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Abstract

A highly regio- and chemoselective methodology for the ligand-directed
palladium-catalyzed C-H activation/acetoxylation of sp’ C-H bonds was developed. The
reaction was found to be general with a variety of directing groups such as oxime ethers,
isoxazolines and pyridines. In addition, the reaction exhibited high selectivity for the
acetoxylation of 1° sp® C-H bonds.

The ligand directed palladium-catalyzed C-H activation/acetoxylation of sp> and
sp° C-H bonds was shown to be effective with alternative oxidants such as Oxone and
K5S,0g in place of PhI(OAc),. The use of these peroxide based oxidants over PhI(OAc),
is advantageous because they are cheaper and do not release toxic byproducts such as
iodobenzene.

A comprehensive investigation to elucidate the factors affecting the C-H
activation/acetoxylation by one ligand over another was conducted. It was determined
that in the presence of multiple chelating functionalities in a reaction, the substrate
bearing the most basic ligand would lead to the predominant product under our reaction

.. . . : v
conditions. These transformations are believed to proceed via a Pd

catalytic cycle.
Mechanistic studies implicate that ligand directed palladium mediated C-H activation is
the rate-limiting step in these reactions.

Finally, Pd-alkyl intermediates generated via aminopalladation were intercepted
using strong oxidants such as PhI(OAc); to afford 1,2-difunctionalized products. Under
our optimal conditions, the use of alkenes bearing tethered alcohols, acids, or amines led

to the formation of substituted tetrahydrofuran rings, lactones, or pyrrolidines.

xxii



Chapter 1

Introduction

The direct catalytic functionalization of C—H bonds is an important challenge in
organic chemistry.'” Traditionally, the introduction of a functional group in a molecule
requires a pre-functionalized starting material (Scheme 1.1, pathway a), which might be
challenging to access in the context of complex molecule synthesis. In contrast, C—H
bonds are ubiquitous in nature; hence their direct transformation to diverse functional

groups would be highly desirable (Scheme 1.1, pathway b).

Scheme 1.1: Routes for Introducing Functional Groups (FG) into Organic Molecules

Pathway a Pathway b
R” OFGA R” OFGE R OH

The direct functionalization of C—H bonds is challenging because C—H bonds are
unreactive and robust. Their low reactivity can be attributed to the fact that they are
strong, localized, and unpolarized bonds.> ® Transition metal catalysis can be used to
assist in converting C-H bonds to more reactive carbon-metal bonds that can

subsequently be functionalized to afford the desired product (Scheme 1.2).

Scheme 1.2: Transition Metal-Catalyzed Activation/Functionalization of C—H Bonds

C—H Activation Functionalization

FGB



There were a number of examples of transition metal-catalyzed C-H
activation/C—C bond formation prior to our work.” In contrast, C—H activation/carbon—
heteroatom bond forming reactions were very limited.'” Our initial goal was to develop a
transition metal-catalyzed mild, regio-, and chemoselective method to convert C—H bonds
to C—O bonds. This transformation would be very useful because C—O bonds are widely
prevalent in biologically active molecules. Additionally, the petroleum and chemical
industries have interest in finding efficient ways to convert inert alkanes into oxygenated
hydrocarbons.

Crabtree and coworkers demonstrated the direct transformation of an arene C-H
bond to a C—OAc bond.'' In particular, they showed that substrates such as
chlorobenzene can be acetoxylated in the presence of catalytic Pd(OAc), and
stoichiometric PhI(OAc),. As depicted in Scheme 1.3, a mixture of ortho, meta and para
regioisomers of the acetoxylated product were obtained. The authors proposed that
PhI(OAc), served as the source of the acetate in the final product, and as an oxidant that
effects the oxidative functionalization of the carbon-palladium bond resulting from C—H
activation. While this report was an important demonstration that C—H bonds can be
oxygenated with readily available catalysts under mild conditions, this reaction was
limited by its very low yield, the need for large excess of substrate, and the lack of

regioselectivity.

Scheme 1.3: Palladium-Catalyzed Acetoxylation of Chlorobenzene with PhI(OAc)z

Cl
H cat. Pd(OAc),
1 equiv Phl( OAc Ej @
H AcOH
H (14%)
10 equiv 1.4 : 1.0

Our group sought to address the challenge of regioselectivity by employing a
ligand directed approach for the palladium-catalyzed oxidative functionalization of C—H
bonds. This strategy involves the use of substrates bearing coordinating functional
groups, such as L in Scheme 1.4, that can chelate to the metal and direct the activation of

a proximal C—H bond. We reasoned that the cyclopalladated complex formed upon C—H



activation could then be functionalized using electrophilic reagents such as PhI(OAc) to

afford the desired ortho-oxygenated product.

Scheme 1.4: Regioselectivity via Cyclopalladation

[Pd /_Q

H =~ Pd\”\ _Pd_

Scheme 1.5: Overall Goal for Direct Transformation of C-H to C-O Bonds

/_Q [Pdll] /_Q Ph|(0AC)2 /_Q
L L. L
Pd"

H step (i) PN step (ii) AcO

The first step for the proposed reaction, namely ligand-directed C—H activation at
Pd" (cyclopalladation), is well documented in literature.'* One of the earliest reports
appeared in 1965 with stoichiometric cyclopalladation of azobenzene (Scheme 1.6)."
Since this report, there have been examples illustrating cyclopalladation with a variety of
directing groups such as pyridines, amines, amides, and oximes. Additionally, Miura,'*
Sames,"’ Fujiwara'® and others have effectively employed the ligand-directed approach
for palladium metal catalyzed C-H activation/C—C bond forming reactions. The
feasibility for the oxygenation step is supported by the palladium-catalyzed arene

acetoxylation reaction discussed above (Scheme 1.3).

Scheme 1.6: Cyclopalladation of Azobenzene

L, 2

N PdCl,

N
NN _-Cl
N —_— N pd"

In 2004, our group reported that the approach shown in Scheme 5 provides an
efficient route to the ligand-directed acetoxylation of arene C—H bonds.'"” This
methodology was shown to be general with respect to a wide variety of directing groups

such as pyridines, pyrazoles, and azo-linkages to afford the acetoxylated products in good

3



yields (Scheme 1.7)."" Importantly, these reactions were highly selective for

functionalization of the C—H bond adjacent to the chelating group.

Scheme 1.7: Palladium-Catalyzed Directed Acetoxylation of Arene C—H Bonds
2 mol % Pd(OAc),

1.1 equiv PhI(OA O
7 OQ equiv Phi(OAc), 7\ Q (86%)
N 75°C N
H AcO

MeCN
OAc AcO
., N-Ph
N /
_ AcO
(62%) (53%) (58%) (85%) (86%)

This reaction was proposed to proceed through a Pd"™" catalytic cycle.'” ' As
shown in Scheme 1.8, the key steps of the catalytic cycle are proposed to involve: (i)
ligand directed C—H activation to afford the cyclopalladated complex A, (ii) oxidation of
A by PhI(OAc), to generate the Pd' intermediate B, and (iii) C-O bond-forming
reductive elimination from B to release the desired acetoxylated product and regenerate

the Pd" catalyst.

Scheme 1.8: Proposed Mechanism for Pd""" Catalyzed Arene Acetoxylation

| 1 f \; A prioae, T TC B
7 cat. Pd"(OAc), — N\Pd”;og/ (OAc), — N\PdIV;OAc N
-H* 2 ( -Pd"(OAc),
H —_Phl AcO
A B

All of our group’s initial work in this area involved functionalization of arene C—
H bonds using PhI(OAc); as the terminal oxidant. As such, the goals of my research (as

outlined in this thesis) were as follows:

Chapter 2: To extend this methodology to the oxidation of sp’ C—H bonds (Scheme 1.9).



Scheme 1.9: Palladium-Catalyzed Directed Oxidative Functionalization of sp’ C—H
Bonds

Phl(OAc),

L H I Ac L OAc
cat. Pd"(OAc), L O-_2
2t PION), S S
)\/l R1 /
R1 R1

Chapter 3: To explore the use of alternative oxidants (particularly peroxides) in place of
PhI(OAc), for Pd-catalyzed directed C—H activation/oxidation reactions (Scheme 1.10).

Scheme 1.10: Use of Peroxides as the Terminal Oxidant in C—H Activation/Oxidation

Reactions
L H L OA
L cat. Pd(OAc), L ¢
R’ H Peroxide OAc

Chapter 4: To determine the factors that control which ligand will direct C-H

activation/functionalization when multiple potential chelating functionalities are present

in solution (Scheme 11).

Scheme 1.11: Competition Studies Between Multiple Directing Groups
cat. Pd(OAc),

@L @L' Phl(OAc), @L E;?L‘
+ +
H H OAc OAc

Chapter 5: To oxidatively intercept Pd-alkyl intermediates, generated via

aminopalladation of alkenes, to form 1,2-difunctionalized products (Scheme 1.12).

Scheme 1.12: Palladium-Catalyzed 1,2-Aminooxygenation of Alkenes

Oxidative Cleavage
Aminopalladation ~ _>Pd!__ via Pd(1V) NHR'

NHR  + R 1
g’ NHR Phi(OAc), Aco\)\R
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Chapter 2

Palladium-Catalyzed Acetoxylation of sp3 C-H Bonds

2.1  Background and Significance

Alkane carbon-hydrogen (C—H) bond activation and functionalization has been a
formidable challenge in synthetic organic chemistry. In general, sp> C—H bonds are much
more difficult to activate than sp> C—H bonds. The unreactive nature of alkanes is
attributed to (i) the lack of available lone pairs, empty orbitals of low energy, or filled
orbitals of high energy, (ii) the low polarity of these substrates, and (iii) the high
homolytic and heterolytic strength of C—H bonds (typical bond dissociation energies

2 1n addition, the

range from 90-110 kcal mol” and pK, values are greater than 40).
metal-alkyl intermediates that are generated upon C-H activation (for example, A in
Scheme 2.1) are typically susceptible to -hydride elimination. Alkanes are ubiquitous in
nature, and are found in diverse organic compounds, including petroleum, natural gas,
organic polymers, natural products, pharmaceuticals, and agrochemicals. Hence,

developing a methodology for the direct functionalization C—H bonds in alkanes could

have a great practical impact on a variety of different fields.

Scheme 2.1: Transition Palladium-Catalyzed Alkane Functionalization

B-Hydride Elimination

R \/
C-H Activation

Ry + cat[Pd'l R pa

A Functionalization

R\/\OR



Many research groups have attempted to address the challenge of alkane
oxidation” One of the most promising approaches to alkane C-H
activation/functionalization involves the use of group 10 metal (Pt and Pd) catalysts.
Although several promising systems have been developed, most are not suitable for
practical use. The most prominent early example comes from the 1970’s by Shilov and
co-workers.* They demonstrated that sp> C—H bonds of simple alkanes such as methane
could be functionalized to C—O bonds using catalytic Pt" salts in conjunction with

stoichiometric Pt"-based oxidants (Scheme 2.2).

Scheme 2.2: Platinum-Catalyzed Oxidation of Methane

H20>

CH
+CH + PtVClg> 8
~pp=OH T O oh, T Ol OH, o onsHe
HZO Cl —HCI Hzo CH3 _ PtIIC|42- HZO/(“ ~—Cl _ [Pt”]
Cl

(1) (2) (3)

While the mild conditions and simplicity of the catalysts in these reactions are
remarkable, the utility of this transformation is limited by (i) the requirement of
stoichiometric amounts of Pt"" and (ii) low selectivity. For instance, pentane is converted
to pentyl chloride with only 56% terminal selectivity (Scheme 2.3).” Chlorination at other
positions on the alkyl chain was also observed. Despite its limitations, this platinum
system shows potentially useful features and would be rendered more practical if the Pt"

could be replaced with another strong oxidant.

Scheme 2.3: Pentane Oxidation with Pt

cat. PtCl4%
PN P
PtClg®
4 5
(4) 120 °C (5)

56% selectivity

An important recent advancement in Pt-catalyzed alkane oxidation was reported
by Periana in 1998.° This report demonstrated the oxidation of methane to

methylbisulfate using a Pt" catalyst (bpym)Pt(Cl), (bpym = bipyrimidine) in fuming



sulfuric acid with SO; as the terminal oxidant (Scheme 2.4). The mechanism of this
reaction is proposed to involve: (i) electrophilic C—H activation to afford a platinum alkyl
complex, (i) oxidation by SO; to afford a Pt species, and finally (iii) reductive
elimination from this Pt" intermediate to provide methyl bisulfate. This reaction is
attractive due to its high yield (90%) and selectivity (81%). Installation of an electron
withdrawing sulfonic acid group protects the product from further oxidation. However,
the utility of this reaction is limited by the requirement of fuming sulfuric acid and high
temperatures (200 °C). Other hydrocarbon substrates, under these harsh conditions, result

in low turnover numbers and low levels of regio- and chemoselectivity.

Scheme 2.4: (bpym)Pt(Cl),-Catalyzed C—H Activation/Oxidation of Methane

T
N-=N_ X
Pl
NIN/ X
cat. A
CH, CH30SO3H
H,S0,/SO3 .
81% selectivity
200 °C 90% yield

Sames has reported some of the earliest examples of group 10 metal catalyzed
alkane C—H functionalization, addressing regioselectivity by using a directing functional
group.” * As shown in Scheme 2.5, directed arylation of ortho-tert-butylaniline with
phenylvinylsilanol was achieved in the presence of catalytic Pd(OAc), using Cu(OAc),
as a terminal oxidant. A mechanism involving dual coordination of the imine and the
thioether to Pd was proposed to lead to the high selectivity for the 1° C—H bond. Though
catalytic, the reaction is limited by its modest substrate scope. For example, replacing the
tert-butyl in 6 with an iso-propyl moiety resulted in only trace amounts of the desired

product 9 (Scheme 2.5).



Scheme 2.5: Pd-Catalyzed Directed sp’ C—H Activation/Arylation

4 mol % Pd(OAc),
4 mol % Benzoqumone
N/ Ph,Si(OH)Me
;j@ 2 equiv Cu(OAc), /j@

DMF, 100 °C
73%

|
(6)

4 mol % Pd(OAc),
4 mol % Benzoqumone
N/ Ph,Si(OH)Me
/D 2 equiv Cu(OAc), /j@
S DMF, 100 °C
| <5%
(8) (9)

Sames has also reported one of the first examples of heteroatom-directed
oxygenation of sp> C—H bonds involving the Pt'-catalyzed selective functionalization of
a-amino acids in water.” As shown in Scheme 2.6, this report demonstrated that
subjection of valine to 5 mol % K,PtCls and 7 equiv CuCl, in water at 160 °C resulted in
56% NMR vyield of lactone 11. The reaction was proposed to proceed via chelate-directed
electrophilic C—H activation by Pt" followed by oxidative functionalization to form the
C-O bond. Although this reaction is an important advancement in directed
functionalization of alkyl groups in complex substrates, its utility is limited by the
moderate yields and the harsh reaction conditions (particularly the high temperatures and
the requirement for large excesses of oxidant). Importantly, there were no examples of
palladium-catalyzed directed sp’ C—H activation/C—O bond formation when we started

this project.

Scheme 2.6: Platinum Catalyzed Directed sp’ C—H Activation/C—O Bond Formation

5 mol % KgPtC|4 (o)
)Y(LH 7 equiv CuCl, )/\8:0
© H,0, 160 °C, 10 h
NHz 56% (NMR vyield) NHz
(10) (11)

We aimed to address the challenge of C-H activation/functionalization of sp’ C-H

v
d

bonds by employing the P catalyzed methodology developed for functionalization of

sp° C-H bonds (Chapter 1, Scheme 1.7). The key step in the sp> C—H bond

10



functionalization reaction is the oxidative interception of a palladium-aryl intermediate,
generated upon C—H activation, with PhI(OAc), (Scheme 1.8, Chapter 1).'° Our goal was
to generate an analogous palladium-alkyl intermediate 13 via ligand-directed sp> C—H
bond activation (Scheme 2.7). Oxidative cleavage of the Pd—C bond in 13 with
PhI(OAc),, would then allow us to install an OAc group at the sp’ carbon center via the

Pd" intermediate 14.

Scheme 2.7: Desired Reaction

R R R R.
‘NH I ' Ac _ PhI(OAc) L N OAc
cat. Pd"(OAc), _N _o- 2 N1
A EE st ——— ey ———— L
-H Ry Ri | _Pd'(OAc),
R OAc R
—Phl
12) (13) (1) (15)

While Pd-catalyzed directed sp® C—H activation/oxygenation reactions were

unprecedented prior to our work, several previous reports had described stoichiometric

11-13

versions of this transformation. For example, Baldwin and co-workers illustrated that

the reaction of pinacolone oxime 16 with stoichiometric K,PdCl, leads to the formation
of palladacycle 17 via ligand directed activation of a terminal C—H bond of the fert-butyl
group. Subsequent oxidation of 17 with Pb(OAc)s was then shown to form the
acetoxylated product 18 (Scheme 2.8)."!

Scheme 2.8: Stoichiometric sp” C—H Activation/Oxygenation at Pd"

o 1. CgHsN
N H K,PdCl, OH 2. Pb(OAc), N

- 5 N |
=N~ _ -Cl- -2
3 days \;—‘/\/Pd”\/ 3 NaBH4 )7(\0Ac

100%
(16) a7 (18)

Although this reaction demonstrates the viability of directed sp’ C—H bond
activation, it is impractical for several reasons. First of all, it is stoichiometric in both an
expensive Pd" salt and a highly toxic Pb'" salt. Second, it has a very limited substrate
scope. As shown in Table 2.1, methylated cyclohexanone oximes 19 and 21 and the

steroid derivative 23 were the only substrates that were successfully acetoxylated by

11



Baldwin using this method. In contrast, isolable palladacycles could not be obtained for
substrates that lacked a-branching (for example, 25 in Figure 2.1), for substrates in which
the C—H bond and the directing group were not coplanar (for example, 27 and 28 in
Figure 2.1), and for substrates that were susceptible to 3-hydride elimination upon C—H

activation (for example, 25 and 26 in Figure 2.1).

Table 2.1: Substrate Scope for Stoichiometric sp’ C—H Activation/Oxygenation at Pd"

Entry Substrate Product Yield
N HO.
HO |N IN
O,
1 i)/l\ H @{\OAC 96%
(19) (20)
HO. HO.
L |
2 N H Y OAc 76%

76%

Conditions: (i) Na,PdCly, (ii) pyridine (iii) Pb(OAc)4 and (iv) NaBH,4

Figure 2.1: Substrates That Did Not Form Isolable Palladacycles

HO. z HO.
N 2
HO. | |N
” OH
H
(25) (26) (27) (28)

Based on this early report, we aimed to develop an efficient palladium-catalyzed
method to acetoxylate sp’ C-H bonds that was directed by ketone or aldehyde-derived
directing groups. We wanted to use a terminal oxidant that was less toxic and more
practical than Pb(OAc)s. Additionally, in order to make this reaction general for a wide

variety of substrates, we hoped to develop reaction conditions under which the relative

12



rate of oxidative cleavage of the Pd—C bond in 13 was faster than the undesired p-hydride

elimination reaction (Scheme 2.9).

Scheme 2.9: B-Hydride Elimination Versus Oxidation

B-Hydride |N
elimination )\"/
R R
N H lll
' e P
Oxidative Cleavage R.
via Pd(IV) N  OAc

|
Phi(OAc), )W/I

Importantly, the proposed methodology could potentially allow access to f-amino

alcohols, B-hydroxy ketones, and functionalized -amino acids (Scheme 2.10). It could
also provide a tool for the synthesis and functionalization of alkaloids and polyketides as
well as other classes of natural products. The ability to selectively functionalize a variety
of C-H bonds to C-O bonds could also allow for the efficient synthesis of drug
molecules to be tested in structure-activity relationship (SAR) studies. Finally, the
insights gained from this palladium-catalyzed ligand—directed oxygenation of sp’ C—H
bonds could then potentially be applied towards functionalization of alkane C—H bonds
without the use of directing groups. This would then allow us to address an important

challenge of methane oxidation to methanol.

Scheme 2.10: Potential Applications of the Proposed Reaction
O OH
R2

13



2.2 Initial Results

Our studies began with using pinacolone oxime 16 as the substrate. This choice
was based on Baldwin’s results, which demonstrated the successful oxygenation of the 8-
C—H bond of 16 using stoichiometric K,PdCly and Pb(OAc)s (Scheme 2.8)."* We first
subjected 16 to the reaction conditions developed in our lab for sp> C—H acetoxylation (5
mol % Pd(OAc),, 1.5 equiv PhI(OAc), in AcOH at 100 °C). However, under these
conditions we obtained none of the desired oxygenated product 18 and instead recovered
the deprotected ketone 29 (Scheme 2.11). This indicates that the relative rate of
deprotection of the oxime was faster than the rate of oxime-directed C—H activation at
Pd". The ketone product of this deprotection is then expected to be a poor ligand for

palladium, and hence unable to direct the functionalization.

Scheme 2.11: Attempted Pd-Catalyzed Acetoxylation of Pinacalone Oxime with

PhI(OAC),
HO. HO.
N 5 mol % Pd(OAc), o N OAc
+
/5/ 1.2 equiv PhI(OAC), )S/
: AcOH, 100 °C -

(16) (29) (18)
not observed

This result suggested that in order to achieve the desired catalytic oxygenation
reaction, we would need to prevent deprotection of the oxime. As depicted in Scheme
2.12, a key step in the proposed mechanism for this deprotection involves nucleophilic
attack of the oxime hydroxyl group on the iodine.'* Based on this mechanism we
hypothesized that replacing the hydroxyl group with an alkyl ether might attenuate the
oxidative deprotection while still maintaining the ligand’s coordinating ability to

palladium.
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Scheme 2.12: Proposed Mechanism for Oxidative Deprotection

‘)
| O ACO\| O
AcO” ~OAc ' ©0Ac N OAc
N
HO. ( \/ —Phl )ﬁ/ TN,
)7/ —AcO ~(CH4CO0),

Based on this analysis, the oxime ether substrate 30 was synthesized and

subjected to the catalytic reaction conditions (5 mol % Pd(OAc),, 1.5 equiv PhI(OAc); in
AcOH at 100 °C). Gratifyingly, the desired monooxygenated product 31 was obtained in
14% 1isolated yield along with the corresponding di- (34%) and tri-acetoxylated
compounds (15%) (Scheme 2.13). Notably, the use of an excess of PhI(OAc), (4.5 equiv)
increased the yield of the tri-oxygenated product 33 to 59%.

Scheme 2.13: Pd-Catalyzed Acetoxylation of Pinacalone Oxime Methyl Ether with

PhI(OAc),
MeO. MeO.
€0 N 5 mol % Pd(OAc), €0 N OAc
+
/5/ AcOH, 100 °C )7) )7) )))
= = —~O0Ac —~O0Ac
(30)
1.5 equiv PhI(OAC), 14% 34% 15%
4.5 equiv PhI(OAC), 13% 59%

2.3  Substrate Scope of Pd-Catalyzed Acetoxylation of 1° sp’ C-H
Bonds

Highly Branched Substrates. We were pleased to find that ligand-directed Pd-
catalyzed C—H bond activation/acetoxylation was general with respect to a variety of
directing groups (Table 2.2)."> My colleague Kami Hull demonstrated the use of pyridine
directing groups in these reactions, while my work showed that oxime ethers (34-38) and
isoxazolines (42-48) are also effective in mediating the desired acetoxylation reaction.

Furthermore, acetoxylation was achieved in systems that proceeded via either a five-
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membered (entries 1-6) or a six-membered palladacyclic intermediate (entry 8). Unlike
substrate 48, the six-membered cyclopalladation is not facile with unactivated C-H bonds
such as in substrate 46. Selectivity between mono-, di- or tri-acetoxylated products could
be tuned by changing the stoichiometry of the oxidant. For example, the di- and tri-
acetoxylated products 43 and 45 were formed in 45% and 55% isolated yields using
either two or three equivalents of PhI(OAc),, respectively. Importantly, control reactions
(in the absence of Pd catalyst) were run for each substrate, and generally showed no
reaction under our standard conditions.

