (q, J= 7.4 Hz, 1H),

3.65 (s, 3H), 1.71 (d, J= 7.4 Hz, 3H); 8C{1H} NMR (100 MHz, CDCI3) & 159.4, 137.3, 133.0,

127.8, 125.8, 114.2, 109.7, 61.4, 55.3, 21.1

3.96
Pyrazole 3.96. Yield 67%; mp: 92-94 °C; Rt = 0.28 (5% EtOAc/95% hexanes); IR (film): 3112,
3047, 2991, 2952, 1388, 1313, 838, 747 cm™; 'H NMR (400 MHz, CDCI3) & 7.69 (d, J= 7.2 Hz,
3H), 7.56 (s, 1H), 7.38-7.35 (m, 3H), 7.26 (s, 1H), 7.19 (d, J= 8.2 Hz, 1H), 5.48 (g, J= 7.2 Hz, 1H),
1.83 (d, J= 7.2 Hz, 3H); 3C{1H} NMR (100 MHz, CDCI3) & 138.3, 137.6, 133.2, 133.0, 128.8,
128.1, 127.7, 126.5, 126.4, 126.1, 125.3, 124.3, 110.0, 62.0, 21.1; Anal Calcd for C17H13CIN2O3:

C,70.18; H, 5.10; N, 10.91; Found: C,70.14; H, 5.05; N, 10.87.

Cl

Ph
T

N Ph

3.98
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Pyrazole 3.98. Yield 59%; mp: 100-103 °C; Rf = 0.35 (5% EtOAc/95% hexanes); IR (film): 3108,
3027, 2927, 1520, 726, 694 cm™; *H NMR (400 MHz, CDCI3) & 7.42 (s,1H), 7.26-7.22 (m, 6H),
7.13 (s, 1H), 7.00-6.99 (m, 4H), 6.61 (s, 1H); *C{1H} NMR (100 MHz, CDCI3) & 138.8, 138.2.
128.8, 128.4, 128.2, 127.6, 110.0, 70.3; Anal Calcd for C16H13CIN2: C, 71.51; H, 4.88; N, 10.42;

Found: C, 71.58; H, 4.82; N, 10.19.

/©)\Ph
cl

3.100
Pyrazole 3.100. Yield 76%; R = 0.46 (5% EtOAc/95% hexanes IR (film): 3133, 3096, 1490, 967,
735 cm™; 'H NMR (400 MHz, CDCI3) & 7.42 (s, 1H), 7.27-7.21 (m, 5H), 7.14 (s, 1H), 7.01-6.99
(m, 2H), 6.92 (d, J= 8.8 Hz, 2H), 6.56 (s, 1H); 3C{1H} NMR (75 MHz, CDCI3) & 138.5, 138.3,
137.5,134.3,129.5, 129.0, 128.9, 128.7, 128.3, 127.6, 110.6, 69.6; Anal Calcd for C16H12CIN>: C,
63.39; H, 3.99; N, 9.24; Found: C, 63.19; H, 3.94; N, 9.59.

73

N

@K%

3.104
Pyrazole 3.104. Yield 98%; mp: 70-72 °C; R¢= 0.35 (5% EtOAc/95% hexanes); IR (film): 3129,
3055, 2919, 1512, 1293, 990, 735 cm™; 'H NMR (400 MHz, CDCI3) & 7.41 (s, 1H), 7.24-7.22 (m,
3H), 7.13 (s, 1H), 7.06 (d, J= 7.6 Hz, 2H), 6.98 (d, J= 6.9 Hz, 2H), 6.91 (d, J= 7.6 Hz, 2H), 6.57

(s, 1H), 2.25 (s, 3H); BC{1H} NMR (100 MHz, CDCI3) 5 13.1, 138.3, 138.2, 135.8, 129.5, 128.8,
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128.3, 128.2, 128.0,127.5, 109.9, 70.1, 21.2; Anal Calcd for C17H1sCIN2: C,72.21; H, 5.35; N,

9.91; Found: C,71.20; H,5.20; N,9.74.

3.106
Pyrazole 3.106. Yield 85%; mp: 89-92 °C; Rf = 0.36 (5% EtOACc/95% hexanes); IR (film): 3099,
3029, 2920, 1488, 1299, 964, 708 cm™; *H NMR (400 MHz, CDC13) § 7.55 (s, 1H), 7.39-7.37 (m,
3H), 7.30-7.16 (m, 4H), 7.09-7.07 (m, 2H), 6.90 (s, 1H), 6.72 (d, J= 7.39 Hz, 1H), 2.23 (s, 3H);
13C{1H} NMR (100 MHz, CDCI3) § 138.3, 138.2, 137.2, 136.6, 130.9, 128.9, 128 .4, 128.3, 128.1,
127.7, 126.4, 109.9, 67.6, 29.7, 19.2; Anal Calcd for C17H1sCIN2: C,72.21; H, 5.35; N, 9.91;

Found: C,71.94; H,5.44; N,9.81.

3.108
Pyrazole 3.108. Yield 71%; Rt= 0.30 (5% EtOAc/95% hexanes); IR (film): 3132, 3030, 2835,
1610, 1510, 1247, 730 cm®; H NMR (400 MHz, CDCI3) § 7.41 (s, 1H), 7.24-7.22 (m, 3H), 7.13
(s, 1H), 6.97-6.95 (m, 4H), 6.79-6.77 (m, 2H), 6.55 (s, 1H), 3.69 (s, 3H); 3C{1H} NMR (100
MHz, CDCI3) 6 159.6, 139.4, 138.2, 130.8, 129.7, 128.8, 128.2, 127.8, 127.5, 114.2, 109.9, 69.8,

55.3; Anal Calcd for C17H15CIN2O: C,68.34; H, 5.06; N, 9.38; Found: C, 68.39; H, 4.97; N, 9.41.
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3.110
Pyrazole 3.110. Yield 98%; Rs = 0.30 (5% EtOAc/95% hexanes); *H NMR (400 MHz, CDCI3) §
7.42 (s, 1H), 7.25-7.23 (m, 3H), 7.16 (s, 1H), 6.98 (d, J= 6.6 Hz, 2H), 6.67 (d, J= 7.7 Hz, 1H), 6.49
(m, 3H), 5.86 (s, 2H); ¥C{1H} NMR (100 MHz, CDCI3) & 148.1, 147.7, 139.0, 138.3, 132.6,
128.8, 128.3,127.9, 127.5, 122.1, 109.9, 108.8, 108.4, 101.4, 69.9; Anal Calcd for C17H13CIN20:

C,65.29; H, 4.19; N, 8.96; Found: C,65.27; H, 4.14; N, 8.63.

N
N N
4,
MeO
3.115
Pyrazole 3.115. Yield: 92%; Rt = 0.32 (10% EtOAc/90% hexanes); IR (film): 3124, 2999, 2933,
2834, 1612, 1511, 1244 cm™; TH NMR (400 MHz, CDCI3) & 7.46 (s, 1H), 7.32 (s, 1H), 7.20 (d,
J=8.6 Hz, 2H), 6.90 (d, J= 8.6 Hz, 2H), 5.19 (s, 2H), 3.82 (s, 3H); *C{1H} NMR (100 MHz,
CDCI3)6159.7,137.7,129.5,127.6, 126.9, 114.3, 110.2, 56.3, 56.3; Anal Calcd for C11H11CIN2O:

C, 59.33; H, 4.98; N, 12.58; found: C, 59.44;H, 4.92; N, 12.83.

. Ph

N
3.116

Cl

Pyrazole 3.116.7® Yield 73%; R = 0.31 (10% EtOAc/90% hexanes); *H NMR (400 MHz, CDCI3)
8 7.49 (s, 1H), 7.37-7.33 (m, 4H), 7.24-7.22 (m, 2H), 5.23 (s, 2H); *C{*H} NMR (100 MHz,

CDCls) 6 137.9, 135.8, 130.0, 128.4, 127.9, 127.3, 110.3, 56.7.
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N
N\l
o,
cl 3.119
Pyrazole 3.119. Yield 37%; 52-55 °C; Rt = 0.27 (5% EtOAc/95% hexanes); IR (film): 3129, 3045,
2943, 1492, 970, 755 cm; 'H NMR (400 MHz, CDCI3) § 7.37 (s, 1H), 7.25-7.22 (m, 4H), 7.05
(d, J= 8.3 Hz, 2H), 5.11 (s, 2H); 13C{1H} NMR (100 MHz, CDCI3) & 138.2, 134.4, 134.3, 129.1,

128.9,127.2,110.6, 55.9; Anal Calcd for C1gHsCI2N2: C,52.89; H, 3.55; N, 12.34; found: C, 52.81;

H, 3.54; N, 12.17.

3.121
Pyrazole 3.121. Yield 62%; mp: 164-168 °C; Rt = 0.3 (30% EtOAc/70% hexanes); *H NMR (400
MHz, (CD3)2S0) & 8.13 (s, 1H), 7.95-7.88 (m, 4H), 7.58 (s, 1H), 5.85 (s, 2H); 3C{1H} NMR (100
MHz, (CD3)2SO) 6 167.2, 138.7, 135.5, 131.6, 129.5, 124.1, 109.2, 52.8; Anal Calcd for

C12HsCIN3O2: C,55.08; H, 3.08; N, 16.06; Found: C,54.73; H, 2.88; N, 16.40.

Br.
\Il\/\\/N

N

»g

3.125
Pyrazole 3.125. Purified by silica chromatography 5% EtOAc/Hexanes to give product as
colorless oil. Yield: 70%. IR (film): cm™; Rt 0.37 (5% EtOAc/95% hexanes); *H NMR (400 MHz,

CDCls) §7.38 (s, 1H), 7.25-7.17 (m, 4H), 7.10 (d, J= 6.7 Hz, 2H), 5.35 (g, J= 7.0 Hz, 1H), 1.75 (d,
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J=7.0 Hz, 3H); 3*C{*H} NMR (100 MHz, CDCl3) § 141.1, 139.6, 128.9, 128.2, 128.1, 126.4, 93.1,
61.9, 21.2; Anal Calcd for C11H11BrN2: C, 52.61; H, 4.42; N, 11.16; Found: C, 52.51; H, 4.46; N,

11.28.

T

N

4

3127
Pyrazole 3.127. Purified by silica chromatography 5% EtOAc/Hexanes to give product as
colorless oil. Yield: 70%. IR (film): 3109, 2978, 1493, 960, 696 cm™; Rf 0.37 (5% EtOAc/95%
hexanes); *H NMR (400 MHz, CDCls) & 7.58 (s, 1H), 7.44 (s, 1H), 7.39-7.23 (m, 5H), 5.53 (q, J=
7.0 Hz, 1H), 1.90 (d, J= 6.9 Hz, 3H); *C{*H} NMR (100 MHz, CDCls) § 144.2, 141.1, 132.4,

128.9,128.2,126.4,61.7,56.2, 21.3; Anal Calcd for C11H11IN2: C, 44.32; H, 3.72; N, 9.40; Found:

e

3.129

C, 44.02; H, 3.44; N, 9.03

Pyrazole 3.129.7° Purified by silica chromatography 5% EtOAc/Hexanes to give product as
colorless oil. Yield: 52%. R¢ 0.22 (5% EtOAc/95% hexanes); *H NMR (400 MHz, CDCls) § 7.20-
15 (m, 2H), 7.13-7.09 (m 1H), 6.99 (d, J= 7.4Hz, 2H), 5.73 (s, 1H), 5.24 (g, J= 7.0 Hz, 1H), 2.18
(s, 3H), 1.99 (s, 3H), 1.81 (d, J= 7.0 Hz, 3H); *C{*H} NMR (100 MHz, CDCl3) § 146.9, 143.0,
138.9, 138.6, 127.2, 125.9, 105.6, 57.3, 21.8, 13.8, 11.2

/N\
“
N Ph

3.130
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Benzotriazole 3.130.%8 Yield 56%; Purified by silica chromatography 5% EtOAc/Hexanes to
give product as colorless oil. Yield: 56%. Rs 0.25 (5% EtOAc/95% hexanes); *H NMR (400
MHz, CDCl3) § 7.94-7.91 (m, 2H), 7.46-39 (m, 2H), 7.38-7.31 (m, 5H), 6.20 (g, J= 7.1 Hz, 1H),
2.18 (d, J= 7.1 Hz, 3H); ¥C{*H} NMR (100 MHz, CDCls) § 144.2, 140.3, 128.8, 128.3, 126.6,

126.2, 118.2, 66.2, 21.4
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Chapter 4 — New Reactions Mediated by Oxoammonium Salts
Abstract:

Oxoammonium salts are commonly used to oxidize alcohols to aldehydes or ketones, but
these reagents may also be used in a number of other oxidative transformations which are useful
in organic chemistry. Taking advantage of these reagents, a new tandem elimination-oxidation
process of tertiary alcohols has been discovered, synthesizing a protected allylic alcohol. Data
suggests that the transformation first proceeds through elimination of the alcohol mediated by the
oxoammonium salt. Then the allylic oxidation proceeds through an ene type mechanism.
Additionally, the tetramethylpiperidine derived from the oxoammonium salt also serves as a
protecting group for the newly generated allylic alcohol, resulting in a process with high atom

economy. The optimization and scope of the reaction has been investigated.