Interestingly, the C—H bond in camphor methyl oxime ether 34 was successfully
acetoxylated (entry 1). This is particularly notable because Baldwin was unable to obtain
an isolable palladacycle with this substrate. We believe that 34 affords the product under
our reaction conditions because, unlike in stoichiometric experiments, a catalytic reaction
does not require that the palladacycle have an appreciable lifetime. Instead, it just needs
to be generated transiently and then can be intercepted by the oxidant to afford the

desired product.
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Table 2.2: Scope of Pd-Catalyzed Directed sp” C—H Activation/Acetoxylation with
PhI(OAc),: Highly Branched Substrates

Entry Substrate Product Yield® Entry Substrate Product Yield?
: : OAc N-
1 Ef N i 5 N 75% 5 7)’\)\/ W\/ 45%b
OMe OMe - ~O0Ac
(34) (35) (42 (43)
MeO.
MeO. °>N  oAc N-
51%° 6 7*)\/ />/k}\/ 55%:C
E —OAc
(45)
e 7 O w o
46) (47)
-0
63%° 8 Cablo /E;i\/LC‘*HSB 60%
(40) (41) (49)

a Conditions: 5 mol % Pd(OAc),, 1.5 equiv PhI(OAc),, AcOH, 100 °C; © 2.0 equiv Phl(OAc), were used
2 2
¢ 3.0 equiv of Phl(OAc), were used

Substrates Containing p-Hydrogens. The substrates presented in Table 2.2 do not
bear hydrogens a to the carbon being functionalized. Hence, B-hydride elimination from
the palladacyclic intermediate is not a potential competing reaction in these systems. As
such, we next turned our attention towards substrates that could undergo B-hydride
elimination following C—H activation. We wanted to explore whether the relative rate of

oxidative cleavage of intermediate 13 would be faster than the undesired B-hydride

elimination under our reaction conditions (Scheme 2.9).

We first synthesized the oxime ether of methyl cyclohexanone. We were pleased

to find that subjection of this substrate to our reaction conditions did not afford any of the

B-hydride elimination product 53. Furthermore, the desired acetoxylated product 51 was

obtained from this reaction, albeit in a modest yield of 4% (Scheme 2.14). This low yield

was due to competitive formation of the corresponding ketone 52.
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Scheme 2.14: Pd-Catalyzed Reaction of Cyclohexanone Methyl Oxime Ether with

PhI(OAc); in AcOH
MeO., MeO. MeO.
NH 5 mol % Pd(OAc), N O H N
OAc "
@/ 1.1 equiv Phl(OAc), @/\ @/ @/
AcOH
(50) (51, 4%) (52, 75%) (53)

not observed

The ketone 52 was not formed via oxidative deprotection of the directing group,
since substrate 50 also reacted to generate 52 in AcOH in the absence of PhI(OAc),.
Instead, we theorized that since 50 is less sterically hindered than the previously studied
substrates, it was simply undergoing hydrolysis in the reaction medium. This result
suggested that the addition of acetic anhydride (Ac,O) might be used to sequester the
water in the reaction mixture and hence prevent this competing hydrolysis. In order to
probe this hypothesis, we subjected substrate 50 to the catalytic reaction conditions using
50% AcOH/50% Ac,O as the solvent in place of pure AcOH. We were delighted to find
that these conditions afforded the acetoxylated product 51 in 81% yield.

Scheme 2.15: Pd-Catalyzed Reaction of Cyclohexanone Methyl Oxime Ether with

PhI(OAc); in AcOH/Ac,0
MeO. MeO.
¢ |N 5 mol % Pd(OAc), © |N
81% isolated
(j/ 1.1 equiv Phi(OAc), @A OAc yield
AcOH/Ac,0 (1:1)
(50) (51)

These optimal reaction conditions were general for a variety of other substrates
containing B-hydrogens (Table 2.3)."° Importantly, products resulting from B-hydride
elimination were not observed for any of these substrates, indicating that the oxidative
cleavage of the palladacyclic intermediate out-competes f3-hydride elimination in these
systems. Interestingly, substrates that did not afford isolable palladacycles in the Baldwin
system were successfully functionalized under our catalytic conditions (entries 1 and 3)."

Additionally, substrates lacking branching at the a-position (54) were also acetoxylated.
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Such systems were challenging to functionalize under the reaction conditions developed

by both Baldwin and Sames.

Table 2.3: Scope of Pd-Catalyzed Directed sp’ C—H Activation/Acetoxylation with
PhI(OAc),: Substrates with 3-Hydrogens

Entry  Substrate Product Yield® Entry Substrate Product Yield?
N-Q N-Q
MeO MeO\ / | 30%
1 39% 5 OAc AcO OA ’
C4Hg )\/ C4Hg)\/\0Ac
(54) (55) (62) (63)
o OAc
N’ ,O -0 AcO _0
2 )I\ \( N| \H 37% 6 )\/I\L)\/ J\/I\L)\/OAC 0%
Cothis NN
6113
(56) (57) (64) (65)
MeO\N MeO\N N-O N-O
3 | | 74% 7 ! ! 47%
OAc OAc AcO OAc (1:1dr)
(58) (59) (66) (67)
M
N N
| | N-O N-O
OAc ) / Ph | Ph 25%
86% AcO (1:1 dr)
tBu tBu
(60) (61) (68) (69)

& Conditions: 5 mol % Pd(OAc),, 1.2 equiv Phl(OAc),, AcOH/Ac,0, 100 °C

In the isoxazoline substrates containing a stereocenter, the functionalization of
diastereotopic methyl groups proceeded with no selectivity. However, after our initial
findings, Yu reported 82% de in the Pd-catalyzed acetoxylation of prochiral methyl
groups in oxazoline substrate 70.'® Notably, substrates in which the ert-butyl group on
the tertiary carbon was replaced with other alkyl groups or ethers exhibited lower dr
values ranging between 18% and 60%. Based on these results, it appears that both the
location of the stereocenter within the substrate as well as the steric nature of the
stereocenter and the substrate are key to attaining diastereoselectivity in these C—H

activation reactions.
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Scheme 2.16: Palladium-Catalyzed Acetoxylation of Prochiral Methyl Groups with

Lauroyl Peroxide

5 mol % Pd(OAc), AcO

//\/N 2 equiv Lauroyl peroxide
Bu [ Bu Ac,0 =N
B
e 50°C. 48 h i) B
(70) (71)

49% (82% de)

Conformational Effects on Reactivity. While conducting these studies we made an
interesting observation regarding the reactivity differences between substrates S0 and 60.
Both these substrates lead to similar yields of the corresponding products 51 and 61.
However, while reaction of substrate 50 took 3 h to reach completion, reaction of 60 was
finished in only 5 min. This dramatic difference can be rationalized based on the relative
amounts of the reactive conformers of 50-eq and 50-ax in solution (Scheme 2.17).
Methyl cyclohexanone 50 exists in two conformers of similar energy that are at rapid
equilibrium — one in which the methyl group is in the equatorial position (50-eq) and one
in which the methyl group is in the axial position (50-ax). However, only conformer 50-
eq has the C—H bond of the methyl group co-planar with the oxime, the geometry
required for cyclopalladation. In contrast, substrate 60, possessing a tert-butyl group on
the cyclohexane ring, essentially exists only as the more reactive conformer 60-eq with

the -C—H bond coplanar with the oxime ether.
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Scheme 2.17: Effect of a #~-Bu Conformational Lock on the Rate of Pd-Catalyzed C—H
Bond Acetoxylation

MeO\ MeO . MeO
- \ 1.1 equiv Phl(OAc),

NS N N
[T =P . %‘\Pd(\ _[pd] s/~

(50-eq) (51) OAc
(81%)
rxn time: 3 h
m _OMe
~ —— > no cyclopalladation —_— no product
=Pl
(50-ax)
MeO
MeQ 5 mol % Pd(OAC), eQ
N\ — . V7 N
)\%/ P 1.1 equiv Phl(OAc),
AcOH/Ac,0 (1:1) OAc
(60-eq) (61)
(86%)

rxn time: 5 min

Regioselectivity. We were next interested in exploring the relative preference for
functionalization of 1° relative to 2° sp> C—H bonds under our reaction conditions. In
addition, we wanted to compare the selectivity for the functionalization of sp’ C—H bonds
that are four versus five bonds away from the chelating group. Substrate 72 was
synthesized in order to investigate both issues. This substrate possesses three potential
sites for C—H activation: (i) a 2° f-C-H bond (H,), whose activation would lead to the
formation of a five-membered palladacycle intermediate 73, (ii) a primary p-C-H bond
(Hp), whose activation would also afford a five-membered palladacycle 74, and (iii) a 1°y
C-H bond (H.), whose activation would afford the six-membered palladacycle 75
(Scheme 2.18). When 72 was subjected to our reaction conditions, we were pleased to see
that C—H activation/acetoxylation proceeded with very high selectivity. This reaction
afforded 78% isolated yield of a single product (77), in which a 1° B-C-H bond was
acetoxylated. This result indicates that directed C—H activation at Pd(OAc), shows a high
preference for 1° over 2° C—H bonds. Notably, the observed selectivity is much higher
than that in the Pt-catalyzed Shilov system.” This selectivity is complementary to that
obtained using other C—H functionalization methods that proceed by radical or cationic

1,17, 18

mechanisms. In addition, the results in Scheme 2.18 show that there is a preference
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for the formation of five-membered palladacycles over six-membered palladacycles. This
preference is further exemplified by the lack of reactivity of substrates such as 64 (Table
2.3) and 46 (Table 2.2). Notably, although formation of both 5- and 6-membered
palladacycles is reported in literature,'” generally a preference for 5-membered
metallacycles has been noted. It has been reasoned that this could be due to the
requirement of a square-planar coordination environment at the metal. Six membered
palladacycles have been achieved when (i) C-H bonds that can form five-membered
metallacycle are absent and (ii) steric features of the substrate influence metallacycle

formation."’

Scheme 2.18: Regioselectivity in sp’ C-H Bond Acetoxylation

MeO. N
N —
N )iy) pa” —X— )\H\
o™
MeO. e (73) (76
N Ha

78%

OMe
1 OAc
)

)Y\/OAC
(79)
(78)

Cyclopropane Substrates. During efforts aimed at expanding the scope of this
methodology, an interesting reaction was observed with the cyclopropyl methyl oxime
ether substrate 79. Subjection of 79 to the standard reaction conditions (5 mol %
Pd(OAc),, 1.2 equiv PhI(OAc), in a 1:1 mixture of AcOH/Ac,0O at 100 °C) resulted in
the formation of a ring opened product 81, rather than the expected acetoxylated product
80 (Scheme 2.19). Importantly, control experiments in the absence of Pd(OAc), showed
none of product 81, indicating that this reaction is palladium-catalyzed. Interestingly,
product 81 was also obtained when the reaction was carried out in the presence of

benzoquinone, a weaker oxidant than PhI(OAc), that is traditionally used in pd*™
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catalyzed reactions. This result indicates that the acetate in the product is derived from

the solvent and further that the reaction does not involve Pd' intermediates.

Scheme 2.19: Pd-Catalyzed Oxime-Directed Oxidative Ring Opening of Cyclopropanes

5 mol % Pd(OAc),

MeO. OAc
MeO. 1.5 equiv Phi(OAc), MeO. N
| | + | _
AcOH/Ac,0 OAc
100 °C
(79) (80, 0%) (81, 10%)
0,
MeO. 5 mol % Pd(OAc),

MeO. OAc
N 1.5 equiv Benzoquinone |N
! =
AcOH/Ac,0
100 °C, 44%
(81)

Olefin geometry confirmed by nOe

5 mol % Pd(OAc),
N 1.5 equiv Benzoquinone MeO\N
|
AcOH/Ac,0 )\/\/OAC
83

)w
82) 100 °C, 47% (83)
)OX

5 mol % Pd(OAc), OAc
1.5 equiv Benzoquinone )
=
AcOH/Ac,0
100 °C
(84) (85)

5 mol % Pd(OAc), (Not observed)

1.5 equiv Benzoquinone

0 0
)JW AcOH/Ac,0 )]\/\/OAC
(86)

100 °C (87)
(Not observed)

Substrate 82 also yielded the ring-opened product in 83% yield when subjected to
catalytic conditions (5 mol % Pd(OAc),, 1.5 equiv benzoquinone, 100 °C in
AcOH/Ac,0) (Scheme 2.19). However, interestingly, the analogous reaction with
ketones 84 and 86 did not afford ring opened products (Scheme 2.19). Instead, unreacted
starting material was recovered. This indicates that the oxime ether directs ring opening
in the reaction.

Notably, Yu and co-workers observe C-H activation/iodination of the
cyclopropane C-H bond, resulting in products similar to 80, instead of ring-opened

. . . . 20 . .
products such as 81, using oxazoline directing groups.” These transformations occur in
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CH2CI2 at room temperature with 10 mol% Pd(OAc),, I, in conjunction with PhI(OAc)s.
These results are in sharp contrast to the cyclopropane ring-opening observed in our
reactions.

A proposed mechanism for this reaction involves the Pd”" pathway shown in
Scheme 2.20. Simultaneous coordination of the palladium to the oxime ether and
cyclopropane could facilitate either intramolecular (path a) or intermolecular (path b)
acetate attack on the 3-membered ring to afford intermediate 82a (Scheme 2.20).

Subsequent B-hydride elimination from intermediate 82a would then afford product 83.

Scheme 2.20: Proposed Mechanism for Pd-Catalyzed Oxidative Ring Opening of

Cyclopropanes
OMe
MeO. =N _ . — MeO . MeO\N
S U i n Lt GP
)W (" \ o= )_K/\ Elimination
a OAc OAc
(82) ©0Ac (82a) (83)

Even though we have not conducted detailed mechanistic studies, the above
mechanism can be surmised based on preliminary data and on literature precedence. First,
the lack of reactivity with ketones 84 and 86, implicates the necessity of a directing group
and its possible role in assisting the metal to activate the cyclopropane ring. Second,
control reactions of substrates 79 and 82, in the absence of palladium, did not afford even
traces of 81 and 83. This result and the fact that benzoquinone is necessary for turnover,
together indicate the possibility of a Pd"° catalytic cycle.

There are a few literature reports of nucleophilic directed ring opening of
cyclopropanes at Pd". For example, Backvall has shown the nucleophilic ring opening of
the cyclopropane in substrates such as 2-carene using stoichiometric Pd(Cl),(MeCN),
(Scheme 2.21).*! He speculates that the palladium binds to the olefin, which assists the
metal in activating the cyclopropane for nucleophilic attack by the solvent, acetic acid.
The ring-opened palladium complex 89 is then reduced to two isomeric allyl and

homoallyl alcohols.
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Scheme 2.21: Olefin-Assisted Nucleophilic Ring Opening of Cyclopropane 88

1 equiv PdCIy(MeCN),  L,Pd!

25 mol % CuCly*2H,0 @ LiAIH,
+
1 equiv LiOAc+2H,0 THF, -78 °C
AcOH, 25 °C 98%, 3:1
8% OAc OH OH
(88) (89) (90) (90"

2.4  Competition Studies: sp2 versus sp3 C-H bonds

We next desired to investigate the relative rates of functionalization of sp® and sp’
C—H bonds. It has been widely reported that cyclometallation of sp’ C—H bonds is much
more difficult at transition metal centers than their sp> counterparts.”> > Several reports
have studied the competition between sp” and sp’ C—H bonds in stoichiometric
cyclopalladation reactions.***” However, the effects of directing group and of chelate
ring size on the relative rate of sp” versus sp’ C—H bond functionalization has not been
systematically investigated in Pd-catalyzed reactions.

We began our investigations by carrying out a competition experiment between
oxime ether substrates 91 and 58, bearing sp” and sp’ C-H bonds, respectively. When 91
and 58 were subjected to the catalytic reaction conditions in the same reaction vessel, a
4.7 : 1 ratio of products 92 : 59 was obtained. After statistical correction for the number
of C—H bonds available in each case, we obtain a relative reactivity of 15.6 : 1 for the sp’
and sp’ C—H bond, respectively. However, this is not a completely fair comparison, as
oxime ether coordination is likely to be favored for the less-sterically hindered substrate

91, thereby further favoring formation of product 92.

Scheme 2.22: Competition Between 91 and 58 in the Same Reaction Vessel

MeO. 5 mol % Pd(OAc), MeO.
N MeO. 1.1 equiv Phi(OAc), N MeO.y  oac
N | N |
AcOH/AC,0 (1:1)
100 °C OAc
©@1) (58) (92, 70%) (59, 15%)
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In order to exclude the possibility of varying coordinating abilities of the oxime
ether in two different substrates, we designed substrates 93 and 96, which contain both
sp’ and sp” C—H bonds to be functionalized in the same molecule. The Pd-catalyzed
acetoxylation of these molecules resulted in preferential functionalization of the sp* C-H
bond (Scheme 2.23). With substrate 96, product 97 was formed exclusively and none of

the corresponding sp’ C—H acetoxylation product was observed.

Scheme 2.23: Competition Between sp” and sp’ C—H bonds within the Same Molecule

5 mol % Pd(OAc),
MeO. MeO. MeO.,
N 1.1 equiv Phl(OAc), |N |N OAc
| +
AcOH/Ac,0 (1:1)
100°C OAc
(93) (94, 75%) (95, 5%)
_OMe 5 mol % Pd(OAC)2 _OMe _OMe
NI 1.1 equiv Phi(OAc), OAc Nl Nl
* OAc
AcOH/Ac,0 (1:1)
100°C
(96) (97, 57%) (98, <1%)

The formation of 94 as the major product might be due to the greater propensity
of arene C—H bonds to undergo C—H activation. Alternatively, this preference of sp* C—H
bond acetoxylation could result from the biases in the oxime isomer conformers. As
illustrated in Scheme 2.24, substrate 93 can exist in two different oxime isomer
conformations that equilibrate under our reaction conditions. Oxime isomer conformation
93’ favors cyclopalladation of the sp> C-H bond while 93 would lead to C—H activation at

an sp’ site.

Scheme 2.24: Equilibration between Oxime Isomers

(93) (93"
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We next carried out a systematic study of the effects of different directing groups
on the relative rates of acetoxylation of sp® and sp> C—H bonds. We began with studying
the competition between sp” C-H bonds and benzylic C—H bonds. Substrates bearing four
different directing groups were synthesized — oxime ether (102), isoxazoline (99),
pyridine (105) and pyrazole (108). In these systems, functionalization of the benzylic
position would require formation of a six membered palladacyclic intermediate while
activation of the arene site would proceed via a 5-membered palladacycle (Table 2.4). As
shown in Table 2.4, the pyridine and pyrazole directing groups led to products 106 and
109, resulting from exclusive functionalization of an arene C—H bond (entries 3 and 4).
Substrate 102 bearing the oxime ether directing group exhibited somewhat decreased
selectivity for acetoxylation of the sp’> C-H bond and produced 103 and 104 in a 12 : 1
ratio (entry 2). Interestingly, the isoxazoline substrate 99 presented only modest
preference for sp> over sp> C—H bonds, affording a mixture of products 100 and 101 in a
0.8 : 1 ratio. Notably, after correcting for statistics (the number of C—H bonds available),
the ratio of sp to sp’ for substrate 99 becomes 2 : 1. Hence, the sp” center is still slightly

favored, even here.
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Table 2.4: Competition Between Benzylic sp’ C—H Bonds and sp> C—H Bonds as a

Function of Directing Group

5 mol % Pd(OAc), OAc L
L 1.1 equiv Phl(OAc), (X\
L +
AcOH/Ac,0 ©i\

e

100 °C OAc
A B
Entry Substrate Product A Product B Ratio A:B
N-O
OAc N -Q I
1 @(K)\\ OAc  08:1
OAc
(100, 27%) (101, 34%)
oM N,OMe
N oac N° |
2 @il\ @ik 12: 1
OAc
(102) (103, 58%) (104, 5%)
=z
OAc @ o
3 N 1:0
OAc
(105) (106, 65%) (107, 0%)
= OAc — /4>
4 @ N N 1:0
OAc
(108) (109, 90%) (110, 0%)

As mentioned above, the ring sizes of the palladacyclic intermediates formed with
sp” and sp’ C—H bonds in substrates 99-108 were different. Therefore, we wondered if the
selectivity would be reversed if the two ring sizes were switched. However, before
answering this question, we sought to determine the largest size palladacycle that could
be formed and functionalized under our reaction conditions. Three different directing
groups — isoxazoline, pyridine and methyl oxime ether — were selected for this study, and
the chain length between the directing group and an appended phenyl ring was

systematically varied. As shown in Table 2.5, isoxazoline substrates 113 and 114, which
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react via 6- and 7-membered palladacycles, respectively, afforded the acetoxylated
products in high yields (entries 2 and 3). However, substrates 117-121, which require
formation of 8-, 10-, and 12-membered palladacyclic intermediates, did not form
appreciable amounts of the desired acetoxylated products (entries 4, 5, and 6,

respectively).

Table 2.5: Effect of Palladacycle Ring Size on Yields of Pd-Catalyzed C-H
Activation/Acetoxylation with Isoxazoline Directing Groups I

5 mol % Pd(OAc),

H OAc
L 2equiv Phi(OAc), % %
n ACOH/AC,0 n

H 100 °C
Entry Substrate Major Product Yield
r\’fO OAc N-Q
! w OAc @/K)\\ 30%
(111) (112)
OAc
° '\;’ @/@j 2%
(113 Ac (114)
OAc
(115) (116)
N-Q
4 '\’O Q\/\N\\ <5%
(117) (118)
(119 (120)
° W W 0%
Ac
(121) (122)




Unlike the isoxazolines, the oxime ether and pyridine directing groups only
afforded C—H activation/acetoxylation products via the formation of 5- or 6-membered
palladacycles (Table 2.6). The oxime ether substrate 127 provided low (17%) yield of the
acetoxylated product 128 generated via a seven-membered palladacycle (entry 3), while

the corresponding pyridine substrate 133 showed essentially no reaction (entry 6).

Table 2.6: Effect of Palladacycle Ring Size on Yields in Pd-Catalyzed C—H
Activation/Acetoxylation with Oxime Ether and Pyridine Directing Groups

5 mol % Pd(OAc),

H OAc
L 2 equiv Phi(OAc), [:::[g%) [:;j;vfj
n AcOH/Ac,0 n

H 100 °C
Entry Substrate Major Product Yield
.OM
N,OMe OAc N| OMe
1 ©)|\ Ej\/\\ 73%
OAc
(123) (124)
OAc
.OMe N -OMe
2 N | 89%
OAc
(125) (126)
_.OMe M
N oAc  NOMe
(127) (128)
= OAc &
4 | 83%
N
OAc
(129) (130)
N -
5 N~ | ~ | 44%
N
(131) (132)
6 ©/\/© 0%
OAc
(133) (134)
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With this data in hand, we predicted that an sp’ C—H bond that was five bonds
away from the chelating group might be functionalized selectively over an sp> C—H bond
that was further removed. To test this hypothesis, we synthesized isoxazoline substrates
135-141, which all contain an sp’ C—H bond 5 bonds from the directing group and an sp’
C—H bond 5, 6, or 7 bonds away from the chelating nitrogen atom (Table 2.7). However,
surprisingly, reaction of substrates 135 and 138 afforded predominantly sp® C—H
functionalization products 136 and 139, along with only traces of 137 and 140. Even
when the sp> C—H bond was too far to undergo efficient functionalization, such as in

substrate 141, the sp’ C—H bond did not react.

Table 2.7: Effect of Palladacycle Ring Size on Yields in Pd-Catalyzed C—H
Activation/Acetoxylation with Isoxazoline Directing Groups II
L 5 mol % Pd(OAc),
1.1 equiv Phl(OAc),
n
H 'H

100 °C

Entry Substrate Product A Product B
N - N-Q e C4H
C4H9 C4H9 4179
OAc
(135) (136, 56%) (137, <2%)
N-O OAc OAc |\;*0 OAc ,\’,o OAc
/
2
OAc
(138) (139, 60%) (140, <2%)
w ©\/\ﬁN\())\/
@w one
(141) (142, 10%) (143, <2%)

We thought that this lack of reactivity might be due to a steric or conformational
effect of the alkyl chain in these systems. In order to test this proposal, we replaced the

phenyl group with a propyl chain (substrate 62). As shown in Scheme 2.25, even this
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substrate afforded only modest 30% yield of the acetoxylated product (compared to 47%
for the corresponding i-Pr substituted derivative 66), confirming that this class of

substrates exhibits inherently low reactivity.

Scheme 2.25: Effect of Sterics on Acetoxylation of 62
5 mol % Pd(OAc),

N-O
,\}—o 2.0 equiv PhI(OAC), |
WOAC ACOH/AG,0, 100 °C OAc

30% AcO (63)

We wondered if the effect discussed above was specific to isoxazoline directing
groups. Consequently, we repeated the above experiment with oxime ether substrate 144,
which could undergo sp> C—H activation to form a 6-membered palladacycle or sp> C—H
activation to generate a 5-membered palladacycle (Scheme 2.26). Subjection of 144 to
the catalytic reaction conditions afforded similar results as the isoxazoline, and only
products 145 and 146, resulting from mono- and di-functionalization of the arene, were

observed.

Scheme 2.26: Competition Between sp” and sp” C—H Bonds in Oxime Ether Substrate
144
5 mol % Pd(OAc), 0

_OMe Ac _OM -OMe
N-OME 4 5 equiv PhI(OAC), N Ne N
| | . | +
AcOH/AC,0
OAc OAc

100 °C AcO
(144) (145, 43%) (146, 22%) (147, <2%)

In all, these results indicate that in general, regardless of the nature of the
directing group or the size of the palladacyclic intermediates, the relative rate of
functionalization of an arene C—H bond appears to be faster than that of an sp’ C-H bond.
However, these studies also emphasize how difficult it is to design systems that really

give a fair comparison.
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2.5  Functionalization of Secondary sp’ C-H bonds

As discussed above, the activation of 2° sp’ C—H bonds is even more challenging
than that of the corresponding 1° substrates. For example, substrate 99, which bears a 1°
C—H bond and a sp> C—H bond proximal to the directing group, reacted to form a 2 : 1
(after statistical correction) mixture of the two possible mono-acetoxylation products
(Scheme 2.27). However the analogous substrate 148, where the methyl group is replaced
by an ethyl group, afforded only 8% of the 2° sp® C-H bond functionalized product 150
(Scheme 2.27). Furthermore, this functionalization took place after the sp’ C-H bond was
already acetoxyated (ie, when no other sites were available for directed C—H activation).
In addition, substrate 148 contains an “activated” benzylic 2° sp° C—H bond. These
results emphasize that unactivated 2° C-H bonds are expected to be even more

unreactive.

Scheme 2.27: Competition between of 2° sp’ C-H Bond and sp” Bond

-0 o)
5 mol % Pd(OAC), OAc I N
1.1 equiv Phl(OAc), Ac
AcOH, 100 °C
(99) (100, 27%) (101, 33%)
o) o)
5 mol % Pd(OAC), Ohc N~ Ohc NI~
1.5 equiv Phl(OAc), Ac
AcOH, 100 °C
(148) (149, 83%) (150, 8%)

Several different features were explored in an attempt to promote Pd-catalyzed C—
H activation/acetoxylation of unactivated 2° sp> C—H bonds. These include: (i) increasing
branching a to the directing group (substrates 152 and 155 in Figure 2.2), (ii) the use of
substrates that would form 5- or 6-membered palladacycles (151, 153-155 and 152,
respectively), and (iii) the use of different directing groups. However, none of these
substrates afford any of the desired acetoxylated products under our standard conditions

(5 mol % Pd(OAc),, 1.5 equiv PhI(OAc), in AcOH or AcOH/Ac,0 at 100 °C).



Figure 2.2: Substrates Containing Unactivated 2° sp’ C—H Bonds Showing No Reactivity

MeO\N MeO\N ,\;,o ,\;,O ,\’—O
| |
(5@ A)\iv WOAC OA\)\\ OAc /j)\)‘j OAc
(151) (152) (153) (154) (155)

We believe that the functionalization of 2° sp® C-H bonds is challenging for two
reasons. First, literature studies show that activation of 2° sp’ C—H bond at transition
metal centers is less thermodynamically favourable. Bergman illustrated this concept
through studies of the reaction of Ir complexes with cyclohexane and n-pentane.”® As
shown in Scheme 2.28, a K., of 10.8 was obtained, indicating that the 1° Ir alkyl complex

157 was more stable than the 2° alkyl species 156.

Scheme 2.28: Studies of Iridium Complexation with 1° and 2° sp’ C-H Bonds

j+/\/\~7—‘ [lrlq_i\/\/+©

<
H Keq = 10.8
(156) AG°(140°C) = -2.0 kcal/mol ~ (157)

[Ir] = [Cp*(PMejy)Ir]

Another reason 2° sp’ C-H bonds are hard to functionalize is due to
conformational restriction. It can be challenging to achieve co-planarity between the
directing group and the C—H bond, which is known to facilitate C—H activation. As such,
we thought we could promote activation of 2° sp’ C-H bonds, by taking advantage of the
double chelation effect and the conformational effects observed earlier (Scheme 2.17).

Double Chelation Effect. The strategy behind ‘double chelation’ is to employ
substrates consisting of two different potential directing groups rather than just one. In
these systems, the simultaneous coordination of both the ligands to the metal center is
expected to lock the Pd proximal to the desired C—H bond (for example, intermediate 159
in Scheme 2.29 where L; and L, are two different chelating ligands for palladium), hence
leading to more facile activation of the 2° C—H bond. This concept has been demonstrated

in the cyclometalation literature. For example, Canty has shown that the cyclopalladation
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of substrate 161 proceeds in 12% yield (Scheme 2.30). In contrast, 2-butylpyridine is

. . . C. 29
unreactive under identical conditions.

Scheme 2.29: Double Chelation Strategy for 2° sp’ C—H Bond Activation

L2 L2 L2
cat. Pd(OAc), / Phl(OAc),
L L,Pd"—L7 OAc L

R1/\)1\ R1/\)\ Fh)\/K

(158) (159) (160)

Scheme 2.30: Application of the Double Chelation Strategy

Pd(OAc),
/ \N NN / \N—Pd—N/ A
__ __ AcOH, reflux — ! —
12h,12% OAc
(161) (162)

After the introduction of our chemistry in 2004, several other groups described
related Pd-catalyzed reactions involving directed functionalization of sp® C—H bonds.
Several of these reports, including work by Daugulis and by Corey, described the use of
the double chelation strategy for the functionalization of 2° sp® C—H bonds. In one
example, Daugulis demonstrated the arylation of a 2°sp> C—H bond in substrate 163, and
proposed a mechanism involving simultaneous coordination of the quinoline and amide
directing groups to the Pd" center (Scheme 2.31).*° Similarly, Corey successfully
transformed a 2° sp’ C—H bond in 8-aminoquinoline derivative 166 into a C—-OAc bond.’'
Again, dual chelation of the amide and quinoline functionalities was proposed to be

critical for the success of this reaction (Scheme 2.32).
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Scheme 2.31: Application of Dual Chelation Strategy: Pd-Catalyzed Arylation of a 2° sp’
C—H Bond

150 °C, 12 h
54%

B B B
NP O ' 5 mol % Pd(OAC), PO PO
AgOAc \
NH o, MeO NH
{ OMe
(163)

163 (164) (165)

Scheme 2.32: Application of Dual Chelation Strategy: Pd-Catalyzed Acetoxylation of a

2° sp’ C—H Bond

20 mol % Pd(OAc),
5 equiv Oxone

° 4 0 0
N 1.2 equiv Mn(OAc),  PhthN N PhthN N
N : / E—— H
O H 10 equiv Ac29 Pl <N OAc ||
N\ / CH3NO,, 80 °C "N/ N/
)

56%
(166) (167) (168

We had similarly reasoned that a dual chelation strategy might be applied in our
C—H activation/acetoxylation reactions. In order to investigate this possibility, we
synthesized a number of different substrates containing multiple functionalities with the
ability to coordinate to the palladium. Substrate 169, containing an oxime ether and an
ester functionality, displayed no reactivity under the reaction conditions (5 mol %
Pd(OAc),, 1.5 equiv PhI(OAc), at 100 °C in AcOH/Ac,0) (Scheme 2.33). Reaction of
substrate 171, containing pyridine and oxime ether directing groups, under our standard
conditions afforded only product 172, where pyridine-directed functionalization occurred
at the 1° sp’ C-H bond o to the oxime (Scheme 2.34). Oxime ether derived substrates
174-177 (Figure 2.3), which contain amide and pyridine functionalities as the two
directing groups, did not afford an appreciable amount of acetoxylated products under the
standard reaction conditions. Optimization studies involving different solvents,
temperatures, and catalysts with substrates 174-177, either led to decomposition
(substrates 174 and 177) or recovered starting material (substrates 175 and 176). The

application of Corey’s conditions with these substrates also produced similar results.’’
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Scheme 2.33: Dual Chelation Strategy: Ester and Oxime Ether Directing Groups

5 mol % Pd(OAc),

N . i MeO.
MeO |N o 1.5 equiv Phl(OAc), e lN OAc O
)\/\/ILOMe AcOH/Ac,0 WOMG
(169) 100 °C, 0% (170)

Scheme 2.34: Dual Chelation Strategy: Pyridine and Oxime Ether Directing Groups

A |
| 10 mol % Pd(OAc), |
N | 2 equiv Phl(OAc),

N
~0
/\) AcOH/Ac,0, 100 °C /\)
OAc
(171) (172, 6%) (173, 0%)

Figure 2.3: Dual Chelation Strategy: Other Substrates Examined

i X = = Fl’h
N__— \ \N| 0 HNYO
.0
O I §

N
|
C3H7/\)\ CsH7/\)\ CsHy

(174) (175) (176) 177)

Since substrates 169-177 did not afford any acetoxylation at the 2° positions, we
next examined substrates more similar to Corey’s compound 166 under our reaction
conditions.”’ Hence, substrate 178, containing an amide and a quinoline as potential
directing groups, was synthesized and subjected to 10 mol % Pd(OAc),, 2 equiv
PhI(OAc), in AcOH at 100 °C (Scheme 2.35). Gratifyingly, product 180, in which a 2°
C—H bond was acetoxylated, was obtained, albeit in low (15%) yield. This low yield
appears to be due to competitive N-acetoxylation to form product 179. To address this
side reaction, we next examined the analogous N-methylated substrate 181. However, as
shown in Scheme 2.35, 181 displayed no reactivity, implicating that the free amide is

involved in binding to the palladium and directing C—H activation in substrate 178.
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Scheme 2.35: Dual Chelation Strategy: 8-Amidoquinoline Derivatives

X A |
| 10 mol % Pd(OAc), |
N N

2 equiv Phl(OAc), HN. _O

HN._O .N._O
j AcOH 100 °C Acoj J

OAc
(178) (179) (180)
45% by GC 15% by GC
X
| 10 mol % Pd(OAc),
N 2 equiv Phi(OAc), no reactivity
_N
AcOH, 100 °C

Conformational Lock Effect. We next sought to explore the application of
conformational effects to facilitate 2° sp> C—H bond functionalization. We reasoned that
C—H activation would be facilitated in substrates with the 2° sp’ C—H bond locked in the
same plane as the directing group. To test this hypothesis, we synthesized the methyl
oxime ether of trans-decalone (182.) In this substrate there are two 3 2° C—H bonds, one
in the axial position and the other in the equatorial position. As shown in Scheme 2.36,

the C—H bond in the equatorial position is locked in the same plane as the directing

group.

Scheme 2.36: Conformational Lock Strategy: trans-Decalone Oxime Ether

Ho [Pall .

4¢/: H N

H HN\OMe pgl OMe
(182) (183)

We were pleased to find that the trans-decalone oxime ether underwent clean C—
H bond acetoxylation under our standard conditions (5 mol % Pd(OAc),, 1.1 equiv
PhI(OAc), in AcOH/Ac,0 at 100 °C) to provide 184 in 81% yield as a single
diastereomer (Scheme 2.37). Importantly, both NMR coupling constant analysis and x-
ray crystallography revealed that this diastereomer contained the acetate in the equatorial

position, cis to the proton at the junction of the fused rings. The coupling constant
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between H, and H, was 10.9 Hz, indicating a trans relationship. Since oxime ether 182
was an oil, the crystal structure of the deprotected ketone product 185 was obtained

(Figure 2.4), and, again, this confirmed the proposed stereochemistry.

Scheme 2.37: Conformational Lock Strategy: Pd-Catalyzed Acetoxylation of trans-

Decalone Oxime Ether

5 mol % Pd(OAc), B
H a 81%
1.1 equiv Phi(OAc), Z single diastereomer
N . N
Ho NMome AcOH/AC,0 (1:1) AcO [ oMe
(182) (184)

Figure 2.4: Crystal Structure of Deprotected Acetate Product 185

2.6 Stereochemical Nature of Reductive Elimination

The high diastereoselectivity of the reaction in Scheme 2.37 indicates that C—H
activation and functionalization occur with high stereochemical fidelity in this system.
This substrate also serves as a probe for the stereochemical nature of the reductive
elimination step. As shown in Scheme 2.38, after oxidation of the cyclopalladated
complex 186 to Pd", there are two potential pathways through which reductive
elimination can take place. These are: (i) external acetate attack via an Sn2-type
mechanism leading to inversion of stereochemistry at carbon or (ii) direct reductive
elimination of coordinated acetate leading to retention of stereochemistry at carbon.
There is precedent for the oxidative functionalization of Pd-alkyl intermediates with both

inversion (Scheme 2.39) ** and retention (Scheme 2.40)** in the literature.
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Scheme 2.38: Possible Mechanisms for C—-O Bond-Forming Reductive Elimination

"OAc
Cl)Ac ¢~ "OAc
C.__ -OAc Phi(OAc), < Ple,OAc CC\ pcljlv’OAC
Pa'! _ > I~ SN E—— NQ—OAC
FEN - N | L N | L M
N L - OAc L L ~Pd
(186) (187)
External S\2 Attack Internal Attack
pathway(i) pathway(ii)

Scheme 2.39: Reductive Elimination with Inversion of Stereochemistry

© OHAc

H CHg [L,Pd" Me,yN :C||:||3 Pb(OAc), MezN( CHj Me,N OAc
>_< _—— I | _— " H _— H.\‘ :;CHS
HC H Me,NH H,C  Pd'L, HeC  PdVL, HaC

-40°C, THF

Scheme 2.40: Reductive Elimination with Retention of Stereochemistry

Ph Ph
5 mol % PdCl,(PhCN), cl H
l J/ NN
5 equiv CuCl :
0”0 2 0™~

2 equiv LiCl o
CH4CN, 25 °C

(55%)

In order to confirm which mechanism is operating in this system, we studied the
stoichiometric conversion of a cyclopalladated frans-decalone oxime complex to the
mono-acetoxylated organic product 184. Initial attempts to synthesize a palladacycle of
the oxime ether 182 yielded complex mixtures of products that could not be separated.
However, literature precedent suggested that palladacycle formation is much more facile
for oximes.'' Hence, we synthesized the chloride-bridged palladacycle dimer of frans-
decalone oxime (189), by stirring 188 in MeOH with stoichiometric Na,PdCls and
NaOAc at room temperature for 3 days (Scheme 2.41). Reaction of the dimer with
pyridine in THF, then afforded the desired chloride-monomer along with Pd(py)(Cl), (py
= pyridine) as an impurity (Scheme 2.41). The reaction time was critical in dictating the
amount of impurity formed, and 10 min was found to be optimal, leading to a
Pd(py)2(Cl), : 190 ratio of 1.5 : 1. Multiple purifications by column chromatography and

crystallization afforded the desired complex in 93% purity. The chloride monomer was
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also transformed to the acetate monomer 191 by reaction with AgOAc in AcOH (Scheme

2.41).

Scheme 2.41: Stoichiometric Cyclopalladation of trans-Decalone Oxime

H H
: i: i 0.5 equiv PdCl, 1 equiv Pyridine
; H L i. ~ %Zpd \2
HN H 1.02 equiv NaOAc HONT g THE, 25 °C
HO l\éleH, 21580/0 HO 10 mins, 45%
(188) ays, 187 (189)
O 1 equiv AgOAc : 5/ i Q
% §ZPd Pd
Ny AcOH, 25 °C Ny~
12 h, 86%
(190) (191)

The structures of the chloride and acetate monomers 190 and 191 were confirmed
by X-ray crystallography. The crystal structures of these complexes are shown in Figures
2.5 and 2.6. As predicted in Scheme 2.41 above, the palladacycles formed via activation
of the equatorial § C—H bond.

Figure 2.5: X-Ray Crystal Structure of Chloro Monomer 190 (pyridine ligand truncated

for clarity)

H =z
LA N
- d
H NE g

(190)
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Figure 2.6: X-Ray Crystal Structure of Acetate Monomer 191 (pyridine ligand truncated

for clarity)

H =
AR N
[N - ]

H NEH  “oac
HO

(191)

We next studied the oxidation of 190 and 191 with PhI(OAc),. Reaction of the
acetate monomer 191 with PhI(OAc), at 100 °C in AcOH, provided the acetoxylated
ketone product 185 as a single diastereomer. As shown in Scheme 2.12 above, the ketone
was presumably formed via deprotection of the oxime in the presence of the hypervalent
iodine oxidant. The crystal structure of product 185 is shown in Figure 2.4 and clearly
confirms that the OAc group is in the equatorial position. This data definitively
demonstrates that the C-O bond-forming reaction proceeds with retention of

stereochemistry at the carbon center, which implicates pathway ii in Scheme 2.38.

Scheme 2.42: Reaction of Complex 191 with PhI(OAc),

H =z H
| PhI(OAc),
pa S %ﬂ
HNY “oac AcOH, 100°C i S
HO 0
12 h, 42%
(191) (185)

Interestingly, the reaction of the chloride monomer with PhI(OAc), yielded two
organic products — the expected acetate compound 185 and the chloride-containing
product 192. Importantly, both had the new functional group in the equatorial position,
again demonstrating retention of stereochemistry at carbon in this reaction. The
stereochemistry of the chloride product 192 was determined via coupling constant
analysis (the coupling constant was 10.8 Hz, indicating a trans relationship between the

ring junction hydrogen and the hydrogen on the carbon bearing the acetate). The

42



formation of 185 and 192 in an approximately 1 : 1 ratio implies that C—-O and C—CI

bond-forming reductive elimination from Pd" are competitive under these conditions.

Scheme 2.43: Reaction of Complex 190 with PhI(OAc), to Form C-O and C—CI

Functionalized Products

Gl OH OAc O cl o
CsHsN-Pd—N~ Phi(OAc), H H
H | +
AcOH | |
- 100°C, 12 h H A
A
(190) (185,30%) (192, 34%)

The next question we hoped to address was the relative rates of reductive
elimination of different functional groups from Pd. In order to probe this, we carried out
the reactions of chloro and acetate complexes 190 and 191 with two additional oxidants —
PhICI, and Mel. Interestingly, the reaction of acetate monomer 191 with PhICI, afforded
the chloride product 192 exclusively (Scheme 2.44), suggesting that despite the acetate
ligand initially on the metal, only C—Cl bond-forming reductive elimination took place.
Similarly, when Mel was used as the oxidant in the reaction of 191, methylated
compound 193 was the sole organic product obtained (Scheme 2.44). Again, the Me
group was in the equatorial position (verified by x-ray crystal structure), indicating that

reductive elimination occurred with retention.

Scheme 2.44: Oxidation of Complex 191 with PhICI, and Mel

PAC  on cl O
C5H5N-Pd?|N’ PhI(CI), H
AcOH, 100°C |
| 12 h, 25% H
H
(191) (192)
QAC  oH CH; N-OH
CsHsN-PdwlN’ CHl H |
_—
AcOH, 100°C |
| 12 h, 42% A
H
(191) (193)
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As shown in Scheme 2.45, reaction of the chloride monomer 190 with Mel
formed solely the methylated product 193, indicating preferential C—-Me bond forming
reductive elimination. As expected subjection of the chloride monomer 190 to PhICI,

afforded the chloride product 192 (Scheme 2.45).

Scheme 2.45: Oxidation of Complex 190 with PhICI; and Mel

cl cl o
C5H5N—Pld?|N’OH PhI(CI), H
- >
AcOH, 100°C |
| 12 h, 22% i
H
(190) (192)
_OH
CoHsN-Fa-—N” CHl B
AcOH, 100°C |
| 12 h, 35% i
H
(190) (193)

The data discussed above suggests that the order of preference for reductive
elimination from Pd" is Me > Cl > OAc. Notably, we do realize that the cis versus trans
geometry of the ligands in the transient Pd" intermediate can also influence the reductive
elimination product distribution, since the X ligand must be cis to the carbon center for
bond formation to take place. Nonetheless, the results thus far suggest a higher preference
for reductive elimination of the most nucleophilic ligand. Importantly, the trend observed
in the stoichiometric oxidation studies above is consistent with what has been observed in
the benzoate Pd" complexes studied previously in our lab. Reductive elimination
reactions from complexes such as 194 proceeded fastest with more electron donating

substituents X on the benzoate ligand (Scheme 2.46).>*
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Scheme 2.46: Reductive Elimination from (phpy),Pd""(O,CAr), Complexes

02C(P XCeHy) \ ,\f
deV -0,C(p-XCgHy) A (o}
(o)
solvent
— [Pd']
X
(194)

X = OMe, Me, H, OPh, F,Cl,
Br, Ac, CF3,CN,NO,

Notably, we have not yet been able to observe any appreciable amount of
chlorinated or methylated products in catalytic reactions where PhI(OAc), was
substituted with PhICl, and Mel. With PhICl, we observed substrate decomposition
and/or unselective chlorination. Reactions with Mel were hampered by the lack of

catalytic turnover, and we typically recovered unreacted starting material.

2.7  Deprotection of Directing Groups

As mentioned in the introduction, the advantage of employing oxime ethers and
isoxazolines as directing groups for C—H bond acetoxylation is that the products are
useful synthons. Through functional group manipulations, we can access [3-amino acids,
B-hydroxy ketones, B-amino alcohols, and 1,3-diols. Several groups have studied the
synthetic applications of isoxazolines. For example, Mapp and co-workers have
developed an attractive method to transform isoxazolines into f-amino acids (Scheme

2.47).%

Scheme 2.47: Formation of f-Amino Acids from Isoxazolines

1. LiAlH, BocNH OH

oH W /Y\)J\OH
2. Boc,O OH
(195) (196) (197)

Methyl oxime ethers are robust protecting groups, and hence there are relatively

limited literature examples of their deprotection.’® In some cases, we have found that
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oxime ethers can be deprotected under acidic conditions. However, under those
conditions, we also observe competitive elimination and/or hydrolysis of the acetate
group. For example, subjection of substrate 198 to 0.5 M HCI in CH,Cl, afforded the
hydrolyzed product 200 along with alkene 199 (Scheme 2.48). A similar distribution of
undesired products was obtained when the reaction of substrate 198 was conducted in

refluxing 1 M AcOH. *

Scheme 2.48: Attempts to Deprotect C—H Activation/Acetoxylation Product 198 with

Bronsted Acids
o] 0
__OSMHCI HCI HO
Bu Bu
(198) (199) (200)
34% by GC 39% by GC

These side reactions could be avoided using a procedure developed by Corey in
the synthesis of prostaglandins.’” Subjection of substrate 184 to Corey’s conditions (2
equiv TiCl; and 2 equiv of NH4OAc, in a refluxing mixture of 1:10 H,O : dioxane)
afforded deprotected (-keto-acetate product like 185 (Scheme 2.49) in 56% yield. This
product could then be readily converted to the corresponding pB-hydroxy ketone in 75%
yield by reaction with 0.1 equiv K;CO3 in MeOH (Scheme 2.49).

Scheme 2.49: Deprotection of C—H Activation/Acetoxylation Product 184 with TiCls

oac N°OMe 2 equiv TiCls OAc O OH O
H |l 2 equiv NH,OAc H 0.15 equiv K,CO54 H
Dioxane/H,O 4 MeOH L
|5| Reflux, 2h, H 75% H
56%
(184) (185) (201)
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2.8 Conclusion

In summary, Pd-catalyzed selective oxidation of 1° sp> C—H bonds was achieved
using directing groups such as oxime ethers and isoxazolines. Importantly, this reaction
was applied to diverse substrates, and competitive P-hydride elimination was not
observed. Competition studies between sp” and sp’ C—H bonds indicated a high
preference for sp”> C—H activation/functionalization. The functionalization of an
unactivated 2° sp> C—H bond was achieved by taking advantage of conformational effects
in trans-decalone. This reaction proceeded with high diastereoselectivity, and allowed
determination that C—O, C—Cl, and C—Me bond-forming reductive elimination from pd"
all proceed with retention of stereochemistry in this system. These studies also revealed a
high preference for the reductive elimination of more nucleophilic ligands, with Me > Cl
> OAc. Finally, products from these C—H activation/acetoxylation reactions have been

converted to useful synthons via functional group interconversion reactions.

2.9 Experimental Procedure

General Procedures: NMR spectra were obtained on a Varian Inova 500
(499.90 MHz for 'H; 125.70 MHz for "°C) or a Varian Inova 400 (399.96 MHz for 'H;
100.57 MHz for "*C) spectrometer. '"H NMR chemical shifts are reported in parts per
million (ppm) relative to TMS, with the residual solvent peak used as an internal
reference. Multiplicities are reported as follows: singlet (s), doublet (d), doublet of
doublets (dd), doublet of triplets (dt), triplet (t), quartet (q), multiplet (m), and broad

resonance (br).