N-Oxoammonium salts are also shown to be useful reagents for the metal free 1,2-
difunctionalizations of alkenes with heteroatom nucleophiles. While many transformations for the
1,2-addition of heteroatoms to alkenes have been developed, most are dependent on transition
metals. Rarer are alkene difunctionalizations that utilize nonmetallic reagents, with most of these
reactions relying on photochemical or radical conditions. Investigating these N-oxoammonium salt
mediated additions provides a new method for the elaboration of alkenes into molecules with
significantly greater complexity. The determination of the stereochemistry of the products of an
amino-oxidation with N-oxoammonium salts was also accomplished. Attempts to improve the
diastereoselectivity of this process were explored. Investigations have also been initiated to
perform these alkene difunctionalizations in an enantioselective manner utilizing anionic phase
transfer catalysis. Expansion of the N-oxoammonium salt mediated additions of alkenes with

primary alcohols, water, and isatin was also initiated.
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Introduction:

The oxidation of alcohols to the corresponding aldehyde and ketones using an
oxoammonium salt was first reported by Golubev.! These N-oxoammonium salts were attractive
reagents for these oxidations because they are environmentally benign and recyclable, unlike
established chromium-based reagents or other toxic reagents based on heavy metals.>  These
oxoammonium reagents have been shown to oxidize alcohols either stoichiometrically or
catalytically (Scheme 4.1).* These oxidations can be performed under near neutral conditions in
dichloromethane with silica gel,> or under basic conditions typically with pyridine bases.
Typically, these stoichiometric oxidations are colorimetric reactions, changing color from red to
yellow as the oxidation proceeds. A variety of alcohols oxidized to the corresponding aldehyde or
ketone using these methods, including allyl, benzyl, primary, and secondary alcohols. However,
primary aliphatic alcohols react slowly, requiring long reaction times (often greater than 24 h). In
fact, other functionally present in the molecule would often react before oxidation of the primary
alcohol would occur, resulting in lower yields. Additionally, the presence of a -oxygen or B-
nitrogen group is usually not tolerated.® For example, a t-butyldimethylsilyl group on the alcohol
is often lost during the reaction, causing a mixture of products. A f-Oxygen or -nitrogen may
coordinate to the nitrogen of the oxoammonium salt, hindering the reaction.® When oxidizing
alcohols in the presence of pyridine bases, unless there is substitution in the 2- and 6-positions on
the pyridine base, the ester of the two alcohols will form, not the desired aldehyde or ketone.®
These optimized conditions utilizing 2,6-lutidine and oxoammonium salt 4.2 were useful in

oxidizing a-trifluoromethyl alcohols to the corresponding ketone.”
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Scheme 4.1. Stoichiometric Oxidations with Oxoammonium Salts
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Some drawbacks of using stoichiometric amounts of oxoammonium salts include the salts
can be possibly hygroscopic and unstable, generating unwanted reactivity, the nitroxides are not
always commercially available, and the oxidation efficiency often varies based on the counter ion.
For example, chloride salts oxidize primary alcohols faster than perbromides, nitrates and
tetrafluoroborates.® A number of catalytic conditions have been developed, typically generating
the oxoammonium cation in situ from the nitroxide. This is done by adding another oxidant such
as sodium hypochlorite (NaOCI, commercial bleach) to generate the oxoammonium cation.® More
recently AZADO salts have be synthesized and utilized in alcohol oxidations.® Using the AZADO
salts under aerobic conditions with t-butyl nitrite as a co-catalyst, primary alcohols were readily
oxidized to the corresponding aldehyde. Additionally, this method is tolerant of many protecting
groups. This may be due to an enhanced catalytic efficiency that has been reported for AZADO

nitroxyl radicals attributed to the tricyclic structure.°
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Scheme 4.2. Catalytic Oxidations with Oxoammonium Salts
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The mechanism of the oxidations of primary and secondary alcohols with oxoammonium
salts has been investigated.® 1! It was found that the reaction pathway and reaction rates change
depending on the pH of the reaction medium. Under neutral or acidic conditions, the oxidation is
thought to occur through a cyclic intermediate formed by a hydrogen bond between the nitrogen
of the oxoammonium and the hydrogen of the alcohol (Scheme 4.3, eq 1). It was also found that
the counter ions of the oxoammonium salt effect the reaction rates. For example, the chloride ion
reacts faster than the perchlorate or tetrafluoroborate ions. However, the reaction rates using the
perchlorate and tetrafluoroborate ions are increased when silica gel is used as a catalyst.®
Additionally, this mechanism supports the lack of reactivity with alcohols that have B-oxygens
(ethers or esters), since the -oxygen could interfere with the initial hydrogen bonding to the
alcohol. Under basic conditions, an alkoxide intermediate attacks the nitrogen of the
oxoammonium salt. From there a hydride is abstracted generating the desired carbonyl and the
hydroxylamine (Scheme 4.3, eq 2). However, since the base would neutralize the hydroxylamine,
an excess of base and oxoammonium salt is needed. The hydroxylamine is then reoxidized by a

terminal oxidant such as NaOCI. Typically, sodium bromide is added as a co-catalyst to form
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hypobromite and reduce chlorination side products (Scheme 4.3, eq 3).12 13 It is possible to get the
carboxylic acid under catalytic conditions in aqueous medium as well.**

Scheme 4.3. Mechanisms of 1° and 2° Alcohol Oxidations With Oxoammonium Salts
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Tertiary alcohols have also been reported to react with oxoammonium salts. For example,
several groups have reported an oxidative rearrangement of tertiary allylic alcohols to B-substituted
a-B-unsaturated ketones using oxoammonium salts.!**® This method is attractive because it
accesses synthetically useful a-p-unsaturated ketones without the use of metal-based reagents. This
rearrangement has also been reported utilizing hypervalent iodine reagents, such as IBX, either as
a catalyst or co-catalyst to provide the a-B-unsaturated ketones.'* 6 This oxoammonium mediated

rearrangement occurs more rapidly when bulkier and poorly nucleophilic anions, such as BF4 or
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SbFe, are used (95% yield in 3 minutes at room temperature).'> When IBX is used as a co-catalyst
it is thought to form 104 as a counterion which enhances the reaction, consistent with previous
findings. The mechanism for this rearrangement was investigated and a possible reaction
mechanism proposed by Iwabuchi and co-workers is shown below (Scheme 4.4). The authors
propose that the oxoammonium salt with a bulkier counterion would be more electrophilic,®
allowing the nucleophilic attack on the nitrogen of the oxoammonium salt forming intermediate
4.20. Once this intermediate is formed there are two possible pathways to give the product, either
via an allylic cation (intermediate 4.21) or a concerted intramolecular rearrangement that proceeds
from 4.20 to intermediate 4.26.

Scheme 4.4. Tertiary Alcohol Oxidation Mechanism
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Recently we started to evaluate the reactivity of tertiary benzylic alcohols with
oxoammonium salts (Scheme 4.5). It was found these substrates rapidly provided allylic ethers
like 4.28 in a single step. This ether can later be cleaved under reductive conditions to provide the
corresponding allylic alcohol. In earlier work, the rearrangement going from a tetralin to a
protected allylic alcohol, such as 4.28, usually involves multiple steps including a Wittig
olefination, oxidation with selenium, and then protection of the alcohol.*” 18 Since this new method
with the oxoammonium salt was more efficient and atom economical, this transformation was

further investigated.
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Scheme 4.5. Tertiary Benzylic Alcohol Oxidations using An Oxoammonium Salt
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N-oxoammonium salts are also known to activate alkenes, providing a method for
transforming the alkene to a more complex substrate. These reactions include allylic oxidation
reagents'®, C-H activation,?® 2! and the addition of nucleophiles to the alkene.?? For example, a
number of 1,2-difunctionalization reactions of alkenes mediated by oxoammonium salts are shown
in Scheme 4.6. The first reported activation of alkenes for nucleophilic attack was by Endo and
co-workers, who found that oxoammonium salt 4.29 gave chloro-oxidation product 4.31 when
exposed to 4-methoxystyrene 4.30.2 Later the electrophilic addition of the nitrate salt 4.32 and
silylated heterocycles (4.34) to enol ethers (4.33) was reported by Brower and co-workers.?* It was
noted that reactions with nitrate salt 4.35 had limited scope which included only enamides and
enol ethers, styrenes were unreactive to these conditions. For example, reaction with 4-
methoxystyrene 4.30 gave no addition products when using nitrogen nucleophiles.?* Liu and co-
workers recently used the perchlorate salt 4.36 and TMSCN in a carboetherification of enol

ethers?® and vinyl azides.?
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Scheme 4.6. Recent N-Oxoammonium Salt Mediated Additions to Alkenes
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A proposed mechanism by Liu and co-workers is shown below in Scheme 4.7 for the
oxycyanation of vinyl ethers. Initially, the oxoammonium salt and the alkene form an electron
donor-acceptor (EDA) complex like 4.40. After formation of EDA complex 4.40, a single electron
transfer pathway leads to radical cation 4.41. Subsequently, a radical-radical recombination forms
a C-0 bond and cation 4.42. A nucleophilic cyanation then provides desired product, alkoxynitrile

4.43.
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Scheme 4.7. Proposed Mechanism of Addition to Alkenes
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The oxoammonium salt has also been shown to be a source of electrophilic oxygen. Given
this reactivity, it is perhaps unsurprising that the salt reacts with an electron-rich alkene to give 1,2
addition products via a carbocation intermediate. The literature has also reported alternative
reactivity of oxoammonium salts and alkenes, where the alkene reacts in an ene-like fashion with
trisubstituted alkenes to provide allylic alkoxyamines, such as 4.45. In this case the alkene attacks
the electrophilic oxygen of the oxoammonium and =-bond of the oxoammonium abstracts the
allylic proton, resulting in the transposition of the n-bond.

Scheme 4.8. Ene-like Addition to Trisubstituted Alkenes
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Recently, our group has started exploring the reactivity of N-Oxoammonium salt 4.2 in
additions to 4-methoxystyrene 4.30 with aniline 4.46 (Scheme 4.9). While similar products can be

synthesized using copper catalysts,?’ these transformations typically require high temperatures and
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long reaction times. The oxoammonium salt mediated reactions occur under mild conditions
without the use of high heat or light, which minimizes the need for special equipment or complex
protocols. Oxoammonium salt 4.2 (4-(acetylamino)-2,2,6,6-tetramethyl-1-oxo-piperidinium
tetrafluoroborate)?-3° was chosen as the oxoammonium salt of choice because this reagent is stable
and can be synthesized on large scale from inexpensive starting materials.

Scheme 4.9. Alkene Amino-Oxidations Mediated by N-Oxoammonium Salts
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Additionally, we have started investigating an enantioselective variant of this alkene
difuctionalization utilizing anionic phase transfer catalysts, such as 4.48 shown in Figure 4.1.3%: 3
Typically, phosphoric acid catalysts are utilized in asymmetric anionic phase transfer reactions,
but the best catalysts are difficult to synthesize. This is due to the coupling reaction to install the
bulky aromatic groups at the 3,3' positions of the BINOL, which tends to be low yielding due to
sterics.®® For this system, the BINOL was also evaluated as a phase transfer catalyst. In this
scenario, the phenols will act as the phase transfer catalyst by becoming deprotonated and acting
as the solubilizing counterion for the oxoammonium salt. By removing the phosphate group and
interacting directly with the diol the ion pair should be seated deeper in the chiral pocket, therefore,
we predict that smaller groups at the 3,3'-positions will result in similar enantioinduction.
Normally, BINOL is not acidic enough to be deprotonated by a weak insoluble base like sodium
carbonate (pKa of ~11 in DMSO), with unfunctionalized BINOL having a pKa of ~13 in DMSO.

However, the addition of electron withdrawing phenyl groups at the 3,3'-positions significantly
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lowers the pKa. For example, the 3,3'-bis(3,5-bis(trifluoromethyl)phenyl)BINOL 4.48 (Figure 4.1)
recently was shown as having a pKa of 9.7 in DMSO.3* To evaluate the possibility of using chiral
anionic phase transfer catalysts to influence the stereochemical outcome of the alkene
difunctionalization, preliminary experiments were done with the chiral phosphoric acid catalyst
(R)-TRIP 4.49. This catalyst has been previously shown to function well in asymmetric anionic
20, 32, 35-37

phase transfer transformations with oxoammonium salts.

Figure 4.1. Anionic Phase Transfer Catalysts
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In addition to the work on the elimination/oxidation of benzylic alcohols, our group has
also explored the reactivity of oxoammonium salt 4.2 in additions to electron-rich alkenes with
electron-poor anilines (Scheme 4.9). An investigation of other nucleophiles with oxoammonium
salt 4.2 has now been initiated using alcohols, water, and isatin, and this will be reported in the

second part of the chapter.

Results and Discussion
Part 1: Exploring a New Elimination-Oxidation of Tertiary Alcohols With Oxoammonium
Salts

Initially the reaction of alcohol 4.27 and oxoammonium salt 4.23% 38 was evaluated (Scheme
4.10). Combining one equivalent of the alcohol with the oxoammonium salt 4.2 in acetonitrile

provided quick conversion to a new compound, alkene 4.28. This structure was assigned based on
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the *H, °C, and DEPT-135 NMR spectra, which showed the presence of three methylenes, and
one of the methylenes was part of an alkene, as well as the incorporation of the 4-acetamido-
2,2,6,6-tetramethylpiperidinyl (ACT) group into the structure. This transformation was notable as
in other cases a similar rearrangement of functionality (going from tetralin to a protected allylic
alcohol like 4.28) requires multiple synthetic operations. These typically include a Wittig reaction
on the ketone, oxidation with selenium (or another reagent), and then the protection of the allylic
alcohol.®® %0 Since this transformation occurred in a single step, making it highly atom
economical,* the reaction was explored further.

Scheme 4.10. Reaction of tertiary alcohol and oxoammonium salt
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The formation of the allylic ether product 4.28 can be explained from the mechanistic rationale
shown in Scheme 4.11. As the allylic oxidation of electron rich alkenes utilizing oxoammonium
salts has been established, and was shown to proceed through an ene type process by Bailey and
co-workers,*? it was assumed that the trisubstituted alkene 4.51 was an intermediate in the reaction.
To confirm that the alkene 4.51 was indeed an intermediate in this transformation, the alkene was
synthesized via the known route*® and subsequently subjected to oxoammonium salt 4.2 in
acetonitrile. This gave the allylic ether product 4.28 in good yield of 67%. It is possible that the
elimination reaction leading to alkene 4.51 may be an acid catalyzed by HBF4 being formed from
the addition of the tertiary alcohol to the oxoammonium salt, generating intermediate 4.50. On the
other hand, the oxoammonium salt is also known to react with primary and secondary alcohols to
form N-oxides similar to 4.50. These N-oxides then go on provide the corresponding aldehyde or
ketone as the product. It is envisioned that the N-oxide intermediate 4.50 may form via reaction
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with the tertiary alcohol, and direct elimination could occur removing the necessary hydrogen. A
similar mechanistic step was proposed by Bobbitt in allylic oxidations of indole derivatives with
oxoammonium salt 4.2.* The hydrate of the oxoammonium salt (4.52) may regenerate the
oxoammonium salt by dissociating water, the regenerated oxoammonium salt can proceed with
the allylic oxidation. Intermediates similar to 4.50 have been proposed in TEMPO catalyzed allylic
rearrangements of tertiary allylic alcohols to o,B-unsaturated ketones.*® The final work up of the
reaction is a wash with sodium bicarbonate, which would provide the final product 4.28 by
deprotonating the ammonium salt.
Scheme 4. 11 Proposed Mechanisms for the Elimination-Oxidation Reaction
NHAC NHAGc
%;j/ o//N® BFY
42/ M0

NHAC
HBF,

oxoammonium

Q catalyzed NHAc
ellmlnatlon
e O/N
4 51

HBF4
NHAc
acid OH N®
2 C)
catalyzed o] BF4
elimination 4.2
O\
G& ]
NHAc NHAc
4.51 4.28
- N® S
(o}g BF,
4.2

The tandem elimination/oxidation process was optimized, and the mechanism of the reaction

interrogated by changing the reaction conditions. Initial attempts focused on optimizing the yield
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of the reaction. First, a solvent screen was completed (Table 4.1). Several polar solvents were
examined, and acetonitrile gave the best yield. The effects of temperature were also explored.
However, cooling the reaction mixture gave a similar yield, while heating the reaction mixture was
unfavorable, leading to the formation of unidentifiable side products. Then the amount of
oxoammonium salt was evaluated, with 1.2 equivalents seeming to give a slightly better yield.
However, the use of a larger excess of the oxoammonium 4.2 provided lower yields, apparently
from decomposition of the product. When desiccants were added to the reaction mixture there was
a significant increase in yield. The desiccants were added to the mixture to remove the water
produced from the elimination. Silica gel, sodium sulfate, and magnesium sulfate all gave
considerable improvements to yield (Table 4.1, entries 13-15). The best yield was achieved with
activated powdered 4 A molecular sieves, that provided an 80% isolated yield of the allylic ether
product 4.28. Water may be damaging to the transformation since it may lead to forming of the
hydrate 4.52. This hydrate 4.52 cannot undergo the ene-type mechanism necessary to give the

allylic ether product.
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Table 4.1. Reaction Optimization