Materials and Methods: Oxime ether substrates were prepared by reaction of
the analogous ketones with MeONH,*HCl/pyridine.*® Oximes were obtained as mixtures
of E/Z isomers when the a-position was mono or disubstituted. The parent ketones of
substrates 8 and 15 were prepared by alkylation of the analogous hydrazones followed by
hydrolysis with 1 M HCIl. Substrate 56 was prepared following a procedure by Chan.”
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Isoxazolines were prepared by following a literature protocol.”” Substrates that were
commercially available were obtained from Acros, Lancaster, Aldrich or TCI America
and used as received. PhI(OAc), and Pd(OAc), were obtained from Acros and Pressure
Chemical, respectively, and were used as received. Solvents were obtained from Fisher
Chemical and used without further purification. Flash chromatography was performed on
EM Science silica gel 60 (0.040-0.063 mm particle size, 230—400 mesh) and thin layer
chromatography was performed on Merck TLC plates pre-coated with silica gel 60 Fas4.

General Procedure for Palladium-Catalyzed Acetoxylation of sp’> C-H bonds:
3-Methyl-2-butanone O-methyl oxime (200 mg, 1.74 mmol, 1 equiv), PhI(OAc), (621
mg, 1.91 mmol, 1.1 equiv), and Pd(OAc), (19 mg, 0.087 mmol, 0.05 equiv) were
combined in AcOH (7 mL) and Ac,O (7 mL) in a 20 mL vial. The vial was sealed with a
Teflon lined cap, and the reaction was heated at 100°C for 3 h. The resulting mixture was
filtered through a plug of glass wool and diluted with pentane (20 mL), and the pentane
layer was washed with H,O (2 x 20 mL), saturated NaHCO; (2 x 20 mL) and brine (2 x
20 mL). The organic layer was dried over MgSQs, filtered, and concentrated to afford a
yellow oil, which was purified by chromatography on silica gel (R = 0.3 in 90%
hexanes/10% ethyl acetate). The product 9 was obtained as pale yellow oil (222 mg, 74%
yield), which was a 6:1 mixture of the oxime E/Z isomers. Each substrate was optimized

was optimized for reaction time, equiv of oxidant as indicated below.

MeO.y  oAc

5)
AcO— —OAc

The reaction was run with 4.5 equiv of PhI(AcO), for 3.5 h in AcOH. Product 33 was
isolated as a off-white solid (Ry= 0.28 in 70% hexanes/30% ethyl acetate, 62% yield). 'H
NMR (CDCls): & 4.25 (s, 6H), 3.84 (s, 3H), 2.05 (s, 9H), 1.83 (s, 3H), "C{'H} NMR
(CDCl3): 0 170.69, 154.34, 62.41, 62.01, 47.50, 20.95, 11.12. Anal. Caled for
Ci3H2iNOs: C, 51.48, H, 6.98, N, 4.62; Found: C, 51.16, H, 7.07, N, 4.80
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The reaction was run with 2.0 equiv of PhI(OAc), in AcOH. Product 35 was obtained as
a viscous oil (75%, Ry = 0.3 in 90% hexanes/10% ethyl acetate). "H NMR (CDClLs): §
4.32 (d, J= 12 Hz, 1H), 4.19 (d, J = 12 Hz, 1H), 3.74 (s, 3H), 2.44 (m, 1H), 1.99 (s, 3H),
1.95-1.78 (multiple peaks, 4H), 1.40 (m, 1H), 1.20 (m, 1H), 0.95 (s, 3H), 0.84 (s, 3H).
BC{'H} NMR (CDCls): & 171.18, 165.94, 61.87, 61.59, 54.17, 48.51, 44.82, 33.49,
28.42,27.04,21.12,20.17, 19.95. Anal. Calcd for Ci3H,NOs: C, 65.25, H, 8.84, N, 5.85;
Found: C, 65.00, H, 8.83, N, 5.87.

MeO\IN OAc

OAc

The reaction was run with 2.8 equiv of PhI(OAc), in AcOH. Product 37 was obtained as
a viscous oil (51% yield). '"H NMR (CDCL): & 4.46 (d, J = 11.7 Hz, 2H), 4.07 (d, J =
11.5 Hz, 2H), 3.79 (s, 3H), 2.50 (m, 2H), 2.05 (s, 3H), 1.68-1.59 (multiple peaks, 6H),
1.53 (m, 1H), 1.13 (s, 3H).

MeO.

The reaction was run with 1.1 equiv of PhI(OAc), in AcOH. Product 39 was obtained as
a viscous oil (61% yield). Unreacted starting material (28 mg, 28% recovered) was also
isolated. "H NMR (CDCls): & 4.02 (d, J = 11 Hz, 1H), 3.97 (d, J = 11 Hz, 1H), 3.78 (s,
3H), 2.42 (m, 2H), 2.02 (s, 3H), 1.80-1.64 (multiple peaks, 3H), 1.53 (m, 1H), 1.13 (s,
3H). “C{'H} NMR (CDCl3): & 171.06, 167.11, 69.32, 61.51, 45.37, 36.16, 27.52, 22.48,
20.99, 20.90. Anal. Calcd for CoH7NOs: C, 60.28, H, 8.60, N, 7.03; Found: C, 60.57, H,
8.69, N, 6.90.
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N-Q OAc
I

AcO .
~O0Ac

The reaction was run with 2.0 equiv of PhI(OAc), in AcOH. Product 43 was obtained as
a viscous oil (45% yield). '"H NMR (CDCls): & 4.78 (m, 1H), 4.19 (s, 4H), 4.09 (m, 2H),
3.08 (dd, J = 16.5, 10.5 Hz, 1H), 2.77 (dd, J = 16.5, 7.0 Hz, 1H), 2.07 (s, 6H), 2.06 (s,
3H). “C{'H} NMR (CDClL): & 170.62, 170.48, 170.46, 159.30, 77.32, 40.52, 36.99,
20.70, 18.50.

N-O  OAc
I
Acow
AcO ~ OAc

The reaction was run with 2.0 equiv of PhI(OAc), in AcOH. Product 45 was obtained as
a viscous oil (55% yield). '"H NMR (CDCL): & 7.09 (s, 1H), 7.04 (s, 1H), 5.05 (s, 2H),
4.73 (m, 1H), 3.27 (dd, J = 17.0, 10.5, 1H), 2.87 (dd, J = 17.0, 8.5 Hz, 1H), 2.33 (s, 3H),
2.27 (s, 3H), 2.07 (s, 6H), 1.84 (m, 1H), 1.64 (m, 1H), 1.50 (m, 1H), 1.43-1.37 (multiple
peaks, 3H), 0.94 (t, J = 7.0 Hz, 3H). "C{'H} NMR (CDCl;): 8170.56, 170.22, 156.71,
64.38, 61.95, 44.41, 37.25, 20.66, 20.63. HRMS (ESI, m/z): [M + Na]® caled for
Ci6H23NOy, 304.1913; found, 304.1901.

AcO N’O
! C4Hg

The reaction was run with 2.0 equiv of PhI(OAc), in AcOH. Product 49 was obtained as
a viscous oil (60% yield). '"H NMR (CDCls): & 4.79 (m, 1H), 4.27 (s, 6H), 4.08 (m, 2H),
3.10 (dd, J = 17.0, 10.5 Hz, 1H), 2.79 (dd, J = 17.0, 7.5 Hz, 1H), 2.05 (s, 9H). *C{'H}
NMR (CDCls): 8 170.51, 156.32, 139.08, 136.93, 134.58, 131.15, 127.86, 126.88, 81.04,
64.28, 44.43, 35.00, 27.84, 22.51, 21.09, 21.02, 19.59, 13.96. HRMS (ESI, m/z): [M +
Na]" caled for C;sH23NOo, 396.1271; found, 396.1263.
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MeO.
I

|
(j/\OAc

The reaction was run with 1.1 equiv PhI(OAc), in AcOH/Ac,O. The product 51 was

obtained as a clear oil. The two isomers were isolated as pale yellow oils (major isomer:
173 mg, 61% yield; minor isomer: 57 mg, 20% yield). Each of the pure isomers was re-
subjected to the reaction conditions and the equilibrium mixture (~3:1) was rapidly
reestablished in each case. Major Isomer: '"H NMR (CDCls): & 4.39 (dd, J=11.2, 5.9
Hz, 1H), 3.99 (dd, J = 11.2, 8.1 Hz, 1H), 3.74 (s, 3H), 2.76 (m, 1H), 2.46 (m, 1H), 1.96
(m, 2H), 1.99 (s, 3H), 1.67 (m, 2H), 1.40 (multiple peaks, 3H). “C{'H} NMR (CDCl): §
171.24, 158.86, 64.92, 61.39, 41.21, 30.40, 25.98, 24.30, 24.08, 21.13. Minor Isomer: 'H
NMR (CDCl;): 6 4.17 (dd, J = 10.8, 7.8 Hz, 1H), 4.06 (dd, J =10.8, 6.4 Hz, 1H), 3.76 (s,
3H), 3.65 (m, 1H), 2.28 (m, 1H), 2.12 (m, 1H), 1.99 (s, 3H), 1.86 (m, 1H), 1.75 (m, 1H),
1.57-1.33 (multiple peaks, 4H). Anal. Calcd for C;oH;7NOj; (mixture of E/Z isomers): C,
60.28, H, 8.60, N, 7.03; Found: C, 59.90, H, 8.91, N, 6.81.

MeO.
PN

|
C4Hg)\/\0Ac

The reaction was run with 1.1 equiv of PhI(OAc), in AcOH/Ac,0. The two isomers of 55
were isolated as pale yellow oils (isomer a: 137 mg, 19.5%; isomer b: 137 mg, 19.5%).
Each of the pure isomers was re-subjected to the reaction conditions and the equilibrium
mixture (~1:1) was reestablished rapidly in each case (as determined by gas
chromatography). Isomer a: "H NMR (CDCL): § 4.20 (t, J = 7.0 Hz, 2H), 3.74 (s, 3H),
2.42 (t,J =7.0 Hz, 2H), 2.24, (m, 2H), 1.99 (s, 3H), 1.38 (m, 2H), 1.28 (m, 2H), 0.85 (t, J
= 7.3 Hz, 3H). "C{'H} NMR (CDCl): & 171.12, 157.84, 61.62, 61.43, 33.27, 28.23,
27.98, 23.01, 21.10, 13.97. Isomer b: "H NMR (CDCls): & 4.26 (t, J = 6.6 Hz, 2H), 3.76
(s, 3H), 2.56 (t, ] = 6.6 Hz, 2H), 2.13, (m, 2H), 1.99 (s, 3H), 1.38 (m, 2H), 1.28 (m, 2H)
0.83 (t, J = 7.3 Hz, 3H). Anal. Calcd for C;(H;9NO; (mixture of E/Z isomers): C, 59.68,
H, 9.52, N, 6.96; Found: C, 59.75, H, 9.25, N, 7.26.
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The reaction was run with 2.0 equiv of PhI(OAc), in AcOH. Product 49 was obtained as
a viscous oil (60% yield). '"H NMR (CDClLs): & 4.35 (m, 1H), 4.19-4.09 (multiple peaks,
2H), 2.29 (m, 1H), 2.16-2.12 (multiple peaks, 2H), 2.07 (s, 3H), 1.81 (s, 3H), 1.48 (m,
2H), 1.35-1.27 (multiple peaks, 4H), 1.25 (d, J = 7.2 Hz, 3H), 0.88 (t, J = 7.5 Hz, 3H).
BC{'H} NMR (CDCl): & 171.02, 158.36, 75.73, 75.69, 66.45, 66.40, 35.84, 31.68,
31.37,29.26, 26.12, 25.21, 22.39, 22.35, 20.93, 19.98, 16.58, 14.04, 13.98, 13.92.

MeO.
U

|
)YOAc

The reaction was run with 1.1 equiv of PhI(AcO), for 3 h in AcOH/Ac,0. The product 57

was isolated as a pale yellow oil (Rf = 0.3 in 90% hexanes/10% ethyl acetate, 222 mg,
74% vyield), which was a 6:1 mixture of the oxime E/Z isomers. Major Isomer: 'H NMR
(CDCls): 8 4.10 (dd, J = 10.9, 7.3 Hz, 1H), 3.99 (dd, J = 10.9, 6.9 Hz, 1H), 3.77 (s, 3H),
2.62 (m, 1H), 1.99 (s, 3H), 1.74 (s, 3H), 1.05 (d, J = 7.2 Hz, 3H). “C{'H} NMR
(CDCl): 6 171.10, 157.94, 66.24, 61.45, 39.13, 21.05, 14.95, 11.77. Anal. Calcd for
CgHisNO;: C, 55.47, H, 8.73, N, 8.09; Found: C, 55.55, H, 8.57, N, 7.81.

MeO.
YN

|
¢/\0Ac

tBu

The reaction was run with 1.1 equiv PhI(OAc), in AcOH/Ac,0. The product 61 was
obtained as pale yellow oil (202 mg, 78% yield). "H NMR (CDCls): & 4.50 (dd, J = 11.0,
4.4 Hz, 1H), 3.97 (dd, J = 11.0, 8.1 Hz, 1H), 3.75 (s, 3H), 3.27 (m, 1H), 2.39 (m, 1H),
2.08 (m, 1H), 2.02 (s, 3H), 1.86 (m, 1H), 1.55 (m, 1H), 1.24 (m, 1H), 1.09 (m, 1H), 0.94
(m, 1H), 0.83 (s, 9H). “C{'H} NMR (CDCls): & 174.09, 158.82, 65.20, 61.45, 47.04,
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41.63, 32.22, 27.74, 26.98, 24.91, 21.22. Anal. Calcd for Ci4H,sNO;: C, 65.85, H, 9.87,
N, 5.49; Found: C, 65.58, H, 10.10, N, 5.48

N-O
/

AcO OAc

The reaction was run with 2.0 equiv of PhI(OAc), in AcOH. Product 63 was obtained as
a viscous oil (30% yield, 1:1). '"H NMR (CDCl): & 4.79 (m, 2H), 4.19-4.06 (multiple
peaks, 8H), 3.06-2.94 (multiple peaks, 4H), 2.73 (m, 2H), 2.08 (s, 3H), 2.05 (s, 3H), 1.51
(m, 4H), 1.35 (m, 4H), 0.92 (m, 6H). *C{'H} NMR (CDCL): & 170.75, 64.97, 64.87,
64.65, 37.71, 31.02, 30.95, 20.82, 20.75, 20.08, 13.87, 13.83. HRMS (ESI, m/z): [M +
Na]" calcd for C;3HNOs, 294.1317; found, 294.1305.

N-O
|
AcO OAc

The reaction was run with 1.5 equiv of PhI(OAc), in AcOH. Product 67 was obtained as
a viscous oil (47% yield, 1:1). '"H NMR (CDCl): & 4.76 (m, 2H), 4.16-4.07 (multiple
peaks, 8H), 3.04 (dd, J = 17.0, 10.5 Hz, 2H), 2.75-2.70 (multiple peaks, 4H), 2.08 (s,
12H), 1.18 (d, J = 6.5 Hz, 6H). "C{'H} NMR (CDCl): & 186.65, 170.83, 65.17, 49.66,
37.21,27.77, 20.80, 20.02.

N-O

! Ph
AcO

The reaction was run with 1.5 equiv of PhI(OAc), in AcOH. Product 69 was obtained as
a viscous oil (25% vyield, 1:1). Isomer 1: "H NMR (CDCl3): § 7.38-7.29 (multiple peaks,
5H), 5.55 (dd, J = 11.0, 8.0 Hz, 1H), 4.21 (dd, J = 11.0, 7.0 Hz, 1H), 4.14 (dd, J = 12.0,
6.0 Hz, 1H), 3.40 (dd, J =17.0, 11.0, 1H), 3.02 (quin, J = 7.0 Hz, 1H), 2.92 (dd, J = 17.0,
8.0 Hz, 1H), 2.04 (s, 3H), 1.23 (d, J = 7.0 Hz, 3H). "C{'H} NMR (CDCls): & 170.81,
159.32, 141.01, 128.68, 128.09, 125.68, 81.46, 65.95, 43.39, 32.83, 20.81, 14.78. Isomer
1: '"H NMR (CDCl): & 7.37-7.30 (multiple peaks, 5H), 5.55 (dd, J = 11.0, 7.5 Hz, 1H),
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4.20-4.11 (multiple peaks, 2H), 3.40 (dd, J =17.0, 11.0, 1H), 3.03 (quin, J = 6.5 Hz, 1H),
2.91 (dd, J = 17.0, 7.5 Hz, 1H), 2.01 (s, 3H), 1.23 (d, J = 7.5 Hz, 3H). "C{'H} NMR
(CDCl3): 6 170.73, 159.27, 141.11, 128.67, 128.08, 125.65, 81.39, 65.91, 43.16, 32.71,
20.76, 14.74. HRMS electrospray (m/z): [M + Na]" caled for Ci4H;7NO3, 270.1106
found, 270.1099.

MeO.
N

|
)\COAC

The reaction was run with 1.1 equiv PhI(OAc), in AcOH/Ac,0. The product 72 was

obtained as a mixture of the two isomers, as pale yellow oils (major isomer: 189 mg, 65%
yield; minor isomer: 38 mg, 13% yield). Each of the pure isomers was re-subjected to the
reaction conditions and the equilibrium mixture (~5:1) was reestablished rapidly in each
case (as determined by gas chromatography). Major Isomer: '"H NMR (CDCl3): & 4.07
(pseudo q, J = 13.9, 7.8, 6.4 Hz, 2H), 3.79 (s, 3H), 2.45 (m, 1H), 1.99 (s, 3H), 1.72 (s,
3H), 1.45 (m, 2H), 0.84 (t, J = 7.4 Hz, 3H). "C{'H} NMR (CDCls): & 171.09, 157.09,
65.00, 61.46, 46.03, 22.01, 21.07, 11.48, 11.43. Minor Isomer: 'H NMR (CDCl;): 4.16
(dd, J =10.9, 5.6 Hz, 1H), 4.04 (dd, J = 10.9, 8.3 Hz, 1H), 3.80, (s, 3H), 3.45 (m, 1H),
2.03, (s, 3H), 1.80 (s, 3H), 1.49 (m, 2H), 0.90 (t, J = 7.5 Hz, 3H). Anal. Calcd for
CyoH;7NOs (major isomer): C, 57.73, H, 9.15, N, 7.48; Found: C, 57.71, H, 9.40, N, 7.22.

MeO. A
eON OAc

|
=

Cyclpropane 79 was reacted with 2.0 equiv Benzoquinone and 5 mol % Pd(OAc), in
AcOH/Ac,0 (1:1, 0.12M) in a 20 mL scintillation vial at 100 °C for 12 h. The resulting
mixture was filtered through a plug of glass wool and diluted with pentane (20 mL), and
the pentane layer was washed with H,O (2 x 20 mL), saturated NaHCOs (2 x 20 mL) and
brine (2 x 20 mL). The organic layer was dried over MgSQy, filtered, and concentrated
to afford a yellow oil, which was purified by chromatography on silica gel (R = 0.3 in
90% hexanes/10% ethyl acetate). The product 81 was obtained as a mixture of the two

oxime isomers, as pale yellow oils (44%, 3:1). Major Isomer: "H NMR (CDCLs): & 5.89
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(td, J = 6.4, 1.5 Hz, 1H), 4.76 (d, ] = 6.4 Hz, 2H), 3.91 (s, 3H), 2.08 (s, 3H), 1.96 (s, 3H),
1.90 (br s, 3H). "C{'H} NMR (CDCls): § 170.87, 155.57, 137.09, 124.58, 61.78, 61.33,
20.90, 12.80, 10.49. HRMS electrospray (m/z): [M + Na]" caled for CoHoNOs, 208.0950
found, 208.0941.

MeO.
N

Ah_one

Cyclpropane 82 was reacted with 2.0 equiv Benzoquinone and 5 mol % Pd(OAc), in
AcOH/Ac,0 (1:1, 0.12M) in a 20 mL scintillation vial at 100 °C for 12 h. The resulting
mixture was filtered through a plug of glass wool and diluted with pentane (20 mL), and
the pentane layer was washed with H,O (2 x 20 mL), saturated NaHCOs (2 x 20 mL) and
brine (2 x 20 mL). The organic layer was dried over MgSQy, filtered, and concentrated
to afford a yellow oil, which was purified by chromatography on silica gel (R = 0.3 in
90% hexanes/10% ethyl acetate). The product 83 was obtained as a mixture of the two
oxime isomers, as pale yellow oils (47%, 3:1). Major Isomer: "H NMR (CDCL): & 6.32
(td, J = 16.0, 1.2 Hz, 1H), 6.06 (dt, J = 16.0, 6.0 Hz, 1H), 4.67 (dd, J = 6.0, 1.2 Hz, 2H),
3.90 (s, 3H), 2.08 (s, 3H), 1.94 (s, 3H). "C{'H} NMR (CDCl): & 170.41, 154.28,
130.65, 127.72, 64.08, 61.72, 20.72, 9.96. Anal. Calcd for CgH;NO; (mixture of E/Z
isomers): C, 56.13, H, 7.65, N, 8.18; Found: C, 56.02, H, 7.68, N, 8.13.

MeO.
YN

|
The reaction was run with 1.1 equiv PhI(OAc), in AcOH/Ac,0. The product 94 was
obtained as a pale yellow oil (75%). '"H NMR (CDCL): & 7.37 (m, 1H), 7.28-7.23

(multiple peaks, 2H), 7.14 (d, J = 8.4 Hz, 1H), 3.91 (s, 3H), 3.94 (septet, J = 6.4 Hz, 1H),
2.26 (s, 3H), 1.09 (d, J = 6.4 Hz, 6H).
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MeO.
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W
The reaction was run with 1.1 equiv PhI(OAc), in AcOH/Ac,0O. The product 95 was
obtained as a pale yellow oil (5%). '"H NMR (CDCls): & 7.34-7.29 (multiple peaks, 2H),
7.23-7.15 (multiple peaks, 2H), 7.09 (d, J = 8.4 Hz, 1H), 4.16 (dd, J = 11.2, 7.6Hz, 1H),

4.04 (dd, J =11.2, 7.6 Hz, 1H) 3.75 (s, 3H), 2.99 (m, 1H), 1.98 (s, 3H), 1.11 (d, ] = 6.4
Hz, 3H).

OAc Nl,OMe

The reaction was run with 1.1 equiv PhI(OAc), in AcOH/Ac,0O. The product 97 was
obtained as a pale yellow oil (57%). '"H NMR (CDCl): & 7.18 (t, J = 7.6 Hz, 1H), 7.00 (d,
J=17.2 Hz, 1H), 6.86 (d, J = 8.0 Hz, 1H), 3.91 (s, 3H), 3.45 (sextet, J = 6.8 Hz, 1H) 2.82
(m, 1H), 2.58 (m, 1H), 2.25 (s, 3H), 1.97 (m, 1H), 1.45 (m, 1H), 1.12 (d, J = 6.8 Hz, 3H).

OAc r\ro

The reaction was run with 1.02 equiv of PhI(OAc), in AcOH. Product 100 was obtained
as a viscous oil (27% yield). '"H NMR (CDCl): & 7.32 (t, J = 8.0 Hz, 1H), 7.13 (d, T =
8.0 Hz, 1H), 7.00 (d, J = 8.0 Hz, 1H), 4.95 (m, 1H), 4.26-4.18 (multiple peaks, 2H), 3.33
(dd, J=17.5, 10.5 Hz, 1H), 3.00 (dd, J = 17.5, 7.5, 1H), 2.36 (s, 3H), 2.28 (s, 3H), 2.11
(s, 3H). PC{'H} NMR (CDClL): & 170.72, 169.13, 153.61, 148.89, 138.74, 130.07,
128.04, 122.41, 120.14, 77.62, 64.72, 40.37, 20.95, 20.78, 20.09. HRMS (ESI, m/z): [M
+ Na]" caled for CsH;7NOs, 314.1004 found, 314.1006.

N-O
|
OAc

OAc
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The reaction was run with 1.02 equiv of PhI(OAc), in AcOH. Product 101 was obtained
as a viscous oil (34% yield). "H NMR (CDCl3): & 7.51 (d, J = 8.0 Hz, 1H), 7.43 (m, 1H),
7.38-7.37 (multiple peaks, 2H), 5.42 (s, 2H), 4.95 (m, 1H), 4.28 (dd, J = 12.0, 4.0 Hz,
1H), 4.21 (dd, J=12.0, 5.5, 1H), 3.53 (dd, /= 17.0, 11.0 Hz, 1H), 3.20 (dd, J=17.0, 7.0
Hz, 1H), 2.14 (s, 3H), 2.10 (s, 3H). "C{'H} NMR (CDCl;): & 170.82, 170.54, 156.10,
135.79, 129.80, 128.79, 128.35, 127.84, 127.33, 64.88, 64.85, 39.36, 20.79. HRMS (ESI,
m/z): [M + Na]" calcd for C;5sH;7NOs, 314.1004 found, 314.1007.