NHAc NHAc
>ﬁ®j<BF4® . oH conditions OACT ‘ ACT=
N (:(\/j ©f5 : / N \
o} ! e
4.2 4.27 4.28 |
Entry | equiv 1 | Solvent Additive? Temp | Time (h) | Yield
1 1 MeCN rt 2 61
2 1 HFIP rt 2 39
3 1 DMF rt 2 trace
4 1 DCM rt 2 30
5 1 MeCN 0°C 2 60
6 1 MeCN 82 °C 2 43
7 1 MeCN rt 4 61
8 1 MeCN rt 6 63
9 1 MeCN rt 8 52
10 1.2 MeCN rt 6 64
11 1.5 MeCN rt 6 60
12 2 MeCN rt 6 54
13 1.2 MeCN silica gel rt 6 65
14 1.2 MeCN Na>SO4 rt 6 70
15 1.2 MeCN MgSQO4 rt 6 72
16 1.2 | MeCN | 4 Amol sieves | rt 6 80
17 1.2 MeCN TEA rt 6 4
18 1.2 MeCN DIPA rt 6 60
19 1.2 MeCN K>CO3 rt 6 41
20 1.2 MeCN TsOH rt 6 60
21 1.2 MeCN TfOH rt 6 22

21.2 Equiv of the additive was added, for silica gel and 4 A mol sieves the same weight as salt 1 was added.

In order to gain understanding into the mechanism of the transformation, other additives were
evaluated. The addition of triethylamine significantly lowered the yield of allylic ether 4.28, which
initially could indicate HBF4 as catalyst for the elimination. However, it has been previously
observed that unhindered tertiary amines, like triethylamine, form electron donor-acceptor (EDA)
complexes with oxoammonium salts.*® These complexes have been shown to severely reduce the
reactivity of the oxoammonium salts in other transformations.” However, the use of a more
hindered amine, such as diisopropylamine (Table 4.1, entry 18), did not have the same effect in

the reaction. Instead, this gave an almost identical yield of 60% (compare entries 8 and 18 in Table
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4.1). The more hindered amine may form a less stable EDA complex, retaining the reactivity of
the oxoammonium salt, and therefore allows the oxidative transposition to still take place. The
addition of solid K2CO3 to the reaction gave 41% yield. This may be from the formation of KBF4
and the carbonate salt of the oxoammonium salt, which may be a less reactive oxidant (the
counterion has been shown to significantly affect the reactivity of the oxoammonium salt*®). Some
protic acids were also evaluated as additives since, if the elimination is acid catalyzed, these may
improve the yield of the reaction. However, no change was observed when p-toluenesulfonic acid
was added (Table 4.1, entry 20), and the addition of trifluoromethanesulfonic acid actually gave a
lower yield (Table 4.1, entry 21), possibly due to decomposition caused by the strong acid. These
results indicate that the oxoammonium salt is the reagent responsible for the elimination, since

significant amounts of product are still isolated even in the presence of hindered amine base.

A number of tertiary alcohols were evaluated in the transformation (Table 4.2) to determine
the scope of this tandem reaction. It was found that increasing the length of the carbon chain off
the tertiary alcohol still led to good yields (Table 4.2, entries 2 and 3). However, branched alkyl
groups were not tolerated in the reaction, with alcohol 4.57 provided a complex mixture of
products. This was attributed to steric effects preventing the oxoammonium cation from interacting
with the tertiary alcohol. Changing the size of the aliphatic ring (Table 4.2, entries 5 and 6) also
provided good yields. However, it was discovered that the tertiary alcohol did have to be benzylic
and part of an alkane ring, since mostly starting alcohol was isolated for alcohols 4.63 and 4.65.
The lack of reactivity seemed to be caused by slow elimination for these substrates, as
demonstrated by a control experiment with o-methylstyrene and oxoammonium salt 4.2 was
performed and provided the allylic ether 4.64 in 45% yield. Substitution on the benzene ring was

also explored (Table 4.2, entries 9-12). Adding an electron donating group onto the aromatic ring
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(Table 4.2, entry 9) only yielded trace amounts of product in the crude *H NMR. This may be from
polymerization due to carbocation formation. However, electron withdrawing groups were much
better tolerated and the allylic ether products 4.70, 4.72, and 4.74 were isolated in moderate yields
(Table 2, entries 10-12). Additionally, increasing the scale of the reaction to 6 mmols gave a similar

60% yield of allylic ether 4.28.
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Table 4.2. Scope of the Tandem Elimination-Oxidation Reaction

NHAc

NHAc

BF4® R OH 4 A mol sieves / R
® * [ i; ;OACT i ACT=
l‘\‘] g MeCN, rt, 6h N ' N
o) e
42
Entry Alcohol Product Yield
1 HO/ onct 80 (60%)
4.27
4.28
2 59
OH i:(g/OACT
4.53 4.54
3 or S/V 65
Cij\/\ oACT
4.55 4.56
4 b
4.57 4.58
5 OH 51
@6 OACT
4.60
4.59
6 ?OH \) OACT 67
4.61 4.62
7 ‘ @k ot | O
©)< 4.64
4.63
d
8 5H gj/OACT 0
4.65 4.66
9 OH OACT trace®
/[ I j MeO
MeO 4.67 4.68
10 Cl< : OJjH C|\©55/OACT 41
4.69 4.70
11 Br OfH Br< : % _OACT 36
4.71 4.72
12 NC : OJjH NC. : % _OACT 43
473 4.74

2Reaction performed on a 6 mmol (2.20 g scale). °A complex mixture resulted.
°Starting material (89%) was recovered. Starting material (60%) was recovered.
etrace amount of product detected via *H NMR.
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A single alkene isomer was isolated from alcohols 4.53 and 4.55. To determine which isomer,
a NOESY experiment on allylic ether 4.54 was performed. This determined that the Z isomer was
isolated exclusively, since a strong energy transfer was observed between the vinyl proton and one
of the protons on the aromatic ring. The stereochemistry of allylic ether 4.56 was assigned by the
same analogy. This selectivity can be rationalized by a conformational preference of the alkyl
chain to rest on the same side as the methylene (conformation B, Scheme 4.12) to avoid steric
interactions with the benzene hydrogen. Since the allylic oxidation is known to occur through an
ene-like transition state (E in Scheme 4.12), then this preference leads to the formation of the Z

alkene.

Scheme 4.12. Rational of Stereoselectivity of alkyl side chain

H\\R y R
Oy COy
A B
E oxoammonium oxoammonium
4.2 4.2

Y
4 R | T R
OACT OACT
c D

not observed

Removing the OACT group was also explored. Cleavage of this group was readily
accomplished with activated zinc metal*® in acetic acid (Scheme 4.13) to provide the allylic alcohol

product 4.75. The NMR spectra of alcohol 4.75 matched the reported values from the literature.>°
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Therefore, the ACT group can be considered to have similar reactivity as a TEMPO ether, which

can be cleaved to the alcohol*® 5! under similar conditions, in this system.

Scheme 4.13. Cleavage of ACT Ether

OACT Zn OH
AcOH
45 °C
4.28 4.75
49%

In summary, an elimination-oxidation process with an oxoammonium salt has been
explored. Available evidence indicates that the reaction occurs in two discrete steps: an elimination
that occurs via the oxoammonium salt followed by an allylic oxidation. The scope of the reaction
includes a number of tertiary alcohols. Alternative pathways to similar products require multistep

procedures to perform the same modification of functionality.

Results and Discussion
Part 2: New 1,2-Difunctionalizations of Alkenes with Oxoammonium Salts

Oxoammonium salt 4.2 was also used to investigate a single step amino-oxidation of electron
rich alkenes. Initially, electron poor anilines were used as the nitrogen source, since these systems
have been shown to behave like alcohols when alkylated with trichloroactimidates.? Additionally,
some electron poor anilines (such as 2,4-dinitroanilines) can be converted to the corresponding
amines by treatment with hydroxide to reveal the corresponding amine.>* > This reaction was
optimized by another member of the Chisholm group using 3,5-bis-trifluoromethylaniline 4.46, 4-
methoxystyrene 4.30, and oxoammonium salt 4.2 as reactants for this metal free amino-oxidation.
Yields as high as 98% could be obtained when 2,2,2-trifluoroethanol was used as the solvent.
Oxidation reactions with oxoammonium salts like 4.2 are often facilitated by the addition of an

amine base,> *® so the addition of exogenous base was evaluated. However, the addition of strong
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amine bases like DBU and TMG provided no product. The inhibition of the reaction with added
DBU was attributed to the formation of an EDA complex between the amine and the N-
oxoammonium salt (complex 4.81, Scheme 4.14). This amine EDA complex is hypothesized to
compete with the alkene, slowing formation of an EDA complex with the alkene (complex 4.77,
Scheme 4.14), which is required for the reaction to proceed as described in the proposed reaction
mechanism (Scheme 4.14).

Scheme 4.14. Proposed Mechanism of the Alkene Difunctionalizations

— - NHAc

NHAc o NHAc
e BF4 NHAc

N
@ ®
N N 417/ N

42 6 \C\) SET MeO MeO O/
MeO MeO ! S
. ‘
\ & ®
\©\/\ L \©\/\ J 478 BF,° 4.79 BF,®

4.76 477
alkene EDA = Electron Donor-Acceptor Complex
EDA complex
NHAc
NHAc ! BF4®
1 ®
A |
ﬂ» MeO /N ' N
o ' 1l
1 0
H:N BF4® : L AI’NHZ _|
H @ Ar 4.80 1 4.81
aniline
EDA complex

A number of styrenes and anilines were evaluated in this reaction (Table 4.3 and Table
4.4). First the generality of the reaction with respect to the nitrogen nucleophile was investigated
(Table 4.3). More electron poor anilines provided higher yields. This trend can be explained by
the complexation of the more basic anilines to the N-oxoammonium salt, which competes with
binding of the alkene, leading to reduced yields. This is consistent with the observation that the
addition of DBU or TMG inhibited the amino-oxidation. The aniline N-oxoammonium salt EDA

complex appears to be very sensitive to substituents on the aniline. Anilines with similar basicity

213



often perform quite differently in these transformations. For example, 2-iodoaniline (Table 4.3
entry 5) provided a 63% yield, while aniline (Table 4.3, entry 9) provided no discernable addition
product. Additionally, the use of alkyl groups on the aniline nitrogen were explored using N-
methyl-2-nitroaniline (Table 4.3, entry 8). While an addition product was formed from N-methyl-
2-nitroaniline, the N-methyl group was lost during the transformation, and the addition product
4.88 was instead isolated, indicating an oxidative demethylation of the N-methyl addition product.
Oxidative demethylation of nitroanilines has been reported with m-CPBA,%” KMnO4*® and CrOs*°
previously, evidently the oxoammonium salt also can also effect this transformation.

Table 4.3. Scope of the Amine in the Oxoammonium Salt Amino-oxidation

A™NH,
. .
A | NHAC
/©/\ 4.2 (1.2 equiv) OACT E ACT=
MeO TFE, 1t, 20 h 5 N
4.30 MeO”™ 7'82-4.89 5 ok
Entry | Amine Product Yield (%)

1 3,5-bis(trifluoromethyl)aniline 94 (4.82)

2 2-chloro-5-trifluoromethylaniline | 98 (4.83)

3 2,6-dichloroaniline 69 (4.84)
42 2-bromoaniline 61 (4.85)
52 2-iodoaniline 55 (4.86)

6 methyl 3-amino-4-chlorobenzoate | 83 (4.87)

7 2-nitroaniline 93 (4.88)
8 N-methyl-2-nitroaniline 54 (4.88)
9 aniline 0 (4.89)

3 reaction was performed for 2h Pyield is for the addition product without the N-methyl group
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Next a number of styrenes were evaluated in the amino-oxidation reaction using 2-nitroaniline

as the amine (Table 4.4). Generally, electron rich styrenes were required for good yields in the

reaction. Protected 4-aminostyrenes participated in the addition in good yields (4.92 and 4.93,

Table 4.4). 4-tert-Butyl styrene gave a 63% yield of the addition product 4.94. However, only trace

amounts of the addition product were obtained from styrene itself. This could be due to competing

polymerization. The addition of multiple electron donating groups on the styrene was explored,

with adduct 4.96 providing good yield (73%) in the amino-oxidation. 1,1-Disubstituted alkenes

were also successfully utilized, with 1,1-diphenylethyene providing an 82% yield of the amino-

oxidation product 4.97. However, simple alkyl substituted alkenes, such as 1-octene did not

participate in the addition reaction and returned only unreacted starting material. Therefore, it

appears that extended conjugation is necessary for the addition to occur.

Table 4.4. Scope of the Styrene in the Oxoammonium Salt Amino-oxidation

ACT=

NO,
X NO; 4.13 (1.2 equiv) @:
/& + NH

Y NH, TFE, rt, 20 h /}\/OACT

Y
4.94 -4.97

......................................................................................................

©:N02 NO2 ©:NOZ
NH NH NH

OACT OACT OACT
>L (o] /@2\/ o) /@2\/
O)J\ N Ph)J\ N

H 492 H 4.93 4.94
63% 50% 63%

NHAc
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The mechanistic hypothesis for this amino-oxidation was further explored using trans-
anethole 4.76. This should provide predominantly the syn product from the stepwise addition as
shown in Scheme 4.15B, while the anti-product should be preferred from the concerted transition
state shown in Scheme 4.15A. The anti-product is favored in nonpolar solvents, while the syn
product is favored in polar protic solvents which is consistent with these transition states (see
below). Kinetic studies may also be rewarding in this system. In the cationic mechanism the rate
determining step should be cation formation, so the concentration of the aniline should not
influence the reaction rate. Alternatively, in a concerted addition, the aniline concentration should
significantly influence the reaction rate. Getting insight to the mechanism will help continue to
improve the selectivity of the alkene difunctionalizations. The role of temperature is also being

explored, as greater selectivity may be accessible by lowering the reaction temperature.

Scheme 4.15. Solvent Effects in the Alkene Difunctionalizations

B
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g H OACT ! H N NHAG 499 OACT
Ar—ii 4.100 ‘ |
/ N\ 1

H H
concerted addition ' stepwise addition
favored in nonpolar solvents ! favored in polar protic solvents

Using trans-anethole 4.76 the diastereoselectivity was evaluated (Table 4.5). Both the syn
and the anti-addition products could be accessed with significant selectivity. A trend in dielectric
constant (¢) of the solvent was found, with polar protic solvents (HFIP) favoring the formation of

the syn diastereomer 4.99 while the less polar THF favored the formation of the anti-product 4.100.
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Table 4.5. Diastereoselectivity in the Oxoammonium Salt Mediated Amino-Oxidation

CF, CF
CF, .
e oxoammonium
salt 4.2
/©/\/+ NH + FRC NH
MeO
FsC NH

rt > R
4.76 4.98 oo /©/Hojﬂ Meo/©/'\°; !
4.99 4.100
Entry | Solvent | & | Yield (%) | Ratio (99:100)?
1 HFIP | 17.8 76 74:26
2 DCM | 8.9 60 60:40
3 TFE 8.5 80 48:52
4 THF | 75 52 21:79

3determined by 'H NMR in CD3sCN

The removal of the OACT group in these systems has proven to be difficult. Several
conditions have been evaluated (Table 4.6). While the removal of similar unfunctionalized
TEMPO ethers has been reported to be removed with zinc and acetic acid®®-?, these conditions did
not perform well on these substrates (Table 4.6, entries 1-4). Under those conditions, impurities
were formed that were difficult to separate from the amino-alcohol 4.102. A number of ways
reported to cleave N-O bonds or to reduce a nitro group were evaluated to remove the OACT
group.®-%8 When utilizing anhydrous nickel chloride and lithium aluminum hydride at — 78 °C to
room temperature, the OACT group was removed and product was purified by column

chromatography with an 43% yield (Table 4.6, entry 12).
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Table 4.6. Conditions Used to Cleave the N-O Bond

CF;

CF;

FsC

NH

MeO

FsC

NH

Q)K
MeO

4.101 4.102
Entry Reagent(s) Solvent Temp (° C) | Time (h) | Yield (%)
1 Zn, AcOH H20 60 16 48?2
2 Zn, AcOH H,O/THF 67 4 502
3 Zn, AcOH H>O/THF 67 72 60?