OAc

NS

N

The reaction was run with 1.02 equiv of PhI(OAc), in AcOH. Product 106 was obtained
as a viscous oil (65% yield). "H NMR (CDCls): 8 8.71 (m, 1H), 7.74 (td, J= 7.5, 2.0 Hz,
1H), 7.33-7.25 (multiple peaks, 3H), 7.17 (d, J = 8.0 Hz, 1H), 6.98 (d, J = 8.0 Hz, 1H),
2.15 (s, 3H), 1.94 (s, 3H). "C{'H} NMR (CDClL): & 169.21, 155.56, 149.26, 148.18,
137.92, 135.86, 133.34, 128.63, 127.76, 124.53, 121.92, 119.76, 20.30, 19.67. HRMS
(ESI, m/z): [M + Na]" calcd for C14H;3NO,, 250.0844 found, 250.0847.

OAc m

°N

The reaction was run with 1.02 equiv of PhI(OAc), in AcOH. Product 109 was obtained
as a viscous oil (90% yield). '"H NMR (CDCL): § 7.73 (d, J = 2.0 Hz, 1H), 7.46 (d, J =
2.0 Hz, 1H), 7.36 (t, J = 8.0 Hz, 1H), 7.21 (d, J = 7.5 Hz, 1H), 7.04 (d, J = 7.5 Hz, 1H),
6.42 (t, J = 2.0 Hz, 1H), 2.11 (s, 3H), 2.02 (s, 3H). "C{'H} NMR (CDCl;): & 169.21,
146.87, 140.54, 137.88, 132.80, 131.42, 129.56, 128.33, 120.72, 105.96, 20.38, 17.34.
HRMS (ESI, m/z): [M + Na]" calcd for C;,H2N,0,, 239.0796 found, 239.0787.
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The reaction was run with 1.02 equiv of PhI(OAc), in AcOH. Product 112 was obtained
as a viscous oil (30% yield). '"H NMR (CDCls): 8 7.50 (dd, J = 8.0, 1.5 Hz, 1H), 7.46 (td,
J=28.0,2.0 Hz, 1H), 7.32 (td, J = 8.0, 1.5 Hz, 1H), 7.15 (d, J = 8.0 Hz), 4.91 (m, 1H),
4.27 (dd, J=12.0, 4.0 Hz, 1H), 4.18 (dd, J = 12.0, 6.0 Hz, 1H), 3.47 (dd, J = 16.5, 10.5,
1H), 3.16 (dd, J=16.5, 7.0 Hz, 1H), 2.32 (s, 3H), 2.10 (s, 3H). C{'H} NMR (CDClL): 8
170.70, 169.51, 153.55, 148.32, 130.88, 129.36, 126.17, 123.76, 77.46, 64.69, 38.53,
21.14, 20.67. HRMS (ESI, m/z): [M + Na]® caled for Ci4H;sNOs, 300.0848 found,
300.0857.

OAc |\;—0
OAc

The reaction was run with 2.1 equiv of PhI(OAc), in AcOH. Product 116 was obtained as
a viscous oil (75% yield). '"H NMR (CDCL): & 7.25 (t, J = 8.0 Hz, 1H), 6.97 (d, J = 8.0
Hz, 2H), 4.74 (m, 1H), 4.10 (t, J = 4.4 Hz, 2H), 2.93 (dd, J=17.2, 10.8 Hz, 1H), 2.76 (t,
J=17.6 Hz, 2H), 2.63 (dd, J = 17.2, 6.8 Hz, 1H), 2.48 (t, J = 7.2, 2H), 2.31 (s, 6H), 2.06
(s, 3H). PC{'H} NMR (CDClL): & 170.68, 169.11, 157.64, 149.70, 127.41, 125.58,
120.23, 77.32, 64.87, 39.74, 26.88, 21.87, 20.83, 20.68. HRMS (ESI, m/z): [M + Na]"
caled for CigH,NOy7, 386.1216 found, 386.1207.

OAc

OAc

The reaction was run with 2.1 equiv of PhI(OAc), in AcOH. Product 126 was obtained as
a viscous oil (89% yield). '"H NMR (CDCls): & 7.30 (t, J = 8.0 Hz, 1H), 6.98 (d, J= 8.0
Hz, 2H), 3.83 (s, 3H), 3.39 (s, 2H), 2.31 (s, 6H), 1.64 (s, 3H). “C{'H} NMR (CDCl;): 8
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154.98, 150.24, 127.87, 122.08, 120.43, 61.15, 31.04, 20.87, 12.89. HRMS (ESI, m/z):
[M + Na]" caled for C14H;7NOs, 302.1004 found, 302.0999.

_OM
OAc N-OMe

©/\/k
The reaction was run with 2.1 equiv of PhI(OAc), in AcOH. Product 128 was obtained as
a viscous oil (17% yield). '"H NMR (CDCls): & 7.27-7.22 (multiple peaks, 2H), 7.18 (t, J
=7.5Hz, 1H), 7.03 (d, /= 7.5 Hz, 1H), 3.84 (s, 3H), 2.73 (t, /= 8.0 Hz, 2H), 2.42 (t, J =
8.0 Hz, 2H), 2.34 (s, 3H), 1.84 (s, 3H). "C{'H} NMR (CDCl): (mixture of oxime
isomers) O 169.39, 157.15, 156.47, 148.88, 148.82, 132.94, 132.91, 130.11, 130.06,
127.37, 127.30, 126.15, 122.28, 61.09, 61.05, 36.17, 29.84, 27.30, 26.27, 20.86, 20.80,

20.23, 14.15. HRMS (ESI, m/z): [M + Na]" caled for C;3H;7NO;, 258.1106 found,
258.1105.

N-O
! C4Hg
OA

(o

The reaction was run with 1.1 equiv of PhI(OAc), in AcOH. Product 136 was obtained as
a viscous oil (56% yield). '"H NMR (CDCls): & 7.32-7.23 (multiple peaks, 3H), 7.05 (m,
1H), 4.47 (m, 1H), 3.93 (q, J = 7.0 Hz, 1H), 2.67 (dd, J = 17.0, 10.0 Hz, 1H), 2.37-2.32
(multiple peaks, 4H), 1.63 (m, 1H), 1.51 (d, J = 6.5, 3H), 1.44 (m, 1H), 1.34-1.22
(multiple peaks, 4H), 0.87 (t, J = 7.0 Hz, 3H). "C{'H} NMR (CDCl3): 8 169.66, 160.54,
148.60, 133.35, 128.13, 128.00, 126.51, 122.97, 80.63, 40.50, 34.71, 33.54, 27.56, 22.42,
20.86, 17.73, 13.87. HRMS (ESI, m/z): [M + Na]" calcd for C;7H»3NO3, 290.1756 found,
290.1742.

The reaction was run with 1.1 equiv of PhI(OAc), in AcOH. Product 139 was obtained as

a viscous oil (60% yield). "H NMR (CDCls): & 7.28-7.17 (multiple peaks, 3H), 7.04 (d, J
= 8.4 Hz, 1H), 4.73 (m, 1H), 4.13-4.04 (multiple peaks, 2H), 3.98 (dd, J = 12.0, 6.0 Hz,
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1H), 3.02-2.84 (multiple peaks, 3H), 2.70-2.59 (multiple peaks, 2H), 2.33 (s, 3H), 2.06 (s,
3H), 1.16 (d, J = 8.0, 3H). "C{'H} NMR (CDCl): & 170.77, 169.37, 161.72, 149.09,
131.02, 130.86, 127.78, 126.14, 122.58, 122.55, 76.83, 65.02, 64.95, 37.46, 37.53, 35.13,
35.10, 33.31, 21.01, 20.77, 17.97. HRMS (ESI, m/z): [M + Na]" calcd for C;7H, NOs,
342.1311 found, 342.1311.

The reaction was run with 1.1 equiv of PhI(OAc), in AcOH. Product 142 was obtained as
a viscous oil (10% vyield, 1:1). Isomer 1: "H NMR (CDCl3): § 7.26-7.12 (multiple peaks,
4H), 4.72 (m, 1H), 4.17-4.00 (multiple peaks, 2H), 2.90 (m, 1H), 2.73-2.49 (multiple
peaks, 2H), 2.04 (s, 3H), 2.02 (s, 3H), 1.86-1.64 (multiple peaks, 2H), 1.51 (m, 3H).

.OM
N e

OAc

The reaction was run with 1.5 equiv of PhI(OAc), in AcOH. Product 145 was obtained as
a viscous oil (43% yield, Oxime Isomers 1:1). Oxime Isomer 1: "H NMR (CDCl;): §
7.31-7.21 (multiple peaks, 3H), 7.01 (d, /= 8.0 Hz, 1H), 3.88 (s, 3H), 3.79 (q, J = 7.0 Hz,
1H), 2.32 (s, 3H), 1.59 (s, 3H), 1.40 (d, J = 7.0 Hz, 3H). "C{'H} NMR (CDCl): &
169.41, 158.49, 148.94, 133.97, 128.17, 127.74, 126.22, 122.77, 61.33, 61.14, 39.61,
20.87, 17.25, 12.27. HRMS electrospray (m/z): [M + Na]" caled for C;3H;7NOs,
258.1106 found, 258.1096. Oxime Isomer 2: "H NMR (CDCL): & 7.34 (dd, J = 7.0, 1.5
Hz, 1H), 7.29-7.23 (multiple peaks, 2H), 7.01 (dd, J = 7.5, 2.0 Hz, 1H), 4.71 (q, J = 7.5
Hz, 1H), 3.86 (s, 3H), 2.26 (s, 3H), 1.50 (s, 3H), 1.36 (d, J = 7.5 Hz, 3H). HRMS (ES],
m/z): [M + Na]" calcd for C3H;7NO3, 258.1106 found, 258.1095.

OAc _OM
g e
|
OA

(o

The reaction was run with 1.5 equiv of PhI(OAc), in AcOH. Product 146 was obtained as
a viscous oil 22% yield). "H NMR (CDCLs): & 7.28 (t, J = 8.5 Hz, 1H), 6.95 (d, J = 8.5
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Hz, 2H), 3.88 (s, 3H), 3.68 (q, J = 7.0 Hz, 1H), 2.29 (s, 6H), 1.61 (s, 3H), 1.38 (d, = 7.0
Hz, 3H). PC{'H} NMR (CDCl): & 169.12, 157.44, 149.74, 127.60, 127.48, 120.94,
61.19, 37.66, 20.75, 15.35, 14.03. HRMS (ESI, m/z): [M + Na]" calcd for C;sH;oNOs,
316.1161 found, 316.1173.

OAc I\;—O

OAc

The reaction was run with 1.5 equiv of PhI(OAc), in AcOH. Product 149 was obtained as
a viscous oil (83% yield). "H NMR (CDCls): & 7.37 (d, J= 7.6 Hz, 1H), 7.18 (d, T =7.6
Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 4.96 (m, 1H), 4.27-4.18 (multiple peaks, 2H), 3.32 (dd,
J=17.2,10.8 Hz, 1H), 3.01 (dd, J=17.2, 6.8, 1H), 2.66 (q, /= 7.6 Hz, 1H), 2.28 (s, 3H),
2.12 (s, 3H), 1.23 (t, J = 7.6 Hz, 3H). "C{'H} NMR (CDCl;): 8 170.74, 169.07, 153.51,
148.83, 144.96, 130.28, 126.37, 121.81, 120.11, 77.65, 64.73, 41.04, 26.51, 20.98, 20.78,
15.68. HRMS (ESI, m/z): [M + Na]" calcd for C;sH;oNO3, 328.1161 found, 328.1151.

OAc r\;—O

OAc
OAc

The reaction was run with 1.5 equiv of PhI(OAc), in AcOH. Product 150 was obtained as
a viscous oil (8% vyield, 1:1). Isomer 1: "H NMR (CDCl;): § 7.44 (d, J = 7.6 Hz, 1H),
7.38 (d, J = 7.6 Hz, 1H), 7.12 (m, 1H), 5.79 (quin, J = 6.4 Hz, 1H), 5.00 (m, 1H), 4.26-
4.21 (multiple peaks, 2H), 3.50 (dd, J = 17.2, 11.2, 1H), 3.09 (dd, J = 17.2, 7.2 Hz, 1H),
2.30 (s, 3H), 2.11 (s, 3H), 2.01 (s, 3H), 1.53 (d, J = 6.4 Hz, 3H).

The reaction was run with 1.5 equiv of PhI(OAc), in AcOH. Product 172 was obtained as
a viscous oil (6% yield). '"H NMR (CDCls): § 8.59 (d, J = 5.5 Hz, 1H), 7.86 (d, J = 8.0
Hz, 1H), 7.67 (td, J = 9.0, 1.5 Hz, 1H), 7.25 (m, 1H), 5.35 (s, 2H), 4.26 (t, ] = 6.0 Hz,
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2H), 2.01 (s, 3H), 1.70 (m, 2H), 1.41 (m, 2H), 0.93 (t, J = 7.5 Hz, 3H). "C{'H} NMR
(CDCl3): & 170.58, 152.66, 152.58, 148.92, 136.29, 123.63, 120.93, 75.12, 54.84, 31.16,
20.72, 19.02, 13.84.

Decalone O-methyl oxime (200 mg, 1.11 mmol, 1 equiv), PhI(OAc), (539 mg, 1.66
mmol, 1.5 equiv), and Pd(OAc), (12 mg, 0.055 mmol, 0.05 equiv) were combined in
AcOH (5 mL) and Ac,0 (5 mL) in a 20 mL vial. The vial was sealed with a Teflon lined
cap, and the reaction was stirred at 80°C for 5 h. The reaction mixture was evaporated to
dryness and then taken up in 3 mL of pyridine. The pyridine suspension was filtered
through a short plug of silica, and the silica was washed with copious ethyl acetate to
remove all of the organic products. The resulting solution was concentrated under
vacuum to afford a reddish oil, which was purified by chromatography on silica gel (Ry =
0.3 in 90% hexanes/10% ethyl acetate). The product 184 was obtained as pale yellow
crystals (210 mg, 81% yield). "H NMR (CDCLs): 8 5.03 (ddd, J = 10.9, 10.7, 4.8 Hz, 1H),
3.69 (s, 3H), 3.24 (br d, J = 13.1, 1H), 2.0 (m, 1H), 1.93 (s, 3H), 1.91 (d, J = 10.9, 1H),
1.81-0.96 (multiple peaks, 12H). “C{'H} NMR (CDCl): § 170.18, 157.54, 70.42, 61.06,
51.70, 43.31, 33.32, 32.97, 31.60, 25.59, 25.38, 23.12, 21.09. Anal. Calcd for C;3H;NOs:
C, 65.25, H, 8.84, N, 5.85; Found: C, 65.51, H, 8.79, N, 5.77.

The equatorial stereochemistry of the OAc group of 31 was assigned based on standard

analysis of the coupling constants of H, as shown below:

503 ppm (ddd, J=10218, 10.7, 4.8) 4.8 Hz
" e e
lﬁ;:ﬁ Ha - Ha
ME‘D'N h."ll:ﬂ'" 1 2 M =M 1 2

109 & 107y Hz
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- ﬁ. :OAc
H

OH

Product 184 was reacted with 2 equiv TiCl; and 2 equiv NH4OAc in refluxing degassed
AcOH:Dioxane:H,O for 2 h. The reaction was extracted with ether. The ethereal layer
was dried over MgSQy, filtered and concentrated. The resulting oil was was purified by
chromatography on silica gel (R = 0.3 in 90% hexanes/10% ethyl acetate). Product 185
was obtained as white crystalline solid. '"H NMR (CDCl3): & 5.00 (td, J = 11.2, 5.2 Hz,
1H), 2.38-.2.26(multiple peaks, 2H), 2.19-2.04 (multiple peaks, 2H), 1.98 (s, 3H), 1.87-
1.66 (multiple peaks, 4H), 1.52-1.48 (multiple peaks, 2H), 1.35-1.11 (multiple peaks,
4H).

Structure Determination.

Colorless needles of 185 were grown from an ether solution at -10 deg. C. A
crystal of dimensions 0.50 x 0.10 x 0.04 mm was mounted on a standard Bruker SMART
CCD-based X-ray diffractometer equipped with a LT-2 low temperature device and normal
focus Mo-target X-ray tube (A = 0.71073 A) operated at 2000 W power (50 kV, 40 mA).
The X-ray intensities were measured at 123(2) K; the detector was placed at a distance
4.980 cm from the crystal. A total of 2338 frames were collected with a scan width of 0.3°
in w and phi with an exposure time of 60 s/frame. The integration of the data yielded a total
of 17004 reflections to a maximum 26 value of 46.76° of which 1704 were independent and
1325 were greater than 20(I). The final cell constants (Table 1) were based on the xyz
centroids of 3514 reflections above 100(I). Analysis of the data showed negligible decay
during data collection; the data were processed with SADABS. No correction for
absorption was necessary. The structure was solved and refined with the Bruker SHELXTL
(version 6.12) software package, using the space group Pca2(1) with Z = 8 for the formula
C12H1803. All non-hydrogen atoms were refined anisotropically with the hydrogen atoms
placed in idealized positions. Full matrix least-squares refinement based on F2 converged at
R1 =0.0538 and wR2 = 0.1379 [based on I > 2sigma(I)], R1 = 0.0769 and wR2 = 0.1585
for all data.

Sheldrick, G.M. SHELXTL, v. 6.12; Bruker Analytical X-ray, Madison, WI, 2001.
Sheldrick, G.M. SADABS, v. 2.10. Program for Empirical Absorption Correction of Area
Detector Data, University of Gottingen: Gottingen, Germany, 2003.
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Saint Plus, v. 7.01, Bruker Analytical X-ray, Madison, WI, 2003.

cl
CsHgN-Pd—N~
> H

OH

H

Decalone oxime was reacted with 1.0 equiv Na,PdCl, and 1.12 equiv NaOAc in MeOH
at rt for 3 days.* The crude reaction was concentrated in vacuum. The crude red brown
solid was dissolved in CH,Cl, and filtered through celite. The resulting solution is
concentrated and dissolved in hot methanol. The crude solid is collected and reacted with
1.0 equiv pyridine in THF for 10 minutes. The crude reaction is concentrated and purified
by chromatography on silica gel (50% hexanes/50% ethyl acetate to 35% hexanes/65%
ethyl acetate). Product 190 was obtained as yellow solid (93% pure). 'H NMR (CDCls): §
9.85 (s, 1H), 8.75 (d, 7.6 Hz, 2H), 7.75 (t, /= 7.6 Hz, 1H), 7.33 (dd, J = 7.6, 6.8 Hz, 2H),
3.07-3.00 (multiple peaks, 2H), 2.07 (m, 1H), 1.97-1.83 (multiple peaks, 2H), 1.68 (m,
1H), 1.57-1.52 (multiple peaks, 2H), 1.43-1.32 (multiple peaks, 4H), 1.14-1.02 (multiple
peaks, 3H). PC{'H} NMR (CDCls): § 169.15, 152.79, 137.49, 125.10, 60.72, 47.14,
44.06, 33.99, 33.96, 31.18, 28.21, 27.17, 25.34, 23.03, 22.53.
Structure Determination.

Pale yellow needles of 190 were grown from a dichloromethane/pentane solution at
22 deg. C. A crystal of dimensions 0.60 x 0.34 x 0.10 mm was mounted on a standard
Bruker SMART CCD-based X-ray diffractometer equipped with a LT-2 low temperature
device and normal focus Mo-target X-ray tube (A = 0.71073 A) operated at 2000 W power
(50 kV,40 mA). The X-ray intensities were measured at 123(2) K; the detector was placed
at a distance 4.980 cm from the crystal. A total of 3040 frames were collected with a scan
width of 0.2° in ® and phi with an exposure time of 10 s/frame. The integration of the data
yielded a total of 17473 reflections to a maximum 26 value of 56.64° of which 3703 were
independent and 3525 were greater than 20(I). The final cell constants (Table 1) were
based on the xyz centroids of 6708 reflections above 100(I). Analysis of the data showed

negligible decay during data collection; the data were processed with SADABS and
corrected for absorption. The structure was solved and refined with the Bruker SHELXTL
(version 6.12) software package, using the space group P2(1)/c with Z = 4 for the formula
Ci5H21N,OPd. All non-hydrogen atoms were refined anisotropically with the hydrogen

atoms placed in idealized positions with the exception of the oxime hydrogen which was
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located on a difference Fourier map. Full matrix least-squares refinement based on F2
converged at R1 = 0.0210 and wR2 = 0.0568 [based on I > 2sigma(I)], R1 = 0.0223 and
wR2 =0.0576 for all data.

Sheldrick, G.M. SHELXTL, v. 6.12; Bruker Analytical X-ray, Madison, WI, 2001.
Sheldrick, G.M. SADABS, v. 2.10. Program for Empirical Absorption Correction of Area
Detector Data, University of Gottingen: Gottingen, Germany, 2003.

Saint Plus, v. 7.01, Bruker Analytical X-ray, Madison, WI, 2003.

(I)Ac
CsH:sN-Pd—N~
o H

OH

H
Product 190 was reacted with AgOAc in AcOH at 25°C for 12 h. The reaction was

filtered through celite and concentrated. Recrystallization of product 191 with CH,Cl,
and hexanes afforded a yellow solid (93% pure). 'H NMR (CDCl3): & 8.66 (d, 5.2 Hz,
2H), 7.75 (t, /= 6.8 Hz, 1H), 7.31 (dd, J = 6.0 Hz, 2H), 3.13 (dd, /=17.2, 9.2, 1H), 2.80
(t, J=9.2 Hz, 1H), 2.00 (t, J = 10.0 Hz, 1H), 1.91-1.76 (multiple peaks, 4H), 1.61-1.44
(multiple peaks, 3H), 1.34-1.18 (multiple peaks, 4H), 1.05-0.90 (multiple peaks, 3H).

Structure Determination.

Colorless blocks of 191 were grown from a dichloromethane solution at 22 deg. C.
A crystal of dimensions 0.34 x 0.22 x 0.14 mm was mounted on a standard Bruker
SMART CCD-based X-ray diffractometer equipped with a LT-2 low temperature device
and normal focus Mo-target X-ray tube (A = 0.71073 A) operated at 2000 W power (50 kV,
40 mA). The X-ray intensities were measured at 123(2) K; the detector was placed at a
distance 4.980 cm from the crystal. A total of 4545 frames were collected with a scan width
of 0.2° in w and phi with an exposure time of 10 s/frame. The integration of the data
yielded a total of 58517 reflections to a maximum 26 value of 56.80° of which 4660 were
independent and 4297 were greater than 20(I). The final cell constants (Table 1) were
based on the xyz centroids of 9446 reflections above 10c(I). Analysis of the data showed
negligible decay during data collection; the data were processed with SADABS and
corrected for absorption. The structure was solved and refined with the Bruker SHELXTL
(version 6.12) software package, using the space group I4(1)/a with Z = 16 for the formula
C17H24N>03Pd. All non-hydrogen atoms were refined anisotropically with the hydrogen

atoms placed in both idealized and refined positions. Full matrix least-squares refinement
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based on F? converged at R1 = 0.0365 and wR2 = 0.0878 [based on I > 2sigma(I)], R1 =
0.0390 and wR2 = 0.0887 for all data.

Sheldrick, G.M. SHELXTL, v. 6.12; Bruker Analytical X-ray, Madison, WI, 2001.
Sheldrick, G.M. SADABS, v. 2.10. Program for Empirical Absorption Correction of Area
Detector Data, University of Gottingen: Gottingen, Germany, 2003.

Saint Plus, v. 7.01, Bruker Analytical X-ray, Madison, WI, 2003.

General Procedure for Stoichiometric Reactions of Palladacycle Monomers with Oxidants
(Phl(OAc),, PhICl,, Mel): Monomers 190 and 191 were reacted with 1.0 equiv of the
Oxidant in AcOH at 100 °C for 12 h. The reaction was concentrated and their crude

NMR’s taken to determine the ratio and yields of products obtained.

Product 192: "H NMR (CDCl): & 4.08 (dt, J = 10.8, 4.0 1H), 2.52-2.41 (multiple peaks,
3H), 2.30-2.26 (multiple peaks, 2H), 2.13-2.09 (multiple peaks, 2H), 1.84-1.49 (multiple
peaks, SH), 1.30-1.19 (multiple peaks, 2H).