4 Zn, TMSCI, AcOH H>O/THF 34-60 6 >100?

5 RuCls*3H-0, Zn EtOH 100 16 0
6 | Mo(CO)s, NaBHs | MeCN/H;0 90 16 0
7 Mo(CO)s, EtsN MeCN/H20 80 16 0
8 Mo(CO)s EtOH reflux 16 0
9 Sml; THF/MeOH 0 7 0
10 | NiCl,*H20/NaBH4 MeOH reflux 16 0
11 CoCl> /NaBH4 MeOH reflux 16 0
12 NiCly/LiAlH4 THF -781t0 0 16 43
13 | Na(Hg), NazHPOs | EtOH/THF Otort 16 0
14 Pd/C, CSA, H2 | EtOAc/MeOH 60 16 0
15 AIBN, (Bu)sSnH toluene reflux 24 0

dimpurities present

The stereochemistry of the addition was verified by an x-ray diffraction experiment on a
cyclized piperidine derivative 4.108 once the OACT group was removed. Since the diastereomers
4.103 and 4.104 could not be separated, a modified system was explored (Scheme 4.10). The
alcohols 4.106 and 4.107 were difficult to separate as well, so they were cyclized to the
corresponding oxazolidinone 4.108 using CDI. The major diastereomer cyclized more quickly and
was separated (the remaining starting material was still a mixture of diastereomers). This
diastereomer was characterized as the trans-derivative 4.108 via x-ray crystallography, shown in
Figure 4.2, providing explicit assignment of the stereochemistry of the major stereoisomer of the

amino-oxidation. While the OACT group could be removed under oxidative conditions to directly
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provide ketone 4.105 with m-CPBA,% this made proof of the major diastereomer impossible

(Scheme 4.16).

Scheme 4.16. Functionalization of OACT Group and Proof of Stereochemistry

CF; CF3
m-CPBA /©\
F3C NH —— F3C NH
m DCM, reflux /©)\n/
OACT o
MeO MeO 4105
4.103 + 4.104 :
. ; 53%
(79:21 mixture)
LiAlH,4, NiCl,
THF
-78 °C - rt
CFs CFs
{
CDI, DMAP
FsC NH FsC N" o
DCM, rt N
4.108
64%
OH
MeO MeO (x-ray)
4.106 + 4.107

(79:21 mixture)

Figure 4.2. X-ray Structure of Oxazolidinone 4.108
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Another pressing question was if this reaction could be performed in an enantioselective
manner. To investigate this possibility, the use of chiral anionic phase transfer catalysts was
evaluated. An initial solvent screen was performed to ascertain if the reaction could occur in other
solvents, including non-polar solvents, as the ion pairing interactions necessary for high
enantioinduction with chiral anionic phase transfer catalysts perform best in nonpolar solvents. As
shown below in Table 4.7, the most polar solvent provided the best yield (Table 4.7, entry 1). More
nonpolar solvents, such as hexanes, gave a much lower yield. Increasing the time of the reaction
did increase the yield for the more nonpolar solvents (Table 4.7, entry 4).

Table 4.7. Solvent Screening for Amino-Oxidation Mediated by Oxoammonium Salt
NHAc

BF,©

NO,
®
NO, N
/©/\ ©i 42 § NH
+ - OACT
MeO NH, solvent

4.30 4.91 o 4.88
Entry Solvent Temp. (°C) | Time (h) | Yield (%)
1 DCM rt 5 62
2 THF rt 5 9
3 toluene rt 5 7
4 toluene rt 16 23
5 hexanes rt 16 0
6 o, a,o-trifluorotoluene rt 20 26
7 fluorobenzene rt 20 10

Some preliminary experiments were undertaken with the chiral phosphoric acid catalyst
(R)-TRIP 4.49. This catalyst has been previously shown to function well in asymmetric anionic
phase transfer transformations with oxoammonium salts.®? 33" Since previous work indicated the
insoluble base Na>COsz appeared compatible with the reaction conditions, an alkene
difunctionalization with aniline 4.91 in DCM with Na>COs and catalyst 4.49 was evaluated (Table

4.8). This provided a 33% yield of product which showed 32% ee. Changing the solvent to the less
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polar toluene improved the ee significantly to 54%, which supports the anionic phase transfer
pathway (the less polar solvent should lead to a more highly associated ion pair, giving increased
enantioselectivity, shown in Scheme 4.17). The diol (R)-4.48 was also evaluated as a catalyst, with
significant enantioselectivity being achieved. The lower yields are due to the limited solubility of
the 2-nitroaniline in nonpolar solvents, other anilines that are more soluble are now being evaluated
in these asymmetric alkene difunctionalizations to improve yields.

Table 4.8. Initial Results with Chiral Anionic Phase Transfer Catalyst
Ar
alkene 4.32 N2 OO OO
NO, ©Oxoammonium 4.2 OH O H
2
N82CO3 - OH /
conditions o OACT OO OO
NH,
Ar
MeO !

4.91
Ar = ( 35CF3)Ph Ar = 246/Pr Ph

Entry Solvent Catalyst Temp (°C) | Time Yield ee
(h) (%) (%)

1 DCM 10 mol% (R)-49 rt 18 33 32

2 toluene 10 mol% (R)-49 rt 20 10 54

3 toluene 6 mol% (R)-48 rt 20 21 20

4 DCM 10 mol% (R)-48 rt 20 23 10

5 DCM/toluene 10 mol% (R)-48 rt 20 20 20

(1:9)

A proposed mechanism is shown below in Scheme 4.17. In this reaction the oxoammonium
salt 4.2 was used in a nonpolar solvent where it was sparingly soluble, such as toluene and DCM.®°
The chiral protic acid (either a phosphate 4.49 or a diol 4.48) was added and subsequently
deprotonated by Na>COg, forming anion 4.111. Since anion 4.111 would be hydrophobic, it would
be soluble in the nonpolar reaction medium. lon pair 4.111 can then undergo salt metathesis with
the oxoammonium salt 4.2, forming the soluble version of the oxoammonium salt (4.112). Then,

the alkene addition can occur, but since the anion of the ion pair 4.112 is chiral, and is in close
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proximity to the oxoammonium salt, the alkene difunctionalization would occur in a chiral
environment to provide enantioenriched product.

Scheme 4.17. Enantioselective Alkene Difuctionalization with Anionic Phase Transfer Catalysts

A ' B Phosphate Catalyst
AP i H A « transition state occurs
“NH i o- P N’ r further out in the chiral

/\/OACT O/ \OH Base | *< /P\/O' R pocket

4 109 4.110 ; . _//—'Af * requires large groups
H Ar ! ACT"=0 on 3,3,A6 position

£ o // ‘ of BINOL

4.114

o

\ -

/ ~o- }

ACT*=0-- //’ 4 111 " Diol Catalyst
4.113 O / ACT*=0 BF, H H Ar « transition state occurs
ArNH, / insoluble 1 o-. H- N deeper in the chiral
+ Ar

BH* BF, oxidant } pocket
AT solub/e ACT+ « smaller groups at
oxidant 4.112 CT* 3,3,A6 of BINOL may

4115 give similar selectivity

Oxoammonium salt 4.2 was also used to investigate the N-oxoammonium salt mediated
addition of primary alcohols to alkenes. Initially it was thought that primary alcohols would be
poor substrates, since oxoammonium salt 4.2 is known to oxidize alcohols to aldehydes.? ™
However, the relative rates of oxidation of electron poor primary aliphatic alcohols are
significantly slower than other alcohols.®® An initial set of experiments using ethanol 4.116,
oxoammonium salt 4.2, 4-methoxystrene 4.30, and varying amounts of base was performed (Table

4.9). All of these reactions were allowed to proceed for 18 hours.
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Table 4.9. Additions to 4-Methoxystrene using Ethanol and Oxoammonium Salt 4.2

S )
O/\ tSom t >@<BF4 /@2\/04!\1\)/)\ o
MeO (ul\; Ve ”JJ\
4.30 4.116 4.2
4117

Entry? | Alcohol 4.116 equiv Base Solvent | Temp. | Isolated yield
W) (%)
1 70 - - rt 19
2 6 - THF rt 25
3 2 - acetonitrile rt 62
4 2 - DCM rt 33
5 2 - TFE rt 50
6 70 - HFIP rt 27
7 2 DBU (1 equiv) | acetonitrile rt 48
8 2 DBU (1 equiv) TFE rt 38
9 2 - acetonitrile | 80 52
10 2 - acetonitrile | -15 30
11 2 - EtOAC rt 43

4all reactions utilized 1.0 equiv of 4.30 (0.25 M) and 1.5 equiv of 4.2 for 18 h

The use of a large excess of ethanol resulted in low yield (Table 4.9 entries 1 and 2). Since
there is so much ethanol in the reaction, the oxoammonium salt 4.2 could just be oxidizing the
alcohol before it has a chance to react with 4-methoxystryene 4.30. A variety of solvents were
screened in this reaction (Table 4.9, entries 2-6). The reactions using acetonitrile and TFE were
high yielding (Table 4.9, entries 3 and 5), while the reactions using THF, DCM, and HFIP were
low yielding (Table 4.9. entries 2, 4, 6). The addition of 1 equivalent of DBU lowered the yield
(Table 4.9, entries 7 and 8). The base could be reacting with the oxoammonium salt 4.2 instead of
the ethanol. Lastly, a variety of temperature in acetonitrile was tried (Table 4.9, entries 3, 9, 10).

The reaction at room temperature showed to be the best conditions.

Other alcohols were tested in this reaction (Table 4.10). Electron poor alcohols are known
to be slow to oxidize with oxoammonium salts,”* 4-Nitrobenzyl alcohol was initially evaluated

and gave a 37% unoptimized yield of 4.118. Addition of water provided a 60% vyield of the
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monoprotected diol product 4.120 under these conditions. Further studies on optimizing the alkene
difunctionalization with alcohols and water will be undertaken. This will include a full solvent
screen, the effects of concentration and temperature as well as the reaction time on the yield.

Table 4.10. Addition to 4-Methoxystrene Using Alcohols and Oxoammonium salt 4.2

NHAc
BF4®
C)
N
NHAc
4.2 (1 2 equiv)
/©/\ RO (2 equv) OACT ACT=
MeO MeCN, rt, 18 h N
4.30 MeO | b

4.118 - 4.120

/_Q’ NO, 07 >cely OH
0 OACT OACT
/©)\/OACT
MeO
MeO 4

118 4119 4.120
37% 19% 60%?
4used 20 equiv of water and in EtOAc as solvent.
Previously, our group investigated the nitrogen heterocycle benzotriazole 4.121, in this
reaction. This provided a 2:1 mixture of 4.122 and 4.123 as products (Scheme 4.18), which were
not separable. However, this showed benzotriazole acted as an efficient nucleophile in the

transformation.

Scheme 4.18. Alkene Difuctionalization Reaction with Benzotriazole
N
H oxoammonium 4.2 N’ j@ ;
N, alkene 4.30 N N‘N’
N
@Ef\j/ TFE’ rt, 3h /©)\/OACT /@)\/OACT
4121
MeO
122 4.123

65% (2:1 mixture 4.122:4.123)

Since there was some success utilizing benzotriazole, exploration into other nitrogen

heterocycles was performed using isatin (Table 4.11). A solvent scree was performed using
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acetonitrile, DCE, and THF (Table 4.11 entries 1, 2, and 3) with acetonitrile providing the best
yield of 25%. It was determined that the reaction did not need to be heated, as running the reaction
in acetonitrile at room temperature provided the same yield (25%, Table 4.11 entry 12). Next a
variety of bases were evaluated. When a soluble organic base, DBU, was utilized, the yield
dropped significantly to 3% (Table 4.11, entry 7). Using a larger excess of inorganic bases hindered
the reaction, as shown in Table 4.11, entries 8-10, impacted the reaction. The excess base could be
reacting with the oxoammonium salt 4.2 instead of the isatin. However, when a slight excess of
potassium carbonate was used, the yield improved to 44% (Table 4.11, entry 4). Additionally,
isatin was difficult to solubilize in most solvents leading to heterogeneous reaction mixtures,
making it difficult to probe how to further optimize the reaction. Further studies with different
heterocycles will be investigated in the future to optimize the alkene difunctionalization.

Table 4.11. Addition to 4-Methoxystrene Using Isatin and Oxoammonium Salt 4.2

0]
X conditions N o
+ 1) B — o
MeO N N (0]
H
MeO N k

4.30 4124 4.125 H

Entry? | Solvent | Temp (° C) Base Yield (%)
1 MeCN reflux - 25
2 DCE reflux - 20
3 THF 83 - 7
4 MeCN rt K2CO3 (1.2 equiv) 44
5 MeCN rt Cs2C03 (1.2 equiv) 23
6 MeCN rt Na>,COs (1.2 equiv) 20
7 MeCN rt DBU (1.2 equiv) 3
8 MeCN rt K2CO3 (2.4 equiv) 23
9 MeCN rt Cs2C0O3 (2.4 equiv) 6
10 MeCN rt Na2COs (2.4 equiv) 19
11 TFE rt - 4
12 MeCN rt - 25

2All reactions were run at 0.3 M of styrene 4.30, 1.2 equiv of oxoammonium salt 4.2 for 18 h.
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Conclusions and Future Work:

In summary, an elimination-oxidation process mediated by an oxoammonium salt has been
discovered. Evidence appeared to suggest that this transformation first proceeds through an
elimination via the oxoammonium salt, since the addition of hindered base does not significantly
inhibit the reaction. Then an allylic oxidation occurs through an ene type mechanism, previously
reported by Bailey. The scope of the reaction consists of tertiary alcohols derived from tetralones.
Other pathways require multistep routes to achieve the same rearrangement of functionality.
Additionally, the oxoammonium salt also serves as a protecting group for the newly generated

allylic alcohol, resulting in a process with high atom economy.

Additionally, N-oxoammonium salt mediated additions as metal free alternatives for alkene
difunctionalizations have been investigated.?® These N-oxoammonium salt mediated additions
may provide new methods for the elaboration of alkenes into molecules with significantly greater
complexity. Using trans-anethole the diastereoselectivity was evaluated. Both the syn and the anti-
addition products could be accessed with significant selectivity, following a trend in dielectric
constant (¢) of the solvent. Polar solvents (HFIP) favored the formation of the syn diastereomer,
while the less polar THF favored the formation of the anti-product. The removal of the OACT
group has proven to be difficult; utilizing anhydrous nickel chloride and lithium aluminum hydride
at — 78 °C to room temperature, providing an 43% yield of the amino-alcohol product. Other
reagents mentioned gave less than 15%. The stereochemistry of the addition was verified by x-ray
diffraction on a cyclized piperidine derivative. The cyclized oxazolidinone derivative was
synthesized via an intramolecular CDI coupling in high yield of 96%. Studies to evaluate if this
reaction could be done enantioselectivity were initiated using chiral anionic phase transfer catalyst.

Some preliminary experiments were undertaken with the chiral phosphoric acid catalyst (R)-TRIP,
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known to work in asymmetric anionic phase transfer transformations with oxoammonium salts.3?
3537 The alkene difunctionalization with 2-nitroaniline, Na,COs, (R)-TRIP in toluene provided a
significant ee of 54%. A chiral diol catalyst was also employed, with significant enantioselectivity
being achieved, however with lower yields. Anilines that are more soluble will be evaluated in
these asymmetric alkene difunctionalizations to improve yields.

An investigation of the N-Oxoammonium salt mediated additions to alkenes with primary
alcohols, water, and isatin. The use of a large excess of ethanol resulted in low yield. The reactions
using acetonitrile and TFE were high yielding while the reactions using THF, DCM, and HFIP
were low yielding. The addition of DBU also lowered the yield. Lastly, a variety of temperature
in acetonitrile was tried and the reaction at room temperature showed to be the best conditions.
Addition of water provided a 60% yield of the monoprotected diol product using ethyl acetate as
the solvent. Further studies on optimizing the alkene difunctionalization with other nucleophiles

will be evaluated.
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Experimental:

General Experimental Information

All anhydrous reactions were run under a positive pressure of argon. DCM (DCM) was dried by
passage through an alumina column.'’* 1,2-Dichloroethane (DCE) was freshly distilled from
calcium hydride before use. Silica gel column chromatography was performed using 60 A silica
gel (230—400 mesh). Melting points are uncorrected. The benzylic alcohols used in the study were

prepared as reported in the literature.3%

General procedure for allylic oxidation: To a solution of 0.33 mmol of alkene (1 equiv) in

acetonitrile (0.33 M), 4 A molecular sieves was added. The flask was put under an atmosphere of
argon. Then 0.40 mmol of N-oxoammonium salt (1.2 equiv) was added in one portion. The flask
was purged with argon. The reaction mixture was left to stir at room temperature for 6 hours. The
reaction was quenched with saturated aqueous bicarbonate solution, extracted with ethyl acetate
(3x), and washed with brine (3x). The organic layers were combined, dried over sodium sulfate,

and concentrated. The residue was purified by silica chromatography to give the product.

4.28
N-{2,2,6,6-Tetramethyl-1-[(1-methylidene-3,4-dihydro-2H-naphthalen-2-yl)oxy|piperidin-
4-yl} acetamide (4.28). Followed general procedure. Purified by silica chromatography using a
solvent gradient of 50-70%. EA/hexanes to give product as an off-white solid. When scaled up to
6 mmol obtained 1.32 g of product. Yield: 60%. IR (film): 3246, 3073, 2969, 1633, 1363, 777 cm’
1 TLC Rf=0.30 (70% EA/30% hexanes); mp = 143-145 °C; *H NMR (400 MHz, CDCls) § 7.48-

7.46 (m, 1H), 7.11-7.01 (m, 3H), 5.44 (s, 1H), 5.25 (bs, 2H), 4.43 (t, J = 4.63 Hz, 1H), 4.06- 4.02
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(m, 1H), 3.08-3.00 (m, 1H), 2.69 (dt, J = 16.7, 5.4, 1H), 2.07-2.03 (m, 2H), 1.86 (s, 3H), 1.75-1.72
(m, 1H), 1.63 (dt, J =12.3, 3.6 Hz, 1H), 1.30-1.24 (m, 1H), 1.19-1.17 (m, 7H), 0.97 (s, 3H), 0.87
(s, 3H); 13C?% NMR (100 MHz, CDCls) & 169.3, 144.5, 136.4, 134.3, 128.7, 127.5, 126.0, 125.0,
110.6, 82.0, 60.3, 59.8, 46.3, 46.1, 41.7, 34.4, 34.2, 29.4, 26.2, 23.6, 21.2, 21.0; Anal Calcd for

C22H32N202: C, 74.12; H, 9.05; N, 7.86; Found: C, 73.56; H, 9.01; N, 7.75.

OACT

4.54
N-(1-{[(12)-1-Ethylidene-3,4-dihydro-2H-naphthalen-2-yl]oxy}-2,2,6,6-
tetramethylpiperidin-4-yl) acetamide (4.54). Followed general procedure. Purified by silica
chromatography using a solvent gradient of 50-70%. EA/hexanes to give 0.070 g product as a
white solid. Yield: 57%. IR (film) 3254, 3091, 2921, 1637, 1374, 952, 769 cm™; TLC R¢ = 0.31
(70% EA/30% hexanes); mp = 141-143 °C; *H NMR (400 MHz, CDCls3) § 7.36-7.34 (m, 1H),
7.06-7.00 (m, 3H), 5.96 (g, J = 6.7 Hz, 1H), 5.09 (d, J = 6.7 Hz, 1H), 4.91 (bs, 1H), 4.03-3.95 (m,
1H), 3.12-3.04 (m, 1H), 2.63 (dd, J = 16.5, 5.4 Hz, 1H), 2.28-2.25 (m, 1H), 1.87-1.86 (m, 3H),
1.85 (s, 3H), 1.75-1.59 (m, 5H), 1.26 (s, 3H), 1.15 (s, 3H), 0.80 (s, 3H), 0.78 (s, 3H); BC{H}
NMR (100 MHz, CDCls) 6 169.2, 137.6, 136.1, 135.5, 128.5, 126.4, 125.9, 124.6, 121.7, 74.8,
60.6, 59.1, 46.4, 46.1, 41.2, 33.8, 33.6, 28.8, 24.8, 23.6, 20.9, 20.7, 14.5; Anal Calcd for
C23HaaN202: C, 74.55; H, 9.25; N, 7.56; Found: C, 74.34; H, 9.30; N, 7.25. Alkene geometry was

determined to be Z via NOESY NMR.
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4.56
N-(1-{[(1Z)-1-Butylidene-3,4-dihydro-2H-naphthalen-2-yljoxy}-2,2,6,6-
tetramethylpiperidin-4-yl) acetamide (4.56). Followed general procedure. Purified by silica
chromatography using a solvent gradient of 50-70%. EA/hexanes to give 0.075 g product as an
oil. Yield: 56%. IR (film) 3272, 2925, 2868, 1640, 1550, 1373, 1362, 777 cm™*; TLC R¢ = 0.32
(70% EA/30% hexanes); 'H NMR (400 MHz, CDCls) & 7.54-7.42 (m, 1H), 7.13-7.07 (m, 3H),
5.93 (t, J= 7.4 Hz, 1H), 5.33 (d, J= 7.2 Hz, 1H), 4.94 (s, 1H), 4.14-4.01 (m, 1H), 3.19-3.11 (m,
1H), 2.69 (dd, J= 5.6, 16.4 Hz, 1H), 2.46-2.39 (m, 1H), 2.27-2.25 (m, 2H), 1.91 (s, 3H), 1.81-1.72
(m, 3H), 1.67-1.64 (m, 1H), 1.58-1.42 (m, 3H), 1.31 (s, 3H), 1.22 (s, 3H), 0.96 (t, J= 7.2 Hz, 3H),
0.87 (s, 3H), 0.83 (s, 3H); 3C{*H} NMR (100 MHz, CDCls) § 169.2, 136.8, 136.2, 135.7, 128.5,
127.8, 126.4, 125.9, 124.8, 75.1, 60.6, 59.1, 46.4, 46.1, 41.2, 33.9, 33.7, 30.8, 28.9, 24.8, 23.6,
23.0, 20.9, 20.7, 14.1; Anal Calcd for C2sH3sN202: C, 75.33; H, 9.61; N, 7.03; Found: C, 75.31;
H, 9.50; N, 6.87. Alkene geometry was determined to be Z via NOESY NMR

@éﬁOACT

4.60
N-{2,2,6,6-Tetramethyl-1-[(1-methylidene-2,3-dihydroinden-2-yl)oxy|piperidin-4-
yl}acetamide (4.60). Followed general procedure. Purified by silica chromatography using a
solvent gradient of 50-70%. EA/hexanes to give 0.061 g product as a solid. Yield: 53%. IR (film)
3267, 2924, 1637, 1362, 732 cm™*; TLC R¢ = 0.23 (70% EA/30% hexanes); mp = 150-153 °C; 'H
NMR (400 MHz, CDCl3) § 7.45-7.43 (m, 1H), 7.21 (s, 3H), 5.55 (d, J=1.7 Hz, 1H), 5.42 (s, 1H),
5.22 (d, J= 6.9 Hz, 1H), 5.11 (t, J= 6.9 Hz, 1H), 4.21-4.12 (m, 1H), 3.22 (dd, J= 7.5, 15.5 Hz, 1H),

3.06 (dd, J = 6.8, 15.5 Hz, 1H), 1.95 (s, 3H), 1.83-1.81 (m, 2H), 1.38-1.34 (m, 5H), 1.27-1.23 (m,
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9H);"*C{*H} NMR (100 MHz, CDCl3) § 169.2, 149.7, 142.1, 139.1, 128.7, 126.9, 125.2, 120.8,
105.9, 87.1, 61.0, 59.5, 46.4, 46.3, 41.1, 38.7, 34.5, 33.0, 23.6, 21.2, 21.0; Anal Calcd for

C21H30N20z2: C, 73.65; H, 8.83; N, 8.18; Found: C, 73.62; H, 8.55; N, 7.80.

\\ OACT

4.62
N-[2,2,6,6-Tetramethyl-1-({5-methylidene-6,7,8,9-tetrahydrobenzo|[7]annulen-6-
yl}oxy)piperidin-4-yl] acetamide (4.62). Followed general procedure. Purified by silica
chromatography using a solvent gradient of 50-70%. EA/hexanes to give 0.058 g product as an
oil. Yield: 47%. IR (film) 3267, 3081, 2971, 1636, 1550, 1362, 778 cm™; TLC Rf = 0.23 (70%
EA/30% hexanes); *H NMR (400 MHz, CDCls) & 7.20-7.13 (m, 3H), 7.07-7.06 (m, 1H), 5.31
(s,1H), 5.18 (d, J = 3.8 Hz, 1H), 5.07 (s, 1H), 4.31 (bs, 1H), 4.14-4.07 (m, 2H), 2.79-2.69 (m, 2H),
2.21 (bs, 1H), 2.13-2.03 (m, 2H), 1.92 (s, 4H), 1.79-1.68 (m, 3H), 1.29-1.23 (m, 2H), 1.20 (s, 4H),
1.16 (s, 2H), 1.12 (s, 2H), 1.09 (s, 2H); *C{*H} NMR (100 MHz, CDCl3) § 169.3, 153.6, 140.1,
129.0, 128.7, 128.6, 127.2, 127.0, 126.0, 112.8, 86.2, 60.5, 59.4, 46.3, 41.1, 37.5, 35.9, 34.8, 33.8,

23.6, 21.0, 20.9, 14.2; Anal Calcd for C23H3sN20>: C, 74.55; H, 9.25; N, 7.56; Found: C, 74.34;

4.64

N-{2,2,6,6-Tetramethyl-1-[(2-phenylprop-2-en-1-yl)oxy|piperidin-4-yl}acetamide (4.64).

H, 9.30; N, 7.25.

Followed general procedure. Purified by silica chromatography using a solvent gradient of 50-
70% EA/hexanes to give product as colorless oil. Yield: 45%. IR (film) 3273, 3081, 2973, 1633,

1550, 705 cm™; TLC Ry = 0.26 (70% EA/30% hexanes); *H NMR (400 MHz, CDCls) § 7.34-7.12
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(m, 5H), 5.38 (s, 1H), 5.33 (s, 1H), 5.19 (bs, 1H), 4.57 (s, 1H), 4.09-4.04 (m, 1H), 1.88-1.71 (m,
5H), 1.29-1.23 (m, 3H), 1.16-1.15 (m, 12H); 2¥C{*H} NMR (100 MHz, CDCls) § 169.3, 144.2,
139.4, 128.3, 127.6, 126.0, 112.7, 78.4, 60.13, 45.8, 41.1, 32.9, 23.6, 20.9; Anal Calcd for

C20H30N202: C, 72.69; H, 9.15; N, 8.48; Found: C, 72.48; H, 8.79; N, 8.46.

CI\Cé/OACT

4.70
N-{1-[(7-Chloro-1-methylidene-3,4-dihydro-2H-naphthalen-2-yl)oxy]-2,2,6,6-

tetramethylpiperidin-4-yl}acetamide (4.70). Followed general procedure. Purified by silica
chromatography using a solvent gradient of 50-70%. EA/hexanes to give 0.062 g product as a
white solid. Yield: 48%. IR (film) 3255, 2970, 1634, 1362 cm™; TLC Rt = 0.25 (70% EA/30%
hexanes); mp = 102-105 °C; 'H NMR (400 MHz, CDCl3) § 7.50 (d, J = 2.1 Hz, 1H), 7.13 (dd, J =
2.1,8.2 Hz, 1H), 7.04 (d, J = 8.2 Hz, 1H), 5.51 (s, 1H), 5.28 (s, 1H), 5.14 (d, J = 6.9 Hz, 1H), 4.49
(d, J = 3.5 Hz, 1H), 4.15-4.07 (m, 1H), 3.11-3.03 (m, 1H), 2.75-2.68 (m, 1H), 2.17- 2.14 (m,1H),
2.07-2.03 (m, 1H), 1.93 (s, 3H), 1.89- 1.69 (m, 4H), 1.24 (m, 6H), 1.03 (s, 3H), 0.91 (s, 3H);
BC{'H} NMR (100 MHz, CDCl3) § 169.3, 143.4, 135.9, 134.8, 131.7, 130.1, 127.5, 124.8, 112.1,
81.6, 60.5, 59.8, 46.2, 46.1, 41.1, 345, 34.2, 29.1, 25.5, 23.6, 21.2, 20.9; Anal calcd for

C2H31CIN2O2: C, 67.59; H, 7.99; N, 7.17; Found: C, 67.26; H, 8.02; N, 7.33.

4.72
N-{1-[(7-Bromo-1-methylidene-3,4-dihydro-2H-naphthalen-2-yl)oxy]-2,2,6,6-
tetramethylpiperidin-4-yl} acetamide (4.72). Followed general procedure. Purified by silica
chromatography using a solvent gradient of 50-70%. EA/hexanes to give 0.065 g product as a

yellow solid. Yield: 45%. IR (film) 3270, 2928, 1640, 1555, 731 cm™; TLC Rf = 0.22 (70%
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EA/30% hexanes); mp = 140-144 °C; *H NMR (400 MHz, CDCl3) § 7.66 (d, J =1.8 Hz, 1H), 7.27
(d, J = 10.0 Hz, 1H), 6.97 (d, J = 8.0 Hz, 1H), 5.50 (s, 1H), 5.28 (s, 1H), 5.17 (bs, 1H), 4.49
(bs,1H), 4.11 (bs, 1H), 3.09-3.01 (m, 1H), 2.72-2.68 (m, 1H), 2.15-2.13 (m, 1H), 2.07-2.03 (m,
1H). 1.93 (s, 3H), 1.81 (d, J= 11.6 Hz, 1H), 1.71 (d, J= 11.9 Hz, 1H), 1.25-1.23 (m, 8H), 1.03 (s,
3H), 0.91 (s, 3H); *C{*H} NMR (100 MHz, CDCls) & 169.3, 143.3, 136.3, 135.3, 130.4, 128.6,
127.8,119.7,112.2, 81.6, 60.5, 59.8, 46.2, 41.1, 34.5, 34.1, 29.7, 29.0, 25.6, 23.6, 21.2, 20.9; Anal

calcd for C22H31BrN2O2: C, 60.69; H, 7.18; N, 6.43; Found: C, 60.53; H, 6.93; N, 6.14.