.OH

Structure Determination.

Colorless plates of 193 were grown from an ether solution at 22 deg. C. A crystal
of dimensions 0.28 x 0.20 x 0.05 mm was mounted on a standard Bruker SMART CCD-
based X-ray diffractometer equipped with a LT-2 low temperature device and normal focus
Mo-target X-ray tube (A = 0.71073 A) operated at 2000 W power (50 kV, 40 mA). The X-
ray intensities were measured at 123(2) K; the detector was placed at a distance 4.980 cm
from the crystal. A total of 3698 frames were collected with a scan width of 0.2° in ® and
phi with an exposure time of 30 s/frame. The integration of the data yielded a total of 11491
reflections to a maximum 20 value of 56.68° of which 2558 were independent and 1864
were greater than 20(I). The final cell constants (Table 1) were based on the xyz centroids

of 34009 reflections above 100(I). Analysis of the data showed negligible decay during data
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collection; the data were processed with SADABS, no correction for absorption was
necessary. The structure was solved and refined with the Bruker SHELXTL (version 6.12)
software package, using the space group P2(1)/n with Z = 4 for the formula C;1H9NO.
All non-hydrogen atoms were refined anisotropically with the hydrogen atoms placed in
idealized positions. Full matrix least-squares refinement based on F2 converged at R1 =
0.0459 and wR2 = 0.1178 [based on 1 > 2sigma(I)], R1 = 0.0709 and wR2 = 0.1307 for all
data.

Sheldrick, G.M. SHELXTL, v. 6.12; Bruker Analytical X-ray, Madison, WI, 2001.
Sheldrick, G.M. SADABS, v. 2.10. Program for Empirical Absorption Correction of Area
Detector Data, University of Gottingen: Gottingen, Germany, 2003.

Saint Plus, v. 7.01, Bruker Analytical X-ray, Madison, WI, 2003.
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Chapter 3

Oxone and K,S,05 as Alternative Oxidants for C-H Bond
Oxygenation

3.1 Background and Significance

Significant current efforts in the literature are focused on the development of
“green” catalytic reactions that are safe, scalable, environmentally friendly, and cost
effective. In particular, such studies have explored the application of practical green
oxidants, such as organic and inorganic peroxides, in transition metal catalyzed
transformations. Peroxides are considered practical and green oxidants due to their low
toxicity and expense. Two of these oxidants — H;O, and Oxone
(2KHSOs*KHSO4°K,S04) — have been especially widely used in the metal catalyzed
oxidation of alkenes," * sulfides’ and alcohols.” > We envisioned that we could apply
these peroxide oxidants in our palladium-catalyzed C—H bond oxygenation reactions.

Our group has shown that Pd(OAc), in conjunction with PhI(OAc), serves as an
efficient catalyst to transform sp® and sp° C—H bonds to C-OAc bonds, affording
acetoxylated products in excellent yield and extremely high selectivity.*® As summarized
in Scheme 3.1, the mechanism of these reactions is proposed to involve initial ligand-
directed C—H activation to provide cyclometalated Pd" complex A. Complex A is then
believed to undergo oxidation by PhI(OAc), to afford a Pd" intermediate B. Both of the
acetates from the oxidant are transferred to the metal in this step, and iodobenzene is
released as a byproduct. Carbon-oxygen bond forming reductive elimination then affords

the final acetoxylated product.
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Scheme 3.1: Proposed Mechanism for C—H Bond Acetoxylation with PhI(OAc),

OAc
Pd(OAc K |
(OAc), CC\Pd“/OAc C\PdIV/OAc
L C=H _HOAc L L \ L 1 X _pgl L C-OAc
L

Even though PhI(OAc), serves as an effective oxidant to oxygenate a wide range
of substrates, there are some disadvantages associated with its use. The byproduct from
these reactions, iodobenzene, is toxic, and, therefore further purification processes are
required for its usage. As the equivalents of oxidant increase, the accumulation of this
byproduct increases, which reduces the overall atom economy of the system.
Additionally, PhI(OAc), is relatively expensive, at approximately $1/gram. Based on
these disadvantages, we desired to replace PhI(OAc), with greener and less costly
oxidants such as peroxides.

The key intermediate in Pd-catalyzed C—H bond oxygenation transformations is
the Pd"’ complex B (Scheme 3.1). We wondered if it would be possible to generate this
complex using alternative oxidants. While pd" complexes are plausible intermediates,
they are typically not easily observed because of their high reactivity. As a result, Pt"
complexes are often used as models for putative Pd" intermediates, since platinum is in
the same group as palladium in the periodic table. It is well known in the literature that
Pt"" complexes react with oxidants in a very similar fashion to Pd" complexes, but the
resulting products are more stable.”'* As shown in Scheme 3.2, Jung and coworkers have
shown that it is possible to oxidize Pt" to Pt'"", using H,0, as the oxidant and AcOH as
the solvent."” In this reaction, H,0, serves to oxidize Pt" to Pt'" and AcOH serves as the
source of acetate in the final product. If platinum is a true model for palladium, then this
result suggests that peroxides in AcOH could potentially be used as stoichiometric

oxidants in place of PhI(OAc), to generate catalytic intermediate B.
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Scheme 3.2: Stoichiometric Oxidation of Pt" Complex with H,O, in AcOH

0] OAc
HN_ O H20, H,N_ T OAc
>(H N’Pt”\o:/éQ PTN
2 AcOH HoN- | —0
(0] Q 0

o}
(1) 2)

Herrmann and coworkers have reported a rare example where an inorganic
peroxide — K,S,0g — was used as the stoichiometric oxidant in a Pd-catalyzed C—H bond
oxygenation reaction.'* Subjection of a suspension of K,S,05 in CF3CO,H/(CF3C0),0 to
20 bar CHy in the presence of a catalytic amount of Pd" catalyst C led to the formation of

CH;30,CCF;3 (Scheme 3.3).

Scheme 3.3: Palladium-Catalyzed Oxidation of Methane with K,S,0g

cat. C
CH,4 CF3COOCH;

(30atm)  CFaCOOH/(CF4CO,), (9:1) (30 TON) /N/K /LN\

Br

c

K»S,0g 2KHSO,

Although the authors do not speculate on the mechanism, we believe that the
reaction likely proceeds via a high oxidation state Pd" intermediate analogous to 2
above. Similar to the Jung system, the trifluoroacetic acid is expected to serve as a source
of trifluoroacetate groups on the metal, which upon reductive elimination form the
product CH30,CCFj3. Although this reaction is a promising initial lead, the requirement

of 100 equiv of K,S,05 as well as the high pressure of methane limits its practical utility.

3.2 Initial Screenings of Peroxides

Initial studies focused on applying peroxides as stoichiometric oxidants in the Pd-
catalyzed directed acetoxylation of m-bromoacetophenone oxime ether. Based on Jung’s
report, we chose to employ acetic acid as the reaction media and the source of acetate in

the final product. A variety of peroxides were screened under our previously determined
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reaction conditions for PhI(OAc),-mediated acetoxylation reactions (5 mol % Pd(OAc),,
2 equiv of oxidant in AcOH at 100 °C) (Table 3.1). Interestingly, the use of H,0O, in this
Pd-catalyzed reaction resulted in only 11% of our desired product (entry 1), despite the
fact that it was a highly effective stoichiometric oxidant for Pt (Scheme 3.2). We
rationalize this result based on reports that Pd" rapidly catalyzes the disproportionation of
H,0, to H,0 and O, (Scheme 3.4), and O, is not capable of oxidizing Pd" to Pd" in these

systems. !

Scheme 3.4: Palladium-Catalyzed Disproportionation of H,O,

Pd(OAc), (0.1M)
H20, H,0 + (1/2)0,
DMSO, 80 °C

Other peroxides such as m-chloroperoxybenzoic acid (m-CPBA) and peracetic
acid provided slightly higher yields than H,O, (14% and 34%, respectively — entries 3
and 4); however, despite attempts to further optimize these reactions, they never afforded
synthetically useful quantities of the product. The most promising results were obtained
using the inorganic peroxides Oxone and K,S,0Oq as terminal oxidants. These reagents
afforded the acetoxylated product in comparable yield as PhI(OAc), (Table 3.1, entries 7
and 8). Notably, use of the tetrabutylammounium salt of Oxone substantially lowered the
yield of the acetoxylated product (entry 5), suggesting that increasing the solubility of the
oxidant was unfavorable. Importantly, control reactions of substrate 3 with Oxone and
K5S,0s, in the absence of Pd(OAc),, did not afford any of the desired acetoxylated
product 3a. Instead about 25% decomposition of the starting material to a complex

mixture of unidentified products was observed.
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Table 3.1: Screen of Peroxide Oxidants for the Pd-Catalyzed Acetoxylation of m-

Bromoacetophenone Oxime Ether

N-OMe 5 mol % Pd(OAc), N-OMe
Br\dl\ 2 equiv Oxidant Br\dl\
AcOH/Ac,0 (1:1)
H 100 °C OAc
(3) (3a)
Entry Oxidant Isolated Yield
1 H,0, 11%
2 Urea*H,0, 10%
3 m-CPBA 14%
4 (CH3)3COsH 18%
5 (BugN)52HSO5*HSO,4+S0,2 21%
6 CH3CO3H 34%
7  Oxone (2KHSOg*KHSO4+K,S0y) 68%
8 K,S,05 76%
9 PhI(OAc), 81%

Palladium-catalyzed C—H bond acetoxylation with Oxone is an exciting result,
because this oxidant is environmentally benign, safe (not explosive like many other
peroxides), and inexpensive. These features make Oxone attractive for large-scale
applications. We have conducted the reaction of substrate 3 with Oxone effectively at
scales ranging from 1 mmol to 66 mmol. When we initially executed the 66 mmol scale
reaction in AcOH, we obtained the desired product, via Kugelrohr distillation, in modest
45% yield (in contrast, the yield on 1 mmol scale was 68%). This reduction in yield was
due to competitive formation of the hydrolyzed product 3¢ (Scheme 3.5). The hydrolysis
was addressed by addition of 10% acetic anhydride to the reaction mixture, which
improved the yield of product 3a to 54% on a 66 mmol scale. Importantly, these large
scale reactions were optimized with 3 mol % of Pd(OAc),. Further reduction in the

amount of catalyst was possible; however, longer reaction times were required.
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Scheme 3.5: Large Scale Reaction of m-Bromoacetophenone Oxime Ether with Oxone

N-OMe 3 mol % Pd(OAc), N-OMe N-OMe
Br\dl\ 2 equiv Oxone Br\@fl\ . Br\dl\
Solvent (reflux)
H OAc OH
(3 (3a) (3c)
(66 mmol) 100% AcOH : 45% 10%

90% AcOH/ 10% Ac,0 : 54% <2%

3.3 Scope of Acetoxylation of sp2 C-H Bonds with Oxone and K,S,0s

We next desired to explore the scope of the acetoxylation of substrates with
Oxone and K,S,0g in AcOH. This reaction was applied to substrates containing a variety
of directing groups, including oxime ethers of ketones and aldehydes, amides, and
isoxazolines (Table 3.2 and 3.3).'° We were delighted to see that substrates that required
the formation of five (substrates 5-11) and six (substrates 12-13) membered palladacyclic
intermediates upon C—H activation were all effectively functionalized by Oxone and
K,S,0s. Both electron rich and poor arenes as well as oxidizable functionalities such as
benzylic C-H bonds were well tolerated. Notably, substrates 9-13 afforded better yields
of the desired acetoxylated products with K,S,0g than Oxone (Table 3.3). Tuning the
stoichiometry of the oxidant allowed for the formation of mono or diacetoxylated
products as desired (Scheme 3.6, products 4a and 4b). Acetic anhydride was used in
conjunction with AcOH in the reaction for some substrates (particularly electron rich

oxime ethers and oxime ethers derived from aldehydes) to attenuate hydrolysis.

Scheme 3.6: Product Distribution as a Function of Oxidant Stoichiometry

Ho oNOMe 5 mol % Pd(OAc), oac N-OM© oac N-OMe
| 1-3.5 equiv Oxone or K,S,04 | |
+
C{K AcOH or AcOH/Ac,0 (1:1) El:f\ d\
H 80-100°C H OAc
(4) (4a) (4b)

1.2 equiv Oxone (Phl(OAc),) 53% (73%) : 18% (9%)
3.5 equiv Oxone (PhI(OAc),) 12% (10%) : 52% (69%)
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Table 3.2: Substrate Scope with Oxone as the Terminal Oxidant

Entry Substrate Product Yield with Oxone? Yield with Phl(OAc),?
OMe
\@\)\ \@\)\ 71% 72%
(5a)
oM _.OM
e N| e
2 Meofj\ Meofj\ 69% 78%
OAc
(6a)
OMe OMe
3 F\d\ F\E:f\ 63% 57%
(7a)
Nl _OMe
\@L \d\ H 53% 40%
OAc
(8a)

aConditions: 5 mol % Pd(OAc),, 1.0-2.0 equiv Oxidant, AcOH or AcOH/Ac,0 at 100 °C
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Table 3.3: Substrate Scope with K,S,0g

Entry Substrate Product Yield with K,S,04? Yield with Phl(OAc),?
_.OMe
I I
1 NC\@(K NC\CEK 57% 66%
H OAc
9) (9a)
_.OMe .OMe
I I
2 Fsc\d\ 3C\E>)\ 75% 95%
H
(10) (1 Oa)
_.OM
Nl e
H OAc
(11) (1 1a)
H
4 @»N;/j N;/j 75% 7%
(1 2)° 12a9
H / 0
5 53% 72%
H
(13) (13a)

aConditions: 5 mol % Pd(OAc),, 1.0-2.0 equiv Oxidant, AcOH or AcOH/Ac,0 at 100 °C

In substrates containing substituents meta to the directing group (for example, 5-
10), two different ortho-C—H bonds could potentially be functionalized. In most of these
reactions, the sterically less hindered C—H bond was acetoxylated selectively (Table 3.1
and 2, entries 1-4 and 1-2 respectively).® On the contrary, in the meta-hydroxy substrate
14, the sterically more hindered C—H bond was acetoxylated (Scheme 3.7). We believe
that the alcohol and the oxime ether functionalities may chelate to the palladium and
thereby afford this reversal of selectivity. Importantly, the selectivity of this reaction was

confirmed by synthesizing authentic samples of products 14a and 14b.
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Scheme 3.7: Reaction of Substrate 14 with Oxone and PhI(OAc),

H N/OMe 5 mol %' Pd(QAc)2 OAc N/OMe H N,OMe
| 2.0 equiv Oxidant | |
HO HO + HO
AcOH
H 80°C H OAc
(14) (14a) (14b)
Oxone : 35% not observed

PhI(OAc): <5%

My colleague Hasnain Malik obtained the corresponding yields of products 3a-
13a from reactions with PhI(OAc),. In general, yields with Oxone and K,S,0g were
comparable to those with PhI(OAc),. However, two notable exceptions were substrates
14 and 15. Subjection of substrate 14 under our catalytic conditions using PhI(OAc),
resulted in less than 5% of the desired product, presumably due to undesired oxidation of
14 to the corresponding quinone.'’ In contrast, reaction of substrate 14 with Oxone
afforded 35% of the desired product (Scheme 3.7). The low yield here is due to
decomposition of the starting material to unidentified products. Similarly, reaction of
amide 15 with PhI(OAc); resulted in decomposition of the starting material, presumably
via uncatalyzed reaction between the hypervalent iodine oxidant and the amide
functionality. PhI(OAc), has been shown to react with amides to form rearranged
products via a RCONHI(Ph)OAc intermediate.'® ' However, reaction of 15 with Oxone
afforded 38% of the acetoxylated product 15a (Scheme 3.8). In this case, the balance of

material was accounted for as unreacted substrate 15.

Scheme 3.8: Palladium-Catalyzed Oxidation of m-Chloroacetanilide

5 mol % Pd(OAc),
H 2.0 equiv Oxidant H

Cl N Cl N
Ty o CUy
H 80 °C OAc

(15) (15a)

Oxone : 38%
PhI(OACc),: <56%

There are some limitations associated with the use of Oxone and K,S,Ogs as
oxidants in place of PhI(OAc),. For example, substrates 16-18 resulted in low yields
and/or reactivity with these peroxides in comparison with PhI(OAc),. With substrates 16
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and 17, we believe that these limitations are due to competitive N-oxide formation. For
example, subjection of quinoxaline 16 to the catalytic reaction conditions with PhI(OAc),
resulted in a single acetoxylated product 16a in 65% yield. In contrast, subjection of 16 to
catalytic conditions with Oxone afforded three products — acetoxylated compound 16a,
the N-oxide of the acetoxylated product (16a-0), and the N-oxide of the starting material
(16-0). The assignment of the regioselectivity of N-oxidation was made based on
comparison of the NMR of 16a to 16a-O following a similar approach taken in

literature. >’

Scheme 3.9: Palladium-Catalyzed Reaction of Quinoxaline with Oxone

5 mol % Pd(OAc),
1.0 equiv PhI(OAc)
(16a, 65%)
AcOH/Ac,0 (1:1)
N 100 °C
N ——
P
N 5 mol % Pd(OAc), I Q
1.0 equiv Oxone [ N N
(16) [ _ + [
AcOH/Ac,0 (1:1)

[o]
100 °C OAc
(16a, 10%) (16a-0, 9%) (16-0, 46%)

Similarly, subjection of azobenzene substrate 17 under catalytic conditions with
PhI(OAc), afforded the desired acetoxylated product 17a in 58% yield. On the other
hand, reaction of azobenzene with Oxone yielded significant quantities of the

corresponding N-oxide (17-O) along with the acetoxylated product 17a.

Scheme 3.10: Reaction of Azobenzene Substrate 17 with Oxone

5 mol % Pd(OAc),
1.0 equiv PhI OAc
(17a, 58%)
AcOH/Ac,0 (1:1)
100 °C
N
N
H 5 mol % Pd(OAc),
1.0 equV K28208 \
(17)
AcOH/Ac,0 (1:1)

100 °C

(17a, 39%) (17-0, 36%)
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The yield of the desired acetoxylated product in reactions of substrates bearing
pyridine directing groups appears to be hampered by another palladium-catalyzed side
reaction. For example, reaction of 2-phenylpyridine with Oxone resulted in the formation
of the desired acetoxylated product 18a, diacetoxylated product 18b, and a new
compound. As shown in Scheme 3.11, this new compound was identified as the
homodimer 18¢ by Kami Hull.*' In contrast, reaction of 18 with PhI(OAc), afforded the
acetoxylated product 18a (52% yield) and the diacetoxylated product 18b (22% yield),

and none of product 18¢ was observed.

Scheme 3.11: Palladium-Catalyzed Reaction of 2-Phenylpyridine with Oxone and

PhI(OAc),
5 mol % Pd(OAc),
1.1 equiv PhI(OAc)2 Phe
AcOH/Ac,0 (1:1)
= | 100 °C
\N S (18a, 52%) (18b, 22%)
H 5 mol % Pd(OAc), OAc
1.1 equiv Oxone
(18)
AcOH/Ac,0 (1:1)
100 °C
(18a, 12%) (18b, 22%) (18c, 30%)

There were also directing groups that resulted in low yields of the desired
acetoxylated product with both Oxone and PhI(OAc), due to uncatalyzed side reactions
of the substrate with the oxidant. For example, reaction of oxazoline 19 with both
PhI(OAc), and Oxone afforded <5% of acetoxylated product 19a. This low yield is due

to uncatalyzed addition of HOAc across the imine.

Scheme 3.12: Reaction of Oxazoline with PhI(OAc), and Oxone
5 mol % Pd(OAc),

OAc
N H N A .
(\ 1 equiv Oxone or Phl(OAc), (\\ QA <\N
(0] (0] + 0
AcOH/Ac,0 (1:1)

100 °C
(19) (19a, <5%) (19b, 78%)
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3.4 Scope of Acetoxylation of sp3 C-H Bonds with Oxone and K,S,0g

Excitingly, sp3 C-H bonds were also effectively functionalized to afford
acetoxylated products with Oxone and K,S,0g. Reaction of substrate 20 with Oxone is
particular notable (Scheme 3.13). Even though there are multiple different 1° C—H bonds
as well as weaker 2° C-H bonds that could undergo oxidation, high selectivity was
observed for the 1° B-C—H bond. This high selectivity for 1° C—H bonds with Oxone
suggests strongly against the possibility of radical reaction pathways (common for
peroxide reagents with weak O—O bonds) and instead is indicative of a ligand-directed
C—H activation at palladium. Notably, the yield of product 20a with Oxone was low in
comparison to that with PhI(OAc),, (45% versus 75%, respectively), and the balance of
the material was decomposition of the starting material. Similarly, Pd-catalyzed reaction
of Oxone with camphor substrate 21 also afforded the desired acetoxylated product
(Scheme 3.13). Finally, the reaction of trans-decalone substrate 22 with Oxone afforded a
single diastereomeric product (22a) in 23% yield. The same diastereoselectivity was
observed with PhI(OAc), (although the product was obtained in significantly higher 81%
yield in this case). This result implies that reductive elimination from Pd"" under both the
Oxone and the PhI(OAc), proceeds via a similar mechanism — with retention of
stereochemistry at carbon. The low yields of the desired products with substrates 20-22
were due to decomposition of the starting material under the oxidative conditions.
Subjection of the substrate and product individually to the reaction conditions, in the
absence of palladium, only led to 60% recovery due to the formation of unidentified

decomposition products.
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Scheme 3.13: Acetoxylation of sp’ C-H Bonds using K»S,0s

N-OMe 5 mol % Pd(OAc), N-OMe
| 2.1 equiv K;S,04 | K»S,0q: (45%)
AcOH/Ac,0 (1:1) PhI(OAC),: (75%)
H 100 °C OAc
(20) (20a)
H 5 mol % Pd(OAc), AcO
2.1 equiv K,S,0
" equiv K;S;0g N K5S,0g: (63%)
= “OMe AcOH/Ac,0 (1:1) = "OMe  PhI(OAc)s: (75%)
100 °C
(21) (21a)
_.OM 9 _.OM
yo NOMe 52r:10| % Pd(OAC), oac N-OMe
H Il 1 equiv K28208 H |l o
K,S,0g: (23%)
_ Acoq/vocig“ﬂ) | PhI(OAc),: (81%)
H H
(22) (22a)

Concurrent to the work described herein, Yu and coworkers reported the use of
peroxyesters in Ac,O for the Pd-catalyzed oxazoline-directed acetoxylation of sp® C—H
bonds (Scheme 3.14).2 They proposed that this reaction proceeds via a Pd"™" catalytic
cycle, where MeCOOO?Bu serves to oxidize Pd" to Pd". The authors also proposed that
acetic anhydride is essential for catalytic turnover, and state that it is required both to
introduce acetate ligands at Pd"" and to regenerate Pd(OAc), by acetylating the Pd-OR
complex formed at the end of the catalytic cycle. Notably, this is in sharp contrast to what
is observed in our peroxide-mediated C—H bond acetoxylation reaction. First, Ac,O is
clearly not required to introduce the OAc group into the products, since high yields of
acetoxylated products are observed in the absence of this reagent. Second, Ac,O is not

needed for catalytic turnover in our reactions, since we obtain >10 turnovers without any

added Ac,O.

Scheme 3.14: Pd-Catalyzed Oxidation of C—H bonds with Peroxyesters

5 mol % Pd(OAc), AcO

/Nj< 2 equiv MeCOOOBu N

j = < Z

(0] ACZO, 72 h o]<
(23)

65%
(23a)
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In addition, subsequent to the results described herein, Corey reported the use of
Oxone for the Pd-catalyzed oxidation of C—H bonds in amino acid derivatives.”> This
report described the installation acetates at 2° positions in 8-aminoquinoline derivatives
using 20 mol % Pd(OAc),, 5 equiv Oxone, 1.2 equiv Mn(OAc),, and 10 equiv Ac,0 in
nitromethane at 80 °C (Scheme 3.15). Importantly, the products from this reaction were

obtained with high levels of diastereoselectivity and could allow access to B-hydroxy

amino acids.