NC\Cé/OACT

4.74

N-{1-[(7-Cyano-1-methylidene-3,4-dihydro-2H-naphthalen-2-yl)oxy]-2,2,6,6-

tetramethylpiperidin-4-yl} acetamide (4.74). Followed general procedure. Purified by silica
chromatography using a solvent gradient of 50-70%. EA/hexanes to give 0.051 g product as a tan
solid. Yield: 40%. IR (film) 3291, 2974, 2932, 1661, 1516, 902, 723 cm™; TLC R¢ = 0.20 (70%
EA/30% hexanes); mp = 153-157 °C; *H NMR (400 MHz, CDCls) § 7.74 (s, 1H), 7.35 (d, J=7.7
Hz, 1H), 7.13 (d, J= 7.7 Hz, 1H), 5.48 (s, 1H), 5.27 (s, 1H), 5.12 (d, J= 5.9 Hz, 1H), 4.45 (d, J=
3.0 Hz, 1H), 4.06-4.02 (m, 1H), 3.14-3.06 (m, 1H), 2.77-2.70 (m, 1H), 2.18-2.14 (m,1H), 1.97-
1.95 (m, 1H), 1.87 (s, 3H), 1.76-1.61 (m, 3H), 1.31-1.23 (m, 1H), 1.19 (s, 3H), 1.16 (s, 3H), 0.91
(s, 3H), 0.79 (s, 3H); *C{*H} NMR (100 MHz, CDCl3) § 169.3, 142.7, 141.9, 135.5, 130.3, 129.6,
129.2, 119.2, 113.4, 110.0, 81.4, 60.6, 59.7, 46.1, 46.0, 41.1, 34.6, 34.1, 28.6, 26.1, 23.6, 21.1,

20.1; Anal calcd for Co3H31N3O2: C, 72.41; H, 8.19; N, 11.01; Found: C, 72.49; H, 8.16; N, 10.67.
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4.75

1-Methylene-3,4-dihydro-2(2H)-naphthalene (4.75). In an oven dried round-bottom flask, 0.734
g (11.2 mmol, 10 equiv) of zinc powder was added and suspended in 18 mL ether (0.62 M). The
zinc powder was activated with 0.099 g (0.896 mmol, 0.8 equiv) TMSCI. The reaction was
refluxed for 30 minutes. After 30 minutes, the zinc suspension was cooled to room temperature
and the ether was evaporated. A solution of 0.400 g (1.12 mmol) allylic ether 4.30 was dissolved
in 14.4 mL 1:1 AcOH:H-0 (0.08 M) and added drop wise to the activated zinc. The reaction was
heated to 45 °C and left to stir for 2 h. After 2 h the reaction was cooled to room temperature,
diluted with water and extracted with ether (3x). The organic layers were combined, dried over
magnesium sulfate, and concentrated. The residue was purified by silica chromatography (30%.
ether/pentanes) to give 0.088 g product as an oil. Yield: 49%. TLC R¢ = 0.32 (30% ether/70%
pentane); 'H NMR (400 MHz, CDCls) & 7.58-7.55 (m, 1H), 7.18-7.04 (m, 3H), 5.54 (s, 1H), 5.23
(s, 1H), 4.45 (dd, J = 3.2, 7.6 Hz, 1H), 3.00 (dt, J = 6.4, 16.2 Hz, 1H), 2.80 (dt, J= 6.4, 16.9 Hz,
1H), 2.04-1.87 (m, 2H); 3C{*H} NMR (75 MHz, CDCl3) & 146.2, 136.2, 132.8, 128.9, 128.0,

126.2, 124.9, 108.5, 70.9, 31.4, 26.3. This compound has been previously reported.?3!

General Procedure for the Amino-Oxidation

In an oven-dried round bottom flask, 0.25 mmol of alkene (1 equiv) and 0.25 mmol of aniline (1
equiv) was dissolved in trifluoroethanol (0.25 M). The flask was put under an atmosphere of argon.
Then 0.30 mmol of oxammonium salt 4.2 (1.2 equiv) was added in one portion to the reaction
mixture. The flask was purged with argon. The reaction mixture was left to stir at room temperature

for 16 hours. The reaction mixture was quenched with sat. ag. sodium bicarbonate solution and
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extracted with EA (3x). The combined organic extracts were then washed with brine (3x). The
organic layer was dried over sodium sulfate and concentrated. The residue was purified by silica

gel chromatography using the system noted under TLC to give the product.

CF3

F3C/©\NH
~o NJ\

4.82 H
1-(1-{2-[3,5-Bis(trifluoromethyl)phenylamino]-2-(p-methoxyphenyl)ethoxy}-2,2,6,6-
tetramethyl-4-piperidylamino)-1-ethanone (4.82). Followed general procedure. mp = 95-97 °C;
TLC R¢= 0.56 (100% EA); IR (neat) 3290, 2974, 1656, 1511, 1274, 1123, 1035 cm™; 'H NMR
(400 MHz, CDCl3) 8 7.27 (d, J = 7.7 Hz, 2H), 7.11 (s, 1H), 6.90-6.87 (m, 3H), 6.86 (s, 1H), 5.19
(d, J=7.7Hz, 1H), 4.91 (d, J = 4.5 Hz, 1H), 4.55-4.47 (m, 1H), 4.13-4.01 (m, 2H), 3.98-3.92 (m,
1H), 3.79 (s, 3H), 1.92 (s, 3H), 1.81-1.71 (m, 2H), 1.33-1.24 (m, 2H), 1.21 (s, 3H), 1.17 (s, 3H),
1.15 (s, 3H), 1.05 (s, 3H); *C{*H} NMR (100 MHz, CDCls) § 169.4, 159.3, 148.2, 132.2 (q, J =
33 Hz),131.1,127.8,123.5(q, J =271 Hz), 114.2, 113.0, 110.6, 80.3, 60.4, 60.3, 57.5, 55.3, 45.8,

45.7, 40.9, 33.1, 32.9, 23.5, 20.8 (2C). Anal calcd for C2sHasFeN3O3: C, 58.43; H, 6.13; N, 7.30.

Found: C, 58.27; H, 6.09; N, 7.30.
oy
FsC NH
\O NJJ\
3 H

4.8

1-(1-{2-[2-Chloro-5-(trifluoromethyl)phenylamino]-2-(p-methoxyphenyl)ethoxy}-2,2,6,6-
tetramethyl-4-piperidylamino)-1-ethanone (4.83). Followed general procedure. mp = 152-155

°C: TLC R¢= 0.42 (100% EA): IR (neat) 3416, 3289, 2931, 1629, 1510, 1249, 1126, 1056 cm™;
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IH NMR (300 MHz, CDCls) 5 7.33 (d, J = 8.1 Hz, 1H), 7.27 (d, J = 9.2 Hz, 2H), 6.86 (d, 2H),
6.85-6.79 (m, 1H), 6.61 (d, J = 1.4 Hz, 1H), 5.51 (d, J = 4.9 Hz, 1H), 5.24 (bs, 1H), 4.54-4.48 (m,
1H), 4.18-4.04 (m, 2H), 4.01-3.92 (m, 1H), 3.78 (s, 3H), 1.92 (s, 3H), 1.82-1.70 (m, 3H), 1.35-
1.27 (m, 1H), 1.24 (s, 3H), 1.21 (s, 3H), 1.16 (s, 3H), 1.03 (s, 3H); 3C{*H} NMR (100 MHz,
CDCl3) 5 169.3, 159.2, 143.6, 131.3, 130.0 (g, J = 32.3 Hz), 129.3, 127.8, 122.8, 114.1, 113.9 (q,
J=3.7 Hz), 109.0 (g, J = 3.7 Hz), 80.1, 60.5, 60.4, 57.1, 55.3, 45.9, 45.8, 41.0, 33.1, 32.9, 23.6,

20.9, 20.8; Anal calcd for C27H35CIF3N303: C, 59.83; H, 6.51; N, 7.75. Found: C, 59.73; H, 6.44;

@(“
e NH
o NJJ\
84 H

4,

N, 7.38

1-{1-[2-(2,6-Dichlorophenylamino)-2-(p-methoxyphenyl)ethoxy]-2,2,6,6-tetramethyl-4-

piperidylamino}-1-ethanone (4.84). mp = 67-70 °C; TLC R¢= 0.40 (100% EA); IR (neat) 3273,
2930, 1648, 1510, 1244, 1174, 1034 cm™*; TH NMR (400 MHz, CDCls3) § 7.25 (d, J = 8.6 Hz, 2H),
7.12 (d, J = 8.0 Hz, 2H), 6.78 (d, J = 8.7 Hz, 2H), 6.64 (t, J = 8.0 Hz, 1H), 5.22 (s, 1H), 5.17-5.11
(m, 1H), 4.24 (d, J = 7.3 Hz, 1H), 4.15-4.04 (m, 1H), 3.95 (d, J = 7.8 Hz, 1H), 3.75 (s, 3H), 1.92
(s, 3H), 1.80-1.66 (M, 3H), 1.31-1.24 (m, 2H), 1.22 (s, 3H), 1.21 (s, 3H), 1.09 (s, 3H), 0.82 (s, 3H);
13C{*H} NMR (100 MHz, CDCl3) & 169.4, 158.8, 141.4, 133.2, 129.1, 128.7, 125.2, 121.0, 113.6,
80.4, 60.5, 60.4, 59.1, 55.5, 55.4, 55.3, 46.0, 41.1, 33.2, 32.5, 29.9, 23.7, 21.0, 20.9; Anal calcd

for C2sH35CIoN303: C, 61.42; H, 6.94; N, 8.26. Found: C, 61.35; H, 6.98; N, 8.57.
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NH
O.
isagel
\O NJ]\
4.85 H

1-{1-[2-(0o-Bromophenylamino)-2-(p-methoxyphenyl)ethoxy]-2,2,6,6-tetramethyl-4-

piperidylamino}-1-ethanone (4.85). Followed general procedure. mp = 78-82 °C; TLC Rf=0.43
(100% EA); IR (neat) 3273, 2929, 1649, 1508, 1243, 1173, 1034 cm™; *H NMR (400 MHz, CDCls)
§7.42 (dd, J=7.9, 1.3 Hz, 1H), 7.28 (d, J = 3.8 Hz, 2H), 6.97 (t, J = 7.7 Hz, 1H), 6.85 (d, J = 8.6
Hz, 2H), 6.51 (t, J = 7.6 Hz, 1H), 6.34 (d, J = 8.1 Hz, 1H), 5.39 (d, J = 4.4 Hz, 1H), 5.25 (bs, 1H),
4.51-4.45 (m, 1H), 4.18-4.05 (m, 2H), 3.95 (t, J = 6.8 Hz, 1H), 3.78 (s, 3H), 1.93 (s, 3H), 1.84-
1.70 (m, 2H), 1.33-1.27 (m, 2H), 1.26 (s, 3H), 1.23 (s, 3H), 1.17 (s, 3H), 1.02 (s, 3H); *C{*H}
NMR (100 MHz, CDCls) 6 169.4, 159.0, 144.4, 132.3, 132.2, 128.3, 127.9, 118.1, 114.0, 112.9,
110.4, 80.4, 60.5, 60.4, 57.4, 55.4, 45.9, 45.8, 41.0, 33.2, 32.9, 23.7, 21.0, 20.9; Anal calcd for

Ca6H36BrNsOs: C, 60.23; H, 7.00; N, 8.10. Found: C, 60.16; H, 6.82; N, 8.20.
X
NH
\O NJ]\
4.86 H

1-{1-[2-(o-lodophenylamino)-2-(p-methoxyphenyl)ethoxy]-2,2,6,6-tetramethyl-4-

piperidylamino}-1-ethanone (4.86). Followed general procedure. mp = 85-90 °C; TLC Rf=0.41
(100% EA); IR (neat) 3274, 2928, 1648, 1508, 1243, 1172, 1034 cm™; 'H NMR (400 MHz, CDCls)
§7.65 (dd, J = 7.8, 1.4 Hz, 1H), 7.26 (d, J = 8.7 Hz, 2H), 7.00 (t, J = 7.7 Hz, 1H), 6.84 (d, J = 8.7
Hz, 2H), 6.38 (t, J = 7.5 Hz, 1H), 6.27 (d, J = 8.2 Hz, 1H), 5.23 (d, J = 4.6 Hz, 1H), 5.19-5.10 (m,
1H), 4.52-4.45 (m, 1H), 4.17-4.03 (m, 2H), 4.00-3.90 (m, 1H), 3.77 (s, 3H), 1.92 (s, 3H), 1.82-
1.60 (m, 4H), 1.28 (s, 3H), 1.25 (s, 3H), 1.18 (s, 3H), 1.01 (s, 3H); 3C{*H} NMR (100 MHz,
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CDCls) 6 169.4, 159.1, 146.6, 139.1, 132.1, 129.3, 128.0, 119.0, 114.1, 112.3, 86.1, 80.5, 60.6,
60.5, 57.8, 55.4, 46.0, 45.9, 41.1, 33.3, 33.0, 23.7, 21.1 (2C); Anal calcd for C26HzsIN3O3: C,

55.22; H, 6.42; N, 7.43. Found: C, 54.89; H, 6.11; N, 7.17.

I,
MeOZC NH

O\N 0
\O NJJ\
4.87 H
Methyl 3-[2-(4-acetylamino-2,2,6,6-tetramethyl-1-piperidyloxy)-1-(p-

methoxyphenyl)ethylamino]-4-chlorobenzoate (4.87). Followed general procedure. mp = 83-87
°C; TLC R¢= 0.33 (100% EA); IR (neat) 3277, 2933, 1720, 1650, 1509, 1244, 1173, 1034 cm™;
IH NMR (400 MHz, CDCls) & 7.30 (d, J = 7.9 Hz, 2H), 7.27-7.22 (m, 1H), 7.21-7.05 (m, 2H),
6.85 (d, J = 8.4 Hz, 2H), 5.44 (d, J = 5.1 Hz, 1H), 5.40-5.23 (m, 1H), 4.62-4.52 (m 1H), 4.16-4.01
(m, 2H), 4.0-3.93 (m, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 1.92 (s, 3H), 1.80-1.65 (m, 2H), 1.33-1.24
(m, 2H), 1.24 (s, 3H), 1.20 (s, 3H), 1.15 (s, 3H), 1.01 (s, 3H); BC{*H} NMR (100 MHz, CDCl3)
0 169.3, 166.8, 159.0, 143.2, 131.7, 129.5, 128.9, 127.9, 124.3, 118.5, 114.0, 113.2, 80.1, 60.4,
60.3, 57.0, 55.3, 55.2, 52.1, 45.7, 40.9, 33.1, 32.8, 23.5, 20.8, 20.7; Anal calcd for C2gH3sCIN3Os:

C, 63.21; H, 7.20; N, 7.90. Found: C, 63.22; H, 7.48; N, 7.62.

NH
O.
M S
o Nk
4.88 H

1-{1-[2-(p-Methoxyphenyl)-2-(o-nitrophenylamino)ethoxy]-2,2,6,6-tetramethyl-4-

piperidylamino}-1-ethanone (4.88). Followed general procedure. mp = 93-96 °C; TLC R¢=0.38
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(100% EA); IR (neat) 3376, 3275, 2931, 1652, 1615, 1507, 1242, 1034 cm™; *H NMR (400 MHz,
CDCl3) § 8.90 (d, J = 5.6 Hz, 1H), 8.18 (dd, J = 8.9, 1.6 Hz, 1H), 7.27 (d, J = 8.6 Hz, 2H), 6.86
(d, J = 8.7 Hz, 2H), 6.63-6.57 (M, 2H), 5.23-5.17 (M, 1H), 4.67-4.62 (m, 1H), 4.18-4.10 (m, 2H),
3.79 (s, 3H), 1.93 (s, 3H), 1.82-1.70 (m, 2H), 1.56 (s, 2H), 1.30 (s, 3H),1.28-1.24 (m, 2H), 1.23 (s,
3H), 1.13 (s, 3H), 0.95 (s, 3H); 3C{*H} NMR (100 MHz, CDCl3) & 169.4, 159.3, 144.8, 136.1,
132.5,131.4,128.0, 126.9, 115.8, 115.3, 114.2, 79.9, 60.6, 60.5, 56.9, 55.4, 46.0, 45.9, 41.1, 33.2,
32.7, 23.7, 20.9 (2C); Anal calcd for C26H3eN4Os: C, 64.44; H, 7.49; N, 11.56. Found: C, 64.48;

H, 7.20; N, 11.78.

NO,
©[NH
0 /@2\/0/& o)
>LOJLH 02 NJ\

4.

4-Acetylamino-2,2,6,6-tetramethyl-1-{2-(o-nitrophenylamino)-2-[p-(tert-

butoxycarbonylamino)phenyl] ethoxy}piperidine (4.92). Followed general procedure. mp =
139-143°C; TLC Rf=0.37 (100% EA); IR (neat) 3374, 3261, 2976, 2931, 1707, 1652, 1616, 1506,
1243, 1152, 1073, 740 cm™®; *H NMR (400 MHz, CDCls) & 8.89 (d, J = 5.6 Hz, 1H), 8.18 (dd, J =
8.6, 1.5 Hz, 1H), 7.35-7.21 (m, 4H), 6.64-6.55 (m, 2H), 6.46 (bs, 1H), 5.10-5.00 (m, 1H), 4.67-
4.61 (m, 1H), 4.18-4.08 (m, 2H), 4.05-3.96 (m, 1H), 1.93 (s, 3H), 1.81-1.70 (m, 2H), 1.54-1.51
(m, 1H), 1.50 (s, 9H), 1.30 (s, 3H), 1.29-1.22 (m, 2H), 1.23 (s, 3H), 1.12 (s, 3H), 0.94 (s, 3H);
13C{*H} NMR (100 MHz, CDCl3) § 169.4, 152.9, 144.7, 138.1, 136.1, 133.9, 132.6, 127.6, 126.9,
118.8, 115.9, 115.3, 80.8, 79.8, 60.7, 60.6, 56.9, 46.0, 41.1, 33.2, 32.8, 29.9, 28.5, 23.7, 20.9 (2C);

Anal calcd for C3gH43NsOsg: C, 63.25; H, 7.61; N, 12.29. Found: C, 63.00; H, 7.57; N, 12.34.
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1-(1-{2-[p-(Benzoylamino)phenyl]-2-(o-nitrophenylamino)ethoxy}-2,2,6,6-tetramethyl-4-

piperidylamino)-1-ethanone (4.93). Followed general procedure. mp = 137-140 °C; TLC Rf=
0.34 (100% EA); IR (neat): 3290, 2972, 1652, 1615, 1506, 1411, 1239, 1073, 741, 705 cm™; H
NMR (400 MHz, CDCl3) & 8.92 (d, J = 5.7 Hz, 1H), 8.43 (s, 1H), 8.16 (dd, J = 8.5, 1.3 Hz, 1H),
7.86 (d, J = 7.3 Hz, 2H), 7.69 (d, J = 8.3 Hz, 2H), 7.50 (t, J = 7.3 Hz, 1H), 7.46-7.40 (m, 2H), 7.34
(d, J = 8.2 Hz, 2H), 6.63-6.56 (M, 2H), 5.48-5.40 (m, 1H), 4.70-4.64 (m, 1H), 4.20-4.14 (m, 1H),
4.12-4.00 (m, 2H), 1.88 (s, 3H), 1.76-1.63 (m, 2H), 1.26 (s, 3H), 1.22 (s, 3H), 1.06 (s, 3H), 0.89
(s, 3H); *C{*H} NMR (100 MHz, CDCl3) § 169.6, 166.1, 144.6, 137.9, 136.2, 135.4, 135.0, 132.5,
132.0,128.8, 127.5,127.3, 126.9, 120.6, 116.0, 115.3, 79.6, 60.6, 60.5, 56.9, 45.8, 41.0, 33.2, 32.7,
32.0, 23.6, 20.9 (2C); Anal calcd for C32H39NsOs: C, 67.00; H, 6.85; N, 12.21. Found: C, 67.08;

H, 7.09; N, 12.29.

1-(2,2,6,6-Tetramethyl-1-{2-(0-nitrophenylamino)-2-[p-(tert-butyl)phenyl]ethoxy}-4-

piperidylamino)-1-ethanone (4.94). Followed general procedure. mp = 91-94 °C; TLC Rf = 0.34
(100% EA); IR (neat) 3375, 3277, 2964, 1652, 1507, 1267, 741 cm*; 'H NMR (400 MHz, CDCls)
§8.82 (d, J = 5.5 Hz, 1H), 8.11 (d, J = 8.5 Hz, 1H), 7.31-7.25 (m, 2H), 7.22-7.15 (m, 3H), 6.57 (d,
J=8.1Hz, 1H), 6.53 (d, J = 7.4 Hz, 1H), 5.07 (bs, 1H), 4.64-4.60 (m, 1H), 4.09-4.01 (m, 2H),
3.97-3.92 (m, 1H), 1.85 (s, 3H), 1.73-1.70 (M, 2H), 1.66-1.62 (m, 2H), 1.22 (s, 9H), 1.15 (s, 6H),
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1.04 (s, 3H), 0.86 (s, 3H); *C{*H} NMR (100 MHz, CDCls) § 169.2, 150.8, 144.7, 135.9, 132.4,
127.8,126.8,126.3, 125.5, 115.6, 115.2, 79.9, 60.42, 60.36, 56.9, 45.8, 40.9, 34.5, 33.0, 32.5, 31.3,
23.5, 20.8, 20.7, 20.6; Anal calcd for C29H42N4O4: C, 68.21; H, 8.64; N, 10.97; Found: C, 68.46;

H, 8.64; N, 10.809.

1-{2,2,6,6-Tetramethyl-1-[2-(o-nitrophenylamino)-2-phenylethoxy]-4-piperidylamino}-1-

ethanone (4.95). Followed general procedure. Yellow oil. TLC Rf=0.41 (70% EA/30% hexanes);
IR (film) 3287, 3054, 2928, 1653, 1264, 733 cm™; H NMR (400 MHz, CDCls) & 8.79 (bs, 1H),
8.15 (d, J = 8.6 Hz, 1H), 7.40-7.31 (m, 5H), 6.74 (d, J = 8.6 Hz, 1H), 6.62 (t, J = 7.8 Hz, 1H), 5.17-
5.12 (m, 1H), 4.19-4.14 (m, 2H), 3.83-3.70 (m, 2H), 3.63-3.58 (m, 1H), 1.93 (s, 3H), 1.83-1.79
(m, 1H), 1.76-1.73 (m, 1H), 1.54 (t, J = 12 Hz, 1H), 1.41(t, J = 12.0 Hz, 1H), 1.31 (s, 6H), 1.20 (5,
3H), 1.03 (s, 3H); *C{*H} NMR (100 MHz, CDCls) § 169.4, 145.0, 140.2, 136.2, 132.0, 128.5,
128.1, 126.9, 126.8, 115.3, 113.6, 83.2, 61.3, 60.4, 49.3, 45.9, 45.8, 41.0, 34.1, 32.9, 23.6, 21.2,

21.0. Anal. Calcd for C2sH34N4O2: C, 66.06; H, 7.54; N, 12.33; Found: C, 66.06; H, 7.26; N, 11.94.

)
NH

1-{2,2,6,6-Tetramethyl-1-[2-(0-nitrophenylamino)-2-(2,3,4-trimethoxyphenyl)ethoxy]-4-
piperidylamino}-1-ethanone (4.96). Followed general procedure. mp =87-90 °C; TLC Rf=0.40

(100% EA); IR (neat) 3376, 2934, 1652, 1616, 1493, 1250, 1092, 742 cm™: H NMR (400 MHz,
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CDCl3) § 8.88 (d, J = 6.2 Hz, 1H), 8.17 (dd, J = 8.6, 1.4 Hz, 1H), 6.96 (d, J = 8.7 Hz, 1H), 6.65-
6.56 (M, 3H), 5.11 (d, J = 7.5 Hz, 1H), 5.07-5.01 (m, 1H), 4.19-4.07 (m, 2H), 4.01 (s, 3H), 3.86
(s, 3H), 3.82 (s, 3H), 1.93 (s, 3H), 1.82-1.69 (M, 2H), 1.62 (s, 1H), 1.30 (s, 3H), 1.25 (s, 3H), 1.23-
1.11 (m, 3H), 1.09 (s, 3H), 0.95 (s, 3H); 3C{*H} NMR (100 MHz, CDCls) § 169.4, 153.5, 151.2,
144.9, 142.0, 136.2, 132.5, 127.0, 124.4, 122.2, 115.7, 115.0, 107.2, 78.7, 61.3, 61.0, 60.6, 60.5,
56.1, 51.3, 46.0 (2C), 41.1, 33.2, 32.7, 23.8, 20.9 (2C); Anal calcd for C2sHaoN4O7: C, 61.75; H,

7.40: N, 10.29. Found: C, 61.69; H, 7.36; N, 10.25.

1-{2,2,6,6-Tetramethyl-1-[2-(0-nitrophenylamino)-2,2-diphenylethoxy]-4-piperidylamino}-

1-ethanone (4.97). Followed general procedure. mp = 110-113 °C; TLC Rf=0.41 (100% EA); IR
(neat) 3279, 2928, 1652, 1614, 1497, 1238, 739, 698 cm™*; *H NMR (400 MHz, CDCls3) § 9.53 (s,
1H), 8.18 (dd, J = 8.6, 1.5 Hz, 1H), 7.54 (d, J = 7.4 Hz, 4H), 7.38-7.29 (m, 5H), 6.92 (t, J = 7.3
Hz, 1H), 6.53 (t, J = 7.4 Hz, 1H), 6.28 (d, J = 8.8 Hz, 1H), 5.04 (d, J = 7.8 Hz, 1H), 4.43 (s, 2H),
4.10-4.00 (m, 1H), 1.90 (s, 3H), 1.72-1.66 (m, 2H), 1.27-1.17 (m, 3H), 1.04 (s, 6H), 0.94 (s, 6H);
13C{*H} NMR (100 MHz, CDCl3) & 169.4, 144.1, 140.3, 134.6, 133.3, 128.5, 127.8, 126.9, 118.4,
116.0, 83.2, 66.9, 60.7 (2C), 46.3 (2C), 41.0 (2C), 32.7 (2C), 23.7, 20.9 (2C); Anal calcd for

Ca1H3sN4O4: C, 70.16; H, 7.22; N, 10.56. Found: C, 70.03; H, 7.29; N, 10.95.
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CFy CF,
F30/©\NH + F3C/©\NH
MeO MeO
4.99

4.100

~ 1:1 mixture
Syn and anti 1-(1-{2-[3,5-Bis(trifluoromethyl)phenylamino]-1-methyl-2-phenylethoxy}-
2,2,6,6-tetramethyl-4-piperidylamino)-1-ethanone (4.99 and 4.100). To an oven dried test tube
trans-anethole (4.76, 0.037 g, 0.250 mmol) and 3,5-bistrifluoromethylaniline (4.98, 0.020 g, 0.444
mmol) were added. The test tube was put under an atmosphere of argon and 1 mL of TFE was
added. The reaction was stirred for 5 minutes, then oxoammonium salt 4.2 (0.09 g, 0.300 mmol)
was added. The reaction was stirred at room temperature for 16 hours. The reaction was quenched
with saturated aqueous sodium bicarbonate solution, extracted with DCM, and washed with brine.
The organic layers were combined, dried over sodium sulfate and concentrated. The residue was
purified by silica column chromatography (40- 80% ethyl acetate/ hexanes) to provide 0.117 g
4.99 and 4.100 as white solid. Yield: 80%. White solid. mp = 104-107 °C. TLC Rf = 0.30 (70%
ethyl acetate/ 30% hexanes); *H NMR (400 MHz, CDsCN) § 7.39-7.32 (m, 4H), 7.10 (d, J=6.7
Hz, 6H), 6.92-6.89 (m, 4H) 6.23 (bs, 1H), 5.83-5.79 (m, 2H), 4.73 (dd, J= 6.8, 4.0 Hz, 1H), 4.55
(dd, J=7.1, 4.8 Hz, 1.09 H), 4.40-4.24 (m, 2H), 4.05-3.95 (m, 2H), 3.77 (s, 6H), 2.00 (s, 6H), 1.99-
1.95 (m, 1H), 1.83 (s, 6H), 1.79-1.58 (m, 4H) 1.37-1.29 (m, 6H), 1.26 (s, 3H), 1.23 (s, 4H), 1.21
(s, 3H), 1.15 (s, 5H), 1.07 (s, 2H), 1.02 (s, 3H). Anal Calcd for C29H37FsN303: C, 59.07; H, 6.33;
N, 7.13. Found: C, 58.96; H, 6.39; N, 6.83. Raito of 4.99:4.100 was determined by looking the

ratio of peaks at 6 4.7 and 4.5 in CD3CN.
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CFs,

FsC NH

oY
MeO

4.105

1-[3,5-Bis(trifluoromethyl)phenylamino]-1-phenyl-2-propanone (4.105). An oven dried round
bottom flask was charged with 0.050 g (0.085 mmol, 1 equiv) of amines 4.103 and 4.104 (~50:50
mixture) and 0.018 g (0.102 mmol, 1.2 equiv) of m-CPBA. The flask was put under an atmosphere
of argon and 0.8 mL DCM was added. The reaction mixture was then heated to 40 °C. After 16 h
the reaction was cooled to room temperature, quenched with 1 mL of sat. aq. Na2S203, and let stir
for 1 h. Then the organic layer was then washed 3 x 1 mL of sat. ag. NaHCOg3, dried over sodium
sulfate, filtered, and concentrated. The residue was purified by silica column chromatography

(20% ethyl acetate/ 80% hexanes) to provide 17 mg ketone 4.105 as a yellow oil (53% yield).