Scheme 3.15: Acetoxylation Reactions of Amino Acid Derivatives

20 mol % Pd(OAc),

O o 5 equiv Oxone 0o o)
N 1.2 equiv Mn(OAc), N H
] 10 iv Ac,O o !
Ph N NG Ph" > OAC
N/ H \_/
(24) )

CH3NO,, 80 °C
63%, >20:1
(24a

3.5 Formation of Methyl Ethers with Oxone and K,S,0g

We were next interested in using a similar approach for the conversion of C-H
bonds to C-OR bonds of ethers, which are also very important and prevalent in
biologically active molecules.”* A literature search revealed that Pt'" alkoxides could be
generated by oxidizing Pt" with H,O, in methanol.”” These products were analogous to

those obtained when the same oxidation was carried out in AcOH (Scheme 3.16)

Scheme 3.16: Platinum Oxidation in Methanol with H,O,

MeOH

Based on this result, we reasoned that by changing the solvent of our reactions

with Oxone or K,S,04 to methanol we might be able to install methyl ethers in the final
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products. We were pleased to find that, using Pd(OAc), as the catalyst and Oxone or
K>S,05 as oxidants in methanol, we were able to obtain a variety of methoxylated
products in good yields (Table 3.4).'"® The methoxylation reactions also exhibited
excellent tolerance to benzylic C—H bonds (entries 2, 3 and 6), aryl halides (entries 1 and
5), and aldehyde oxime ethers (entry 2). Similar to the acetoxylation reactions, higher
yields of the methoxylated products were obtained when K,S,0g was used as the oxidant
for substrates 12, 29 and 30. On the contrary, substrates 3, 27, 11 and 28 showed better

reactivity with Oxone.
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Table 3.4: Substrate Scope for Methoxylation Reactions

N-OMe 5 mol % Pd(OAc), N-OMe
| 1-3.5 equiv Oxone or K,S,0g |
Br Br
o] (o]
H 25°Cto 85°C OMe
(3) (3b, 70%)
Entry Substrate Product Yield with Peroxide
.OM _.OM
cl NIO e cl NIO e
d\ @\/K 60%
H OMe
(27) (27b)
NI,OMe NI,OMe
H OMe
(11) (11b)
.OM _OM
H o NOMe ome N-OMe
(28) (28b)
(0] 0]
: QN%J Qo
OMe
(12b)
s Q b b -
OMe
29b
6 Q b Qb -
OMe
(30b)

In the methoxylation reactions with electron rich oxime ethers, we observed
competing deprotection of the oxime ether. For example, subjection of substrate 6 to
Oxone in MeOH afforded 18% of the desired product 6b along with 30% of the ketone 6¢
(Scheme 3.17). Unlike the AcOH reactions, neither addition of acetic anhydride nor the

use anhydrous methanol suppressed the hydrolysis. We believe the hydrolysis reaction
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also increases the rate of catalyst decomposition. This was determined when subjection of
the corresponding ketone 6¢ to the reaction conditions in MeOH resulted in precipitation
of Pd black within 5 minutes. This may be due to the poor ligand abilities of the ketone
relative to the oxime ether. Without stabilization by coordination of the substrate, the Pd

is more likely to undergo decomposition.

Scheme 3.17: Hydrolysis of Electron Rich Oxime Ethers under the Reaction Conditions
N-OMe 10 mol % Pd(OAc), N-OMe o

1.5 equiv Oxone
Meo\dl\ Meo\dl\ . MeO\CfJ\
MeOH
H OMe OMe

25 °C to 85 °C
(6) (6b, 18%) (6¢, 30%)

Unlike the acetoxylation reactions with Oxone and K,S,0g, these methoxylation
reactions were very sensitive to temperature and reaction time. Each substrate required a
slow ramp of the temperature from room temperature to 45 °C. After stirring the reaction
at 45 °C for 5 h, the temperature was then slowly ramped to 60 °C. After another 15 min,
the temperature was then ramped slowly to 80 °C. This rigorous care with temperature
was necessary to limit competing catalyst decomposition. Palladium(II) species are well
known to react with methanol to form palladium hydrides and formaldehyde.*® These Pd"
hydrides can then undergo reductive elimination of HX to generate Pd’ (Scheme 3.18).
Catalyst decomposition occurs as Pd’ plates out of the reaction rather than getting
oxidized to Pd", which is required to initiate the desired Pd"™" catalytic cycle to form

acetoxylated compounds.

Scheme 3.18: Potential Catalyst Decomposition Pathway in Alcohol Solvents

H H
H
MeOH + PdL.X, —— >Z_ L.X,Pd"—H Pd°
LaX,Pd"—0 3 n”n i
H
o HX
HJ\H

Due to the increased rate of catalyst decomposition with alcoholic solvents, we

have thus far been unable to achieve high yielding etherification reactions in other
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alcohols like isopropanol or ethanol. We believe that as the size of the alcohol increases,
the rate of etherification slows down and the rate of catalyst decomposition increases.
Notably, the solvent polarity also changes from MeOH (dielectric constant = 32.6) to
isopropanol (dielectric constant = 18.3), which could also play a role in the observed
reactivity differences. Subjection of amide substrate 12 in ethanol with K,S,0s afforded
the ethoxy product 12¢ in modest 28% yield. When the alcohol was changed to
isopropanol, the yield of the desired isopropoxy product 12d was even lower at 11%

(Scheme 3.19).

Scheme 3.19: Reaction of Peroxides in Other Alcohol Solvents

5 mol % Pd(OAc),

(0] 0]
2.0 equiv KzSQOS
N N
ROH
H OR
(12)

25°C to 85°C

R = Et : 28%, (12c)
R =iPr:11%, (12d)

3.6 Introduction of Other Nucleophiles at Carbon with Oxone and
K,S,0s

As discussed above, we have successfully achieved the Pd-catalyzed conversion
of C—H bonds to C-OAc and C—OR bonds using Oxone and K,S,0s as the oxidants in
the corresponding nucleophilic solvent. Based on these results, we speculated that other
functionalities could potentially be introduced by using the appropriate nucleophile in an
inert solvent. Encouragingly, the Pd-catalyzed reaction of 12 with K;S,0g in CH,Cl; in
the presence of 10 equiv of benzoic acid afforded benzoate product 12e in modest 11%
yield (Scheme 3.20). Similarly, Pd-catalyzed reaction of 12 with K,S,0g and LiCl in
CH,Cl, afforded the chlorinated product 12f, along with three undesired regioisomeric
chlorinated products. These preliminary results are promising, and we anticipate that after
further optimization these reactions will prove highly general and effective for converting

C—H bonds to C-O, C-N, and C-halogen bonds
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Scheme 3.20: Reaction of Substrate 12 in the Presence of Different Nucleophiles
5 mol % Pd(OAc),
z\j 2.0 equiv K»S,04 z\:\
Q 10 equiv CgH5CO,H Q
(o]
CHaCly, 100 °C 0,CPh
(12) (12e, 11% by GC)

5 mol % Pd(OAc),

0]
é 2.0 equiv KzSzOg é
N
Q 10 equiv LiCI C\<
H

CH,Cly, 100 °C

(12f, 14% by GC)

3.7 Conclusions

In summary, this chapter demonstrates the functionalization of sp> and sp’ C—H
bonds to C—O bonds using cost effective and environmentally benign oxidants such as
Oxone and K,S,0g3. With AcOH as the reaction medium, acetate functionality can be
installed at carbon. Changing the reaction medium to MeOH allows formation of methyl
ether functionalities. These reactions are general across a variety of substrates and
tolerate most common functional groups. Furthermore, for the most part, yields obtained

with Oxone and K,S,0g are comparable to those obtained with PhI(OAc),.

3.8 Experimental Procedure

General Procedures: NMR spectra were obtained on a Varian Inova 500 (499.90
MHz for 'H; 125.70 MHz for >C) unless otherwise noted. '"H NMR chemical shifts are
reported in parts per million (ppm) relative to TMS, with the residual solvent peak used
as an internal reference. Multiplicities are reported as follows: singlet (s), doublet (d),
doublet of doublets (dd), doublet of doublets of doublets (ddd), doublet of triplets (dt),
triplet (t), quartet (q), quintet (quin), multiplet (m), and broad resonance (br). IR spectra

were obtained on a Perkin-Elmer Spectrum BX FT-IR spectrometer.
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Materials and Methods: Oxime substrates 3-11, 14, 20-22, and 27-28 were
prepared following the procedure described previously.”” The isoxazoline 13 was
prepared following a procedure by Mapp and coworkers.”® The amide substrates 29-30
were prepared by palladium-catalyzed arylation of the corresponding lactone.® Substrate
17 was prepared following a procedure by Gokel et al.*’ Pd(OAc), was obtained from
Pressure Chemical and used as received, and PhI(OAc), was obtained from Merck
Research Laboratories and used as received. Oxone was obtained from Acros and used as
received, and K,S,0g was obtained from Fisher Chemical and used as received. Solvents
were obtained from Fisher Chemical and used without further purification. Flash
chromatography was performed on EM Science silica gel 60 (0.040-0.063 mm particle
size, 230-400 mesh) and thin layer chromatography was performed on Merck TLC plates
pre-coated with silica gel 60 F**. Control reactions (in the absence of Pd catalyst) were
run for each substrate, and generally showed no reaction. The regioselectivity of
acetoxylation and etherification was determined based on coupling constant analysis and

assignment of each aromatic proton of the products as detailed below.

oM
OAc N° V¢
He !
Hb Ha
Br
(3a)

General Procedure for Table 3.1. Peroxide (1.75 mmol, 2.0 equiv) and
Pd(OAc); (9.81 mg, 0.044 mmol, 0.05 equiv) were combined in AcOH (3.7 mL) and
Ac,O (3.7 mL) in a 20 mL vial. Substrate 3 (200 mg, 0.88 mmol, 1.0 equiv) was then
added to the mixture. The vial was sealed with a Teflon lined cap, and the reaction was
heated at 100 °C for 12 h. The reaction mixture was diluted with ethyl acetate, and the
vial was washed with copious diethyl ether. A 10% aqueous solution of Na,SOs (450
mL) was added to the reaction, and the resulting mixture was stirred at 25 °C for 15 min.
The organic and the aqueous layers were separated and the organic layer was extracted
with water (2 x 50 mL), NaHCOs (1 x 50 mL), and brine (1 x 50 mL). The organic layer

was dried over MgSQ,, filtered, and concentrated. The resulting oil was purified by
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chromatography on silica gel to afford two oxime (E/Z) isomers (major oxime isomer: R¢
= 0.25 in 88% hexanes/12% ethyl acetate; minor oxime isomer: Ry = 0.23 in 88%
hexanes/12% ethyl acetate). The two oxime isomers were isolated as yellow oils in a ratio

of 5:1. The ratio of regioisomers was >20:1.

Procedure for 66 mmol scale reaction. Oxone (80.79 g, 131.41 mmol, 2.0 equiv)

and Pd(OAc), (441 mg, 1.97 mmol, 0.03 equiv) were combined in AcOH (493 mL) and
Ac,0 (55 mL) in a 1000 mL round bottom flask. Substrate 3 (15 g, 65.7 mmol, 1.0 equiv)
was then added to the mixture. The reaction was refluxed for 18 h. The reaction mixture
was diluted with ethyl acetate (500 mL) and filtered through a pad of celite and washed
with ethyl acetate (1 L). The ethyl acetate, AcOH and Ac,O were removed under reduced
pressure. The product was obtained as a yellow oil through Kugelrohr distillation (10.15
g, 54% yield).
Major Oxime Isomer: 'H NMR (CDCls): § 7.56 (d, J = 2.4 Hz, 1H,), 7.47 (dd, J = 8.6,
2.4 Hz, 1Hy), 6.98 (d, J = 8.6 Hz, 1H,), 3.97 (s, 3H), 2.27 (s, 3H), 2.13 (s, 3H). *C{'H}
NMR (CDCl): d 168.82, 152.23, 147.02, 132.49, 132.23, 132.09, 124.87, 119.07, 62.07,
20.96, 14.89. Minor Oxime Isomer: "H NMR (CDCL3): & 7.48 (dd, J = 8.7, 2.4 Hz, 1Hy),
7.32 (d, J = 2.4 Hz, 1H,), 7.03 (d, J = 8.7 Hz, 1H,), 3.79 (s, 3H), 2.25 (s, 3H), 2.12 (s,
3H). IR (thin film): 2937, 1768 cm™. HRMS (ESL m/z): [M] caled for C;;H;,BrNO3,
285.0000; found, 285.0005. GC analysis (RESTEK Rtx"-5, FID detector): 99%
integration. Anal. Calcd. for C;;H,BrNO, (mixture of oxime isomers): C, 46.18, H, 4.23,
N, 4.90; Found: C, 46.20, H, 4.19, N, 4.90.

General Method for Directed C-H Bond Acetoxylation with Oxone: Oxone
(783 mg, 1.27 mmol, 0.95 equiv) and Pd(OAc), (15 mg, 0.07 mmol, 0.05 equiv) were
combined in AcOH (11.2 mL) in a 20 mL vial. Substrate 3 (200 mg, 1.34 mmol, 1.0
equiv) was then added to the mixture. The vial was sealed with a Teflon lined cap, and
the reaction was heated at 100°C for 12 h. The reaction mixture was diluted with ethyl
acetate (25 mL), and the vial was washed with copious diethyl ether. A 10% aqueous
solution of Na,SO; (450 mL) was added to the reaction, and the resulting mixture was

stirred at 25 °C for 15 min. The organic and the aqueous layers were separated, and the

91



organic layer was extracted with water (2 x 50 mL), NaHCO; (1 x 50 mL), and brine (1 x
50 mL). The organic layer was dried over MgSQ,, filtered, and concentrated. The
resulting oil was purified by chromatography on silica gel. Each substrate was optimized
for reaction time, solvent (AcOH versus AcOH/Ac;0) and equiv of the oxidant, as

indicated below.

OAc N’ONIe

H
(4a)

The reaction was run for 12 h with 0.95 equiv of Oxone in AcOH. Product 4a was
obtained as two oxime E/Z isomers (major oxime isomer: R¢ = 0.26 in 89% hexanes/11%
ethyl acetate; minor oxime isomer: R = 0.25 in 89% hexanes/11% ethyl acetate). The two
isomers were isolated as yellow oils (147 mg total, 53% yield, ratio of oxime isomers =
5:1). Major Oxime Isomer: "H NMR (CDCl3): § 7.43 (dd, J= 7.7, 1.7 Hz, 1H), 7.37 (td,
J=17.8,1.7Hz, 1H), 7.25 (td, J= 7.5, 1.2 Hz, 1H), 7.10 (dd, J = 8.1, 1.2 Hz, 1H), 3.97 (s,
3H), 2.29 (s, 3H), 2.16 (s, 3H). “C{'H} NMR (CDCL): & 169.25, 153.44, 147.95,
130.30, 129.72, 129.45, 126.10, 123.21, 61.94, 21.08, 15.09. Minor Oxime Isomer: 'H
NMR (CDCl): & 7.37 (dd, J = 7.4, 1.8 Hz, 1H), 7.29 (m, 1H), 7.21 (dd, J = 7.6, 1.8 Hz,
1H), 7.14 (dd, J= 8.1, 1.5 Hz, 1H), 3.79 (s, 3H), 2.26 (s, 3H), 2.14 (s, 3H). IR (thin film):
2938, 1764 cm™. Anal. Caled. for C;;H;3NOj; (mixture of oxime isomers): C, 63.76, H,
6.32, N, 6.76; Found: C, 63.88, H, 6.08, N, 6.81.

_OM
OAc N° V¢
H, |
Hb Ha
CHs
(5a)

The reaction was run for 12 h with 1.0 equiv of Oxone in AcOH. Under the reaction
conditions the OAc of 5a partially hydrolyzed to the corresponding alcohol. The reaction
mixture was concentrated under vacuum and Ac,O (2.4 mL) and pyridine (0.46 mL) was

added and the reaction stirred for 18 h. The reaction was stirred in water (5 mL) for 30
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minutes and then extracted with ether. The ethereal layer was washed with water (2 x 50
mL), and NaHCOs; (1 x 50 mL). The organic layer was dried over MgSQy, filtered, and
concentrated. The resulting oil was purified by chromatography on silica gel to afford the
product as a 2:1 mixture of oxime isomers (major oxime isomer: Ry = 0.25 in 89%
hexanes/11% ethyl acetate; minor oxime isomer: Re = 0.20 in 89% hexanes/11% ethyl
acetate). The two oxime isomers were isolated as yellow oils (192 mg total, 71% yield,
ratio of oxime isomers = 2:1). The ratio of regioisomers was 11:1. Major Oxime
Isomer/Major Regioisomer: '"H NMR (CDCl): § 7.23 (d, J = 2.2 Hz, 1H,), 7.16 (dd, J =
8.2, 2.2 Hz, 1Hy), 6.98 (d, J = 8.2 Hz, 1H,), 3.97 (s, 3H), 2.34 (s, 3H), 2.26 (s, 3H), 2.15
(s, 3H). PC{'H} NMR (CDClL): & 169.32, 153.53, 145.66, 135.68, 131.33, 130.22,
129.75, 122.79, 61.80, 20.95, 20.65, 15.04. Minor Oxime Isomer/Major Regioisomer:
"H NMR (CDCls): 8 7.17 (d, J= 8.3, 2.2 Hz, 1H), 7.02 (dd, J = 8.3 Hz, 1H,), 6.99 (d, J
= 2.2 Hz, 1H,), 3.79 (s, 3H), 2.35 (s, 3H), 2.24 (s, 3H), 2.12 (s, 3H). Major Oxime
Isomer/Minor Regioisomer: '"H NMR (CDCLs): & 7.23 (m, 2H), 7.17 (d, J = 7.6 Hz, 1H),
3.96 (s, 3H), 2.30 (s, 3H), 2.19 (s, 3H), 2.15 (s, 3H). IR (thin film): 2937, 1765 cm™.
HRMS (ESI, m/z): [M] calcd for C1,H sNOs, 221.1047; found, 221.1052. GC analysis
(RESTEK Rtx"-5, FID detector): 100% integration.

OAc N’ONIe
He '
Hb Ha
OMe
(6a)

The reaction was run for 12 h with 1.1 equiv of Oxone in AcOH. Under the reaction
conditions the OAc of 6a partially hydrolyzed to the corresponding alcohol. The reaction
mixture was concentrated under vacuum and Ac,O (2.2 mL) and pyridine (0.43 mL) was
added and the reaction stirred for 18 h. The reaction was stirred in water (5 mL) for 30
minutes and then extracted with ether. The ethereal layer was washed with water (2 x 50
mL), and NaHCO; (1 x 50 mL). The organic layer was dried over MgSQy, filtered, and
concentrated. The resulting oil was purified by chromatography on silica gel to afford the
product as a 3:1 mixture of oxime isomers (major oxime isomer: Ry = 0.23 in 85%

hexanes/15% ethyl acetate; minor oxime isomer: Re = 0.18 in 85% hexanes/15% ethyl
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acetate). The two oxime isomers were isolated as yellow oils (180 mg total, 69% yield,
ratio of oxime isomers = 9:1). The ratio of regioisomers was 18:1. Major Oxime Isomer:
"H NMR (acetone-ds) (399.97 Hz): & 7.05 (d, J = 8.7 Hz, 1H,), 6.99 (d, J= 3.0 Hz, 1H,),
6.95 (dd, J = 8.7, 3.0 Hz, 1Hy), 3.90 (s, 3H), 3.81 (s, 3H), 2.22 (s, 3H), 2.11 (s, 3H).
BC{'H} NMR (acetone-ds) (100.57 Hz): & 169.87, 158.12, 153.83, 142.69, 132.13,
125.17, 115.58, 115.06, 62.14, 56.03, 20.99, 15.12. Minor Oxime Isomer: '"H NMR
(CDCls): 8 7.05 (d, J = 8.9 Hz, 1H,), 6.88 (dd, J=8.9, 3.0 Hz, 1H,), 6.70 (d, J = 3.0 Hz,
1H,), 3.80 (s, 3H), 3.80 (s, 3H), 2.24 (s, 3H), 2.12 (s, 3H). IR (thin film): 2939, 1764 cm
! Anal. Caled. for C,H;sNO; (mixture of oxime isomers): C, 60.75, H, 6.37, N, 5.90;
Found: C, 60.97, H, 6.23, N, 6.09

_.OM
OAcNOe

He !

Hb Ha
F

(7a)

The reaction was run for 12 h with 1.0 equiv of Oxone in AcOH/Ac,0. Product 7a was
obtained as an inseparable mixture of four products (R¢= 0.27-0.24) — 2 regioisomers and
2 oxime isomers of each regioisomer — as a clear oil (170 mg total, 63% yield). The
identity of the major regioisomer and its oxime isomers was confirmed by independent
synthesis, and the NMR spectra reported below are for this independently synthesized
product. Gas chromatographic analysis showed that the reaction afforded a 1.6:1 mixture
of regioisomers and that each of the regioisomers was a 6:1 mixture of oxime isomers.
Major Oxime Isomer/Major Regioisomer: 'H NMR (C¢Dy): & 7.02 (dd, 9.0, 3.0 Hz, 1H),
6.71 (dd, 8.9, 5.0 Hz, 1H), 6.60 (m, 1H), 3.76 (s, 3H), 1.95 (s, 3H), 1.74 (s, 3H). *C{'H}
NMR (CDCl): & 169.09, 159.87 (‘Jer = 245 Hz), 152.29 (*Jor = 1.7 Hz), 143.74 (*Jer =
2.9 Hz), 131.66 (CJcr = 8.0Hz), 124.56 (CJcr = 8.7 Hz), 116.16 (*Jcr = 23 Hz), 115.93
(*Jer = 24 Hz), 61.93, 20.80, 14.67. "’F NMR (CDCL): § -116.3 - -116.36 (m). Minor
Oxime Isomer/Major Regioisomer: "H NMR (C¢Dg): & 6.77 (dd, J = 8.9, 5.0 Hz, 1H),
6.62 (dd, J=9.0, 3.0 Hz, 1H), 6.61-6.56 (overlapping peaks), 3.64 (s, 3H), 1.90 (s, 3H),
1.50 (s, 3H). IR (thin film): 2939, 1770 cm™’. HRMS (ESI, m/z): [M'] calcd for
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C11H12FNOs, 225.0801; found, 225.0797. GC analysis (RESTEK Rtx®-5, FID detector):

99% integration.

oac N-OMe
He y
Hb Ha
OMe
(8a)

The reaction was run for 12 h with 2.0 equiv of K,S,0g in AcOH. The product was
obtained as a yellow oil (143 mg, 53% yield). The ratio of oxime isomers 17:1 and
regioisomers was >20:1(R¢ = 0.28 in 90% hexanes/10% ethyl acetate). 'H NMR (CDCl;):
0 8.07 (s, 1H), 7.28 (d, J = 3.0 Hz, 1H,), 7.01 (d, J = 8.9 Hz, 1H,), 6.93 (dd, J = 8.9, 3.0
Hz, 1Hy), 3.99 (s, 3H), 3.82 (s, 3H), 2.31 (s, 3H). "C{'H} NMR (CDCl): § 169.69,
157.46, 143.95, 142.54, 125.21, 123.95, 117.37, 110.97, 62.30, 55.79, 20.98. IR (thin
film): 2938, 1763 cm™. HRMS (ESI, m/z): [M +] calcd for C;;H;3NO4, 223.0845; found,
223.0842. GC analysis (RESTEK Rtx"-5, FID detector): 100% integration.

General Method for Directed C-H Bond Acetoxylation with K,S,;0s: K,S,05
(373 mg, 1.38 mmol, 2.0 equiv) and Pd(OAc), (7.7 mg, 0.03 mmol, 0.05 equiv) were
combined in AcOH (2.88 mL) and Ac;O (2.88 mL) in a 20 mL vial. Substrate 10 (150
mg, 0.69 mmol, 1.0 equiv) was then added to the mixture. The vial was sealed with a
Teflon lined cap, and the reaction was heated at 100°C for 12 h. The reaction mixture was
diluted with ethyl acetate, and the vial was washed with copious diethyl ether. A 10%
aqueous solution of Na,SO; (50 mL) was added to the filtrate, and the resulting mixture
was stirred at 25 °C for 15 min. The organic and the aqueous layers were separated and
the organic layer was extracted with water (2 x 50 mL), NaHCOs (1 x 50 mL), and brine
(1 x 50 mL). The organic layer was dried over MgSQO,, filtered, and concentrated. The
resulting oil was purified by chromatography on silica gel Each substrate was optimized
for reaction time, solvent (AcOH versus AcOH/Ac,;0) and equiv of the oxidant, as

indicated below.
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oM
OAc N°- ¢
He !
Hb Ha
CN
(9a)

The reaction was run for 12 h with 1.0 equiv of K,S,0g in AcOH/Ac,0. The product was
obtained as a mixture of two oxime E/Z isomers (major oxime isomer: R¢ = 0.27 in 78%
hexanes/22% ethyl acetate; minor oxime isomer: Re = 0.25 in 78% hexanes/22% ethyl
acetate). The two oxime isomers were isolated as a pale yellow solid (115 mg total, 57%
yield, ratio of oxime isomers = 6:1). The ratio of regioisomers was 6:1. Major Oxime
Isomer/Major Regioisomer: "H NMR (CDCl): § 7.78 (d, J = 2.1 Hz, 1H,), 7.68 (dd, J =
8.4, 2.1 Hz, 1Hy), 7.27 (d, J = 8.4 Hz, 1H,), 4.01 (s, 3H), 2.33 (s, 3H), 2.17 (s, 3H).
BC{'H} NMR (CDCl3): & 168.26, 151.68, 151.31, 133.65, 133.18, 131.78, 124.51,
117.80, 110.19, 62.24, 20.98, 14.87. Minor Oxime Isomer/Major Regioisomer: "H NMR
(CDCls): 8 7.66 (dd, J = 8.4, 2.0 Hz, 1Hy), 7.52 (d, /= 2.0 Hz, 1H,), 7.29 (d, J = 8.5 Hz,
1H,), 3.79 (s, 3H), 2.89 (s, 3H), 2.14 (s, 3H). Major Oxime Isomer/Minor Regioisomer:
"H NMR (CDCl): § 7.67 (t, J = 8.8, 7.8 Hz, 2H), 7.37 (t, J = 7.8 Hz, 1H), 3.98 (s, 3H),
2.38 (s, 3H), 2.16 (s, 3H). IR (thin film): 2230, 1770 cm™. HRMS (ESI, m/z): [M'] calcd
for Ci1,H;aN,03, 232.0848; found, 232.0848. GC analysis (RESTEK Rtx"®-5, FID
detector): 100% integration.