4.105. TLC Ry = 0.50 (20% EA/ 80% hexanes). IR (film) 3383, 3076, 2918, 1718, 1162 cm™; *H
NMR (400 MHz, CDCl3) & 7.32 (d, J= 8.8 Hz, 2H), 7.09 (s, 1H), 6.93 (d, J = 8.8 Hz, 2H), 6.89 (s,
2H), 5.94 (d, J = 6.4 Hz, 1H), 4.97 (d, J =4.0 Hz, 1H), 3.80 (s, 3H), 2.14 (s, 3H); *C{*H} NMR
(100 MHz, CDCl3) § 202.7, 160.0, 146.4, 132.8, 132.2 (9, J = 33.1 Hz), 128.8, 123.4 (g, J = 270.9
Hz), 115.0, 114.2, 110.5 (g, J = 3.8 Hz), 66.6, 55.6, 26.5; Anal Calcd for C1sH15FsNOy: C, 55.25;

H, 3.86; N, 3.58; Found: C, 55.12; H, 3.92; N, 3.67.
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FsC NH

Q)K
MeO

4.106 + 4.107
Syn and anti 1-[3,5-Bis(trifluoromethyl)phenylamino]-1-phenyl-2-propanol (4.106 and
4.107) An oven dried round bottom flask was charged with 0.050 g (0.085 mmol, 1 equiv) amines
4.103 and 4.104 (~1:1 mixture), 0.033 g (0.255 mmol, 3 equiv) anhydrous NiClz, 0.6 mL THF,
and put under an atmosphere of argon. The reaction was cooled to -78 °C. Once cooled, 0.25 mL
of LiAlH4 (0.1 M in THF, 0.255 mmol, 3 equiv) was added dropwise. The reaction was warmed
to room temperature and let stir for 16 h. Then, the reaction was cooled to 0 °C in an ice bath.
Once cooled the reaction was diluted with ether (1 mL). Then 0.01 mL water, 0.01 mL 15% NaOH,
and 0.03 mL water was added slowly. The reaction was warmed to room temperature and let stir
for 15 minutes. After 15 minutes magnesium sulfate was added and let stir at room temperature
for an addition 15 minutes. The reaction mixture was filtered and concentrated. The residue was
purified by silica column (0 to 5% MeOH/ 100 to 95% DCM) to provide 15 mg of the alcohols

4.106 and 4.107 as a yellow oil (45 % yield).

4.106 and 4.107 (~1:1 mixture). Yellow oil. TLC Rf=0.71 (5% methanol/ 95% DCM); IR (film)
3390, 2973, 1612, 1510, 1274, 683 cm™*; *H NMR (400 MHz, CDCls) § 7.18-7.15 (m, 5H), 7.02
(d, J = 13.6 Hz, 2H), 6.85-6.80 (M, 9H), 4.22 (d, J = 3.2 Hz, 1H) 4.13-4.09 (m, 2H), 3.98 (p, J =
5.6 Hz, 1H) 3.72-3.71 (m, 6H), 1.22 (d, J = 6.3 Hz, 3H) 1.07 (d, J = 6.4 Hz, 3H); 3C{*H} NMR
(100 MHz, CDCls) 6 159.5, 159.4, 147.6, 132.4, 132.3, 132.1, 132.0, 130.4, 128.8, 128.6, 127.9,

124.8, 122.1, 1145, 114.3, 114.2, 113.8, 113.2, 112.8, 110.9, 71.1, 70.3, 63.6, 62.2, 55.3, 55.3,
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50.1, 20.3, 20.0. Anal Calcd for CigH17FsNO2: C, 54.97; H, 4.36; N, 3.56; Found: C, 55.10; H,

4.69; N, 3.30

MeO
4.110

trans-3-[3,5-Bis(trifluoromethyl)phenyl]-5-methyl-4-phenyl-1,3-oxazolidin-2-one (4.108) To
an oven-dried round bottom flask carbonyldiimidazole (0.062 g, 0.381 mmol) and DMAP (0.015
g, 0.127 mmol) were added. The flask was put under an atmosphere of argon a solution of amino-
alcohols 4.106 and 4.107 (0.100 g, 0.254 mmol) in 7.0 mL anhydrous DMF was added via syringe.
The reaction mixture was stirred at room temperature for 72 hours. After 72 hours, the reaction
was diluted with ethyl acetate, washed with water, and dried over sodium sulfate. The residue was
purified by silica column chromatography (dry loaded, 5-25% ethyl acetate/hexanes) to provide
76 mg of product as a white solid. The diastereomers were purified by HPLC (3% isopropanol/97%
hexanes, normal phase preparative silica gel column, tr = 10 min) to provide pure oxazolidinone
4.108. Yield: 72%. White solid. mp = 162-164 °C. TLC Rs= 0.46 (20% EA/ 80% hexanes); IR
(film) 3071, 2939, 2844, 1753, 1515, 1395, 1105, 698 cm™; *H NMR (400 MHz, CD3CN) § 7.97
(s, 2H), 7.68 (s, 1H), 7.40-7.38 (m, 2H), 6.94-6.92 (m, 2H), 5.21 (d, J = 7.0 Hz, 1H), 4.55 (p, J =
7.0 Hz, 1H), 3.76 (s, 3H), 1.55 (d, J = 6.1 Hz, 3H); 3C{*H} NMR (100 MHz, CDCls) & 160.4,
154.8, 138.8, 132.1 (q, J= 34.2 Hz), 127.7, 127.6, 122.9 (q, J = 271.6 Hz), 120.2, 117.6, 115.1,
79.1, 67.3, 55.3, 19.2. Anal Calcd for C19H1sFeNOs3: C, 54.42; H, 3.61; N, 3.34; Found: C, 54.42;

H, 3.52; N, 3.27.
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~o
MeO 4.117 HJJ\
Ether 4.117. To an oven dried test tube 4-methoxystyrene (4.30, 0.030 g, 0.222 mmol) and ethanol
(4.116, 0.020 g, 0.444 mmol) were added. The test tube was put under an atmosphere of argon and
1 mL of anhydrous acetonitrile was added. The reaction was stirred for 5 min, then oxoammonium
salt 4.2 (0.10 g, 0.333 mmol) was added. The reaction was stirred at room temperature for 16 h.
The reaction was quenched with saturated aqueous sodium bicarbonate solution and extracted with
DCM. The organic layers were combined, dried over sodium sulfate, and concentrated. The residue
was purified by silica column chromatography to provide 0.057 g 4.117 as a solid. Yield: 62%.
mp = 45-47 °C; TLC R¢= 0.48 (100% EA); IR (film) 3269, 3070, 2929, 16.53, 1509, 1243 cm';
IH NMR (400 MHz, CDCl3) 6 7.17 (d, J=8.8 Hz, 2H), 6.79 (d, J= 8.8 Hz, 2H), 5.17 (d, J= 7.3 Hz,
1H), 4.38 (t, J= 6.0 Hz, 1H), 4.13-4.07 (m, 1H), 3.99 (dd, J= 7.4, 9.0 Hz, 1H), 3.89-3.75 (m, 4H),
3.46 (qd, J= 2.3, 7.0 Hz, 2H), 1.93 (s, 3H), 1.75-1.70 (m, 3H), 1.28-1.24 (m, 3H), 1.21 (s, 3H),
1.19-1.18 (m, 4H), 1.10 (s, 3H), 1.00 (s, 3H); 3C{*H} NMR (100 MHz, CDCls) & 169.3, 159.0,
127.9, 127.5, 113.8, 113.7, 113.6, 81.4, 79.7, 72.4, 64.6, 55.3, 55.2, 45.7, 41.0, 40.9, 33.0, 32.7,
23.5, 20.8, 20.7, 15.4; Anal calcd for C22H3sN2O4: C, 67.32; H, 9.24; N, 7.14. Found: C, 67.58;

H, 9.08; N, 7.14.
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e 4.118 ﬁJ\
Ether 4.118. To an oven dried test tube 4-methoxystyrene (4.30, 0.037 g, 0.222 mmol) and 2-
nitrobenzyl alcohol (0.068 g, 0.444 mmol) were added. The test tube was put under an atmosphere
of argon and 1 mL of anhydrous acetonitrile was added. The reaction was stirred for 5 minutes,
then oxoammonium salt 4.2 (0.10 g, 0.333 mmol) was added. The reaction was stirred at room
temperature for 16 hours. The reaction was quenched with saturated aqueous sodium bicarbonate
solution and extracted with DCM. The organic layers were combined, dried over sodium sulfate,
and concentrated. The residue was purified by silica column chromatography to provide 0.041 g
4.118 as an oil. Yield: 37%; TLC Rf=0.42 (100% EA); IR (neat) 3281, 3075, 2971, 2932, 1651,
1510, 1243 cm®; *H NMR (400 MHz, CDCl3) § 8.20 (d, J=8.6 Hz, 2H), 7.54 (d, J= 8.6 Hz, 2H),
7.30 (d, J= 8.3, 2H), 6.87 (d, J=8.3, 2H), 5.19 (s, 1H), 4.87 (dd, J= 8.3, 4.0 Hz, 1H), 4.13-4.07
(m, 2H), 3.89-3.81 (m, 3H), 3.80 (s, 3H), 1.93 (s, 3H), 1.79-1.75 (m, 4H), 1.21 (s, 3H), 1.16 (s,
6H), 1.07 (s, 3H); *C{*H} NMR (100 MHz, CDCl3) & 169.3. 159.2, 132.6, 130.3, 128.9, 128.2,
127.8,127.5, 127.4, 123.6, 113.9, 113.7, 81.9, 81.4, 72.4, 69.3, 55.3, 45.7, 40.9, 32.8, 23.6, 20.8,

20.7; Anal calcd for C27H37N3Os: C, 64.91; H, 7.47; N, 8.41. Found: C, 64.83; H, 7.47; N, 8.01.
c,e” o
IS anon]
"o 4.119 N

Ether 4.119. To an oven dried test tube 4-methoxystyrene (4.30, 0.030 g, 0.222 mmol) and 2,2,2-
trichloroethanol (0.020 g, 0.444 mmol) were added. The test tube was put under an atmosphere of

argon and 1 mL of anhydrous acetonitrile was added. The reaction was stirred for 5 minutes, then
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oxoammonium salt 4.2 (0.10 g, 0.333 mmol) was added. The reaction was stirred at room
temperature for 16 hours. The reaction was quenched with saturated aqueous sodium bicarbonate
solution and extracted with DCM. The organic layers were combined, dried over sodium sulfate,
and concentrated. The residue was purified by silica column chromatography to provide 0.057 g
4.119 as a solid. Yield: 19%. Mp= 80-82 °C; TLC R¢= 0.43 (100% EA); IR (film) 3279, 2923,
1648, 1510, 1243 cm; 'H NMR (400 MHz, CDCl3) § 7.92 (d, J=8.7 Hz, 2H), 6.87 (d, J= 8.7 Hz,
2H), 5.17 (bs, 1H), 4.87 (dd, J= 8.8, 3.5 Hz, 1H), 4.15-4.07 (m, 2H), 3.91-3.82 (m, 4H), 3.80 (s,
3H), 1.94 (s, 3H), 1.87-1.76 (m, 6H), 1.22 (s, 6H), 1.16 (s, 3H); 3C{*H} NMR (100 MHz, CDCls)
0 169.4, 159.2, 132.6, 130.3, 128.9, 127.5, 113.8, 113.7, 113.6, 81.9, 72.4, 55.5, 55.3, 55.2, 45.7,
40.9, 32.9, 29.7, 23.5, 20.8, 20.7; Anal calcd for CzH33CIzN204: C, 53.29; H, 6.71; N, 5.65.

Found: C, 53.60; H, 6.86; N, 5.57.

OH

Alcohol 4.120. To an oven dried test tube 4-methoxystyrene (4.30, 0.037 g, 0.333 mmol) and water

o.
;ﬁ g
4.120 N

(0.120 g, 6.66 mmol) were added. The test tube was put under an atmosphere of argon and 3.3 mL
of ethyl acetate was added. The reaction was stirred for 5 minutes, then oxoammonium salt 4.2
(0.10 g, 0.333 mmol) was added. The reaction was stirred at room temperature for 16 hours. The
reaction was quenched with saturated aqueous sodium bicarbonate solution and extracted with
DCM. The organic layers were combined, dried over sodium sulfate, and concentrated. The residue
was purified by silica column chromatography to provide 0.073 g 4.120 as an oil. Yield: 60%.
TLC Rr= 0.40 (10% EtOACc/90% hexanes); IR (neat) 3278, 3078, 2925, 1648, 1511, 1243 cm™;
IH NMR (400 MHz, CDCl3) § 7.29 (d, J=8.6 Hz, 2H), 6.87 (d, J= 8.6 Hz, 2H), 5.40 (bs, 1H), 4.86
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(dd, J= 8.1, 3.3 Hz, 1H), 4.14-4.09 (m, 3H), 3.91-3.81 (m, 3H), 3.79 (s, 3H), 2.81 (bs, 1H), 1.93
(s, 3H), 1.77-1.70 (m, 2H), 1.32-1.29 (m, 2H), 1.20 (s, 6H), 1.15 (s, 3H). 3C{*H} NMR (100 MHz,
CDCls) 6 169.3, 159.2, 132.6, 129.1, 127.5, 126.9, 113.7, 81.9, 72.3, 60.3, 55.3, 45.7, 40.9, 32.9,
29.7, 23.5, 20.8, 20.7; Anal calcd for C20H32N204: C, 65.41; H, 8.85; N, 7.69. Found: C, 65.53; H,

8.76; N, 7.63.

O

nd

4.125

Isatin 4.125. To an oven dried test tube 4-methoxystyrene (4.30, 0.037 g, 0.278 mmol), isatin
(0.040 g, 0.278 mmol), and potassium carbonate (0.046 g, 0.333 mmol) were added. The test tube
was put under an atmosphere of argon and 1 mL of anhydrous acetonitrile was added. The reaction
was stirred for 5 minutes, then oxoammonium salt 4.2 (0.10 g, 0.333 mmol) was added. The
reaction was stirred at room temperature for 18 hours. The reaction was quenched with saturated
aqueous sodium bicarbonate solution and extracted with DCM. The organic layers were combined,
dried over sodium sulfate, and concentrated. The residue was purified by silica column
chromatography to provide 0.063 g 4.125 as a yellow solid. Yield: 44%. mp = 77-80 °C; TLC R¢
=0.36 (100% EA); IR (neat) 3279, 3077, 2971, 2931, 1651, 1611, 1510, 1243 cm™*; *H NMR (400
MHz, CDCls) § 7.30-7.27 (m, 3H), 7.21-7.16 (m, 1H), 6.92-6.79 (m, 4H), 5.48 (bs, 1H), 4.86 (dd,
J=8.4, 3.6 Hz, 1H) 4.14-4.09 (m, 2H), 3.91-3.80 (m, 4H), 3.79 (s, 3H) 1.92 (s, 3H), 1.25 (s, 3H),
1.21 (s, 3H), 1.20 (s, 6H); BC{"H} NMR (100 MHz, CDCls) & 169.3, 159.2, 132.6, 130.4,
129.11,128.9, 127.5, 126.9, 113.8, 113.7, 81.9, 72.4, 60.3, 55.5, 55.3, 45.7, 40.9, 32.9, 23.6, 20.8,

20.7; Anal calcd for CpgH3sN3Os: C, 68.13; H, 7.15; N, 8.51. Found: C, 68.03; H, 7.20; N, 8.56.
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