M
OAc N AOMe
H, !
Hb Ha
CF3
(10a)

The reaction was run for 12 h with 2.0 equiv of K,S,05 in AcOH/Ac,0. The product was
obtained as a mixture of two oxime (E/Z) isomers (major oxime isomer: R¢=0.27 in 87%
hexanes/13% ethyl acetate; minor oxime isomer: Re = 0.25 in 87% hexanes/13% ethyl
acetate). The two oxime isomers were isolated as yellow oils (142 mg total, 75% yield,
ratio of oxime isomers = 5:1). The ratio of regioisomers was >20:1. Major Oxime

Isomer: "H NMR (CDCls): & 7.71 (d, J = 2.3 Hz, 1H,), 7.63 (dd, J = 8.5, 2.3 Hz, 1Hy),

96



7.24 (d, J= 8.5 Hz, 1H,), 3.99 (s, 3H), 2.31 (s, 3H), 2.17 (s, 3H). >C{'H} NMR (CDCl;):
§ 168.62, 152.30, 150.49, 131.07, 128.38 (*Jcr = 33 Hz), 126.85 (Jcr = 3.8 Hz), 126.62
CJcr = 3.6 Hz), 123.60 ("Jcp = 272 Hz), 123.91, 62.14, 20.96, 14.93. "’F NMR (CDCL):
§ -62.37 (s). Minor Oxime Isomer: "H NMR (CDCL): & 7.60 (m, 1Hy), 7.43 (d, J = 2.7
Hz, 1H,), 7.20 (d, J = 8.5 Hz, 1H,), 3.76 (s, 3H), 2.25 (s, 3H), 2.12 (s, 3H). IR (thin film):
2942, 1770 cm™. HRMS (ESL m/z): [M] caled for Ci,H;2F3NO;, 275.0769; found,
275.0775. GC analysis (RESTEK Rtx"-5, FID detector): 100% integration.

onc N-OMe

|
H
CH3

(11a)

The reaction was run for 12 h with 2.0 equiv of K,S,0g in AcOH. The product was
obtained as a mixture of two oxime (E/Z) isomers (major oxime isomer: R¢ = 0.24 in 92%
hexanes/8% ethyl acetate; minor oxime isomer: Ry = 0.24 in 92% hexanes/8% ethyl
acetate). The product was isolated as a yellow oil (106 mg total, 53% yield, ratio of
oxime isomers = 5:1). Major Oxime Isomer: '"H NMR (CDCl): & 8.25 (s, 1H), 7.27 (t, J
=8.0, 7.5 Hz, 1H), 7.12 (d, J = 7.5 Hz, 1H), 6.95 (d, J = 8.0 Hz, 1H), 3.99 (s, 3H), 2.47
(s, 3H), 2.33 (s, 3H). C{'H} NMR (CDCl;): § 169.69, 149.12, 144.60, 139.47, 129.93,
128.84, 123.32, 120.97, 62.19, 21.26, 21.13. Minor Oxime Isomer: '"H NMR (CDCl;): §
7.39 (s, 1H), 7.29 (t, J=17.9, Hz, 1H), 7.10 (d, J= 7.7 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H),
3.90 (s, 3H), 2.29 (s, 3H), 2.27 (s, 3H). IR (thin film): 2969, 1769 cm. HRMS (ESI,
m/z): [M'] caled for C;;H;3NO;, 207.0895; found, 207.0892. GC analysis (RESTEK
Rtx"“-5, FID detector): 99% integration.

OAc
s
0

(12a)

The reaction was run for 12 h with 1.5 equiv of K,S,0g in AcOH. The product was
obtained as a yellow oil (272 mg, 75% vyield). (Rf = 0.26 in 15% hexanes/85% ethyl
acetate). '"H NMR (CDCls): & 7.29-7.21 (multiple peaks, 3H), 7.15 (d, J = 7.6 Hz, 1H),
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3.70 (t, J = 6.9 Hz, 2H), 2.49 (t, J = 8.0 Hz, 2H), 2.24 (s, 3H), 2.13 (quin, J = 7.2 Hz,
2H). "C{'H} NMR (CDCls): § 173.88, 168.53, 145.64, 130.80, 127.86, 126.89, 126.25,
123.41, 49.82, 30.94, 20.71, 19.02. IR (thin film): 1766, 1702 cm™. HRMS (ESI, m/z):
[M'] caled for C1,H;3NOs, 219.0895; found, 219.0894. GC analysis (RESTEK Rtx®-5,
FID detector): 100% integration.

OAR-0 oaAc
I

OAc  (13a)

The reaction was run for 12 h with 3.0 equiv of K,S,0g in AcOH. The product was
obtained as a pale yellow viscous oil (79.0 mg, 53% yield) (Rf = 0.26 in 55%
hexanes/45% ethyl acetate). '"H NMR (CDCls): § 7.33 (t, J= 8.1 Hz, 1H), 6.99 (d, J=8.2
Hz, 2H), 4.70-4.66 (m, 1H), 4.06-4.05 (multiple peaks, 2H), 3.59 (d, J = 3.3 Hz, 2H),
2.78 (dd, J = 17.4, 10.8 Hz, 1H), 2.44 (dd, J = 17.4, 7.8 Hz, 1H), 2.32 (s, 6H), 2.04 (s,
3H). PC{'H} NMR (CDCl): & 170.72, 169.22, 155.92, 150.10, 128.48, 120.89, 120.64,
77.76, 64.92, 38.22, 23.23, 20.78, 20.69. IR (thin film): 2939, 1769, 1742 cm™'. HRMS
(ESI, m/z): [M'] caled for C;;H;oNO;, 349.1162; found, 349.1160. GC analysis
(RESTEK Rtx"-5, FID detector): 99% integration.

.OM
Nl e

OAc
OH

(14a)

The reaction was run for 12 h with 2.0 equiv of Oxone® in AcOH. The product was
obtained as a mixture of two products (Rf = 0.25 in 90% hexanes/10% ethyl acetate).
Under the chromatography conditions the OAc underwent partial hydrolysis to the
corresponding alcohol. The product was isolated as a pale yellow solid (100 mg total,
37% yield, ratio of OAc to free OH, 2:1); mp = 67-72 °C. The ratio of oxime isomers and
regioisomers was >20:1. '"H NMR of 14a (CDCls): & 11.65 (s, 1H), 7.31 (dd, J=8.1, 1.5
Hz, 1H), 7.06 (dd, J = 7.9, 1.5 Hz, 1H), 6.88 (t, J = 8.0 Hz, 1H), 3.99 (s, 3H), 2.35 (s,
3H), 2.30 (s, 3H). "C{'H} NMR (CDCl): & 169.08, 158.17, 149.79, 139.25, 125.09,
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123.98, 119.81, 118.49, 62.54, 20.65, 11.61. IR (KBr): 2943, 1760 cm™'. HRMS (ESI,
m/z): [M'] caled for C;;H;3NO,, 223.0844; found, 223.0843. GC analysis (RESTEK
Rtx"“-5, FID detector): 100% integration. Hydrolyzed (OH) product: 'H NMR (CDCls): §
6.96 (t, J="7.5 Hz, 2H), 6.81 (t,J= 7.9 Hz, 1H), 5.71 (s, 1H), 4.02 (s, 3H), 2.30 (s, 3H).

Cl N
|09
o

(15a)

The reaction was run for 12 h with 1.5 equiv of K,S,0g in AcOH. The product was
obtained as a pale yellow viscous oil (38% yield) (R¢ = 0.26 in 55% hexanes/45% ethyl
acetate). 'H NMR (C¢Dg): & 8.29 (br s, 1H), 7.21 (br s, 1H), 7.07 (br s, 2H), 2.36 (s, 3H),
2.18 (s, 3H).

N
N
[ J
N
OAc

(162)

Oxone (853 mg, 1.39 mmol, 1.0 equiv) and Pd(OAc), (16 mg, 0.07 mmol, 0.05 equiv)
were combined in AcOH (11.6 mL) in a 20 mL vial. Substrate 16 (200 mg, 1.39 mmol,
1.0 equiv) was then added to the mixture. The vial was sealed with a Teflon lined cap,
and the reaction was heated at 100 °C for 12 h. The reaction mixture was diluted with
chloroform and extracted with water (2 x 50 mL), NaHCOs (1 x 50 mL), and brine (1 x
50 mL). The organic layer was dried over MgSQ,, filtered, and concentrated. The
resulting oil was purified by chromatography on silica gel (R = 0.18 in 80%
hexanes/20% ethyl acetate). The product was obtained as a yellow solid (28 mg, 10%
yield). mp = 86-88 °C. '"H NMR (399.96 Hz) (CDCl;): & 8.87 (s, 2H), 8.09 (d, /= 8.3 Hz,
1H), 7.84-7.75 (multiple peaks, 2H), 5.80 (s, 2H), 2.10 (s, 3H). "C{'H} NMR (100.57
Hz) (CDCls): 6 170.85, 145.03, 144.32, 142.83, 141.12, 134.71, 129.71, 129.70, 129.40,
61.85, 21.03. IR (KBr): 2927, 1739 cm”. HRMS (ESI, m/z): [M + Na] calcd for
C11H10N203, 202.0742; found, 202.0738. GC analysis (RESTEK Rtx®-5, FID detector):
99% integration. Along with the product 16a, the N-oxide of the starting material (101
mg, 46% yield), (R¢ = 0.15 in 70% hexanes/30% ethyl acetate) and the N-oxide of 16a

99



(27.0 mg, 9% yield), (R¢= 0.1 in 70% hexanes/30% ethyl acetate) were obtained, whose

spectroscopic data are described below.

o)

Hec
HbIN\ Hd
»
Ha N He
)OAc

|
(16a-0

"H NMR (CDCls): 8 8.70 (d, J= 3.5 Hz, 1H,), 8.57 (d, J = 8.7 Hz, 1H,), 8.38 (d, J=3.5
Hz, 1Hy), 7.88 (d, J = 7.2 Hz, 1H.), 7.75 (t, J = 7.3 Hz, 1Hy), 5.78 (s, 2H), 2.17 (s, 3H).
BC NMR (CDCly): & 170.71, 145.31, 144.05, 137.59, 135.73, 130.83, 129.80, 129.35,
118.94, 61.78, 20.98. IR (KBr): 1735, 1242 cm™. mp = 112-113 °C. HRMS (ESIL, m/z):
[M + Na] caled for Ci;H;oN,O3, 218.0691; found, 218.0689. GC analysis (RESTEK
Rtx"-5, FID detector): 99% integration. The assignment of the regioselectivity of N-
oxidation was made based on comparison of the NMR of 16a-O to 16a as detailed in

reference 4.

o

Hc
HbjI N\ Hd
Ha N/ He
)

[
(16-0

'H NMR (CDCls): § 8.62 (d, J = 3.45 Hz, 1H,), 8.37 (d, J = 8.2 Hz, 1H,), 8.31 (d, J =
3.46 Hz, 1Hy), 7.61-7.55 (multiple peaks, 2H, .), 2.73 (s, 3H). "C{'H} NMR (CDCl;): &
145.04, 144.38, 138.65, 137.59, 131.72, 129.77, 128.87, 116.56, 17.66. mp = 132-133 °C.
IR (KBr): 1501, 1309 cm™. HRMS (ESI m/z): [M + Na] caled for CoHgN>O, 160.0637;
found, 160.0634. GC analysis (RESTEK Rtx"“-5, FID detector): 99% integration.
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N
N
AcO
(17a)

The reaction was run at rt for 12 h with 1.5 equiv of K,S,0g5 in AcOH. The product was
obtained as a pale yellow oil (R¢= 0.26 in 55% hexanes/45% ethyl acetate) (39% yield).
"H NMR (CeDg): 8 7.66-7.56 (multiple peaks, 3H), 7.38 (t, J = 7.6 Hz, 1H), 7.31-7.28
(multiple peaks, 2H), 7.12 (d, J = 8.4 Hz, 1H), 2.45 (s, 3H), 2.41 (s, 3H), 2.39 (s, 3H).
HRMS (ESI, m/z): [M'] calcd for C10H,CINO,, 268.1209; found, 268.1209. Along with
the product 17a, the N-oxide of the starting material (36% yield), (R¢ = 0.15 in 70%

hexanes/30% ethyl acetate) was obtained, whose spectroscopic data is described below.

0.
N
o

H
(17-0)

"H NMR (CeDg): & 7.75-7.66 (multiple peaks, 4H), 7.41 (t, J = 8.0 Hz, 1H), 7.29 (d, J =
7.6 Hz, 1H), 7.16 (dd, J= 8.0, 1.6 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 2.46 (s, 3H), 2.39 (s,
3H).

OAc

.
e

(19b)

The reaction was run at rt for 12 h with 1.5 equiv of K;S,0g or Oxone or PhI(OAc); in
AcOH. The product was obtained as a yellow oil (78% yield, Ry = 0.15 in 70%
hexanes/30% ethyl acetate). 'H NMR (C¢D¢): & 7.78 (d, J = 7.0 Hz, 2H), 7.51 (t, J=1.5
Hz, 1H), 7.45 (m, 2H) 6.59 (br s, 1H), 4.29 (t, J = 5.0 Hz, 2H), 3.73 (q, J = 5.0 Hz, 2H),
2.09 (s, 3H). "C{'H} NMR (CDCL): § 171.47, 167.55, 134.18, 131.61, 128.60, 126.91,
63.34, 39.55, 20.92. IR (KBr): 1734 cm’.
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MeO.
YN

|
)\COAC

(20a)

The reaction was run for 12 h with 2.0 equiv of K,S,0g in AcOH. The product was
obtained as two oxime (E/Z) isomers (major oxime isomer: R¢ = 0.3 in 90% hexanes/10%
ethyl acetate; minor oxime isomer: R¢= 0.21 in 90% hexanes/10% ethyl acetate). The two
oxime isomers were isolated as yellow oils (45% yield, ratio of oxime isomers = 5:1).

The NMR data was identical to that reported previously for this compound.’

OAc
N,
-~ "OMe

(21a)

The reaction was run for 12 h with 2.0 equiv of K,S,0g5 in AcOH. The product was
isolated as a clear oil (Rf = 0.28 in 90% hexanes/10% ethyl acetate), (63% yield). The

NMR data was identical to that reported previously for this compound.’

OAc N,OMe

&5
B
(22a)

The reaction was run for 12 h with 2.0 equiv of K,S,0s5 in AcOH. The product was
isolated as a clear oil (Rf = 0.28 in 90% hexanes/10% ethyl acetate), (23% yield). The
NMR data was identical to that reported previously for this compound.’

General Method for Directed C-H Bond Methoxylation with Oxone: Oxone®
(808 mg, 1.31 mmol, 2.0 equiv) and Pd(OAc), (15 mg, 0.07 mmol, 0.1 equiv) were
combined in MeOH (5.48 mL) in a 20 mL vial. Substrate 3 (150 mg, 0.66 mmol, 1.0
equiv) was then added to the mixture. The vial was sealed with a Teflon lined cap, and
the reaction was stirred at rt for 12 h and then stirred at 80 °C for another 12 h. The
reaction mixture was diluted with ethyl acetate, and extracted with water (2 x 50 mL),

NaHCO; (1 x 50 mL), and brine (1 x 50 mL). The organic layer was dried over MgSQOs,
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filtered, and concentrated. The resulting oil was purified by chromatography on silica gel.

Each substrate was optimized for reaction time and equiv of the oxidant, as indicated

below.
OMe N’ONIe
He '
Hb Ha
Br
(3b)

The reaction was run was stirred at rt for 12 h and then stirred at 80 °C for another 12 h,
with 2.0 equiv of Oxone®. Product 3b was obtained as two oxime (E/Z) isomers (major
oxime isomer: 0.28 Ry = 90% in hexanes/10% ethyl acetate; minor oxime isomer: Ry =
0.26 in 90% hexanes/10% ethyl acetate). The two isomers were isolated as yellow oils.
Under the reaction conditions oxime 3b underwent partial hydrolysis to the
corresponding ketone. Isolated product (119 mg total, 70% yield, ratio of oxime isomers
= 5:1, ratio of oxime to ketone = 4:1). The ratio of regioisomers was >20:1. Major Oxime
Isomer of 3b: "H NMR (acetone-ds): & 7.51 (dd, J = 8.8, 2.6 Hz, 1Hy), 7.38 (d, J = 2.6
Hz, 1H,), 7.03 (d, J = 8.8 Hz, 1H,), 3.90 (s, 3H), 3.87 (s, 3H), 2.10 (s, 3H). *C{'H}
NMR (CDCl3): § 156.64, 155.28, 132.64, 132.16, 128.78, 112.84, 112.69, 61.86, 55.72,
15.77. IR (thin film): 2932, 1606, 1486 cm”. HRMS (ESI, m/z): [M'] caled for
C10H12BrNOy, 257.0051; found, 257.0045. GC analysis (RESTEK Rtx®-5, FID detector):
100% integration. Ketone: "H NMR (CDCls): & 7.49 (d, J = 2.4 Hz, 1H), 7.32 (dd, J =
8.7,2.8 Hz, 1H), 6.86 (d, /= 8.7 Hz, 1H), 4.01 (s, 3H), 2.28 (s, 3H).

oMe N-OMe

|
CHj
Cl

(27b)

The reaction was run at rt for 12 h and then stirred at 80 °C for another 12 h with 2.0
equiv of Oxone®. The two oxime isomers were isolated as clear oils. (E/Z) isomers
(major oxime isomer: Ry = 0.26 in 97% hexanes/3% ethyl acetate; minor oxime isomer:

Rf = 0.26 in 97% hexanes/3% ethyl acetate). Under the reaction conditions, oxime 27b
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underwent partial hydrolysis to the corresponding ketone (102 mg total, 60% yield, ratio
of oxime isomers = 3:1, Ratio of oxime : ketone = 7:1). Major Oxime Isomer: '"H NMR
(CDCl3): 8 7.22 (t, J=8.2 Hz, 1H), 7.02 (dd, /= 8.1, 0.9 Hz, 1H), 6.82 (dd, J = 8.4, 0.9
Hz, 1H), 4.00 (s, 3H), 3.82 (s, 3H), 2.12 (s, 3H). "C{'H} NMR (CDCl): § 158.39,
152.81, 133.83, 129.89, 125.97, 121.64, 109.28, 61.80, 55.98, 15.75. Minor Oxime
Isomer: "H NMR (CDCl3): § 7.22 (t, J = 8.2 Hz, 1H), 7.01 (dd, J = 8.1, 0.9 Hz, 1H), 6.82
(dd, J = 8.1 Hz, 0.9 Hz, 1H), 4.02 (s, 3H), 3.82 (s, 3H), 2.32 (s, 3H). IR of 27b (KBr):
2936, 1590, 1573 cm™. HRMS (ESI, m/z): [M'] caled for C;oH2CINO,, 213.0557;
found, 213.0554. GC analysis (RESTEK Rtx®-5, FID detector): 99% integration.
Ketone: "H NMR (CDCly): § 7.13 (t, J = 8.1 Hz, 1H), 6.95 (dd, J = 8.0, 1.1 Hz, 1H), 6.89
(dd, /=8.3, 1.1 Hz, 1H), 3.82 (s, 3H), 2.13 (s, 3H).

oM
OMeNIO ©

H
CHs

(11b)

The reaction was run at rt for 12 h and then the temperature was slowly ramped to 80 °C
over 20 minutes for another 12 h with 2.0 equiv of Oxone in MeOH. The product was
obtained as two oxime (E/Z) isomers (major oxime isomer: R¢ = 0.25 in 95% hexanes/5%
ethyl acetate; minor oxime isomer: Ry = 0.24 in 95% hexanes/5% ethyl acetate). The two
oxime isomers were isolated as yellow oils (106 mg total, 59% yield, ratio of oxime
isomers = 3:1). Major Oxime Isomer: "H NMR (CDCl3): § 8.51 (s, 1H), 7.21 (t, J=8
Hz, 1H), 6.83 (d, J= 8 Hz, 1H), 6.74 (d, J = 8.5 Hz, 1H), 3.99 (s, 3H), 3.83 (s, 3H), 2.52
(s, 3H). PC{'H} NMR (CDClL): & 158.48, 146.23, 139.09, 129.73, 123.55, 119.42,
108.13, 61.89, 55.65, 22.123. Minor Oxime Isomer: "H NMR (CDCLs): § 7.52 (s, 1H),
7.23 (t,J=7.8 Hz, 1H) 6.84 (d, /= 7.8, 1H), 6.74 (d, J = 8.3 Hz, 1H), 3.93 (s, 3H), 3.80
(s, 3H), 2.25 (s, 3H). IR (thin film): 2935, 1595 cm™. HRMS (ESI, m/z): [M] calcd for
Ci10H13NOy, 179.0946; found, 179.0940. GC analysis (RESTEK Rtx"®-5, FID detector):

99% integration.
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ome N-OMe

(28b)

The reaction was run at rt for 12 h and then stirred at 80 °C for another 12 h with 2.0
equiv of Oxone in MeOH. The product was obtained as a pale yellow oil (R¢ = 0.26 in
97% hexanes/3% ethyl acetate). "H NMR (C4Ds): & 6.80-6.73 (multiple peaks, 3H), 3.89
(s, 3H), 3.67 (s, 3H), 2.69 (t, J = 7.5 Hz, 2H), 2.36 (t, /= 7.5 Hz, 2H), 1.97 (quin, J="7.5
Hz, 2H). "C{'H} NMR (CDCl): 8174.42, 146.55, 143.78, 127.36, 122.60, 119.47,
108.74, 56.16, 51.68, 33.71, 29.16, 25.08.

General Method for Directed C-H Bond Methoxylation with K;S,0s: K,S,05
(309 mg, 1.14 mmol, 2.0 equiv) and Pd(OAc), (12.8 mg, 0.11 mmol, 0.1 equiv) were
combined in MeOH (4.76 mL) in a 20 mL vial. Substrate 30 (100 mg, 0.57 mmol, 1.0
equiv) was then added to the mixture. The vial was sealed with a Teflon lined cap, and
the reaction was stirred at rt for 12 h and then stirred at 40 °C for another 12 h. The
reaction mixture was diluted with ethyl acetate, and extracted with water (2 x 50 mL),
NaHCO; (1 x 50 mL), and brine (1 x 50 mL). The organic layer was dried over MgSQOs,
filtered, and concentrated. Each substrate was optimized for reaction time and equiv of

the oxidant, as indicated below.

at'e

(12b)

The reaction was run at rt for 12 h and then at 40 °C for 12 h with 2.0 equiv of K,S,0s in
MeOH. The product was obtained as a yellow oil (85 mg, 72% yield). (R¢= 0.26 in 25%
hexanes/75% ethyl acetate). '"H NMR (CDCls): & 7.29-7.25 (multiple peaks, 2H), 7.01-
6.96 (multiple peaks, 2H), 3.84 (s, 3H), 3.76 (t, J= 7.0 Hz, 2H), 2.56 (t, J = 7.9 Hz, 2H),
2.19 (quin, J = 7.2 Hz, 2H). "C{'H} NMR (CDCL): § 175.12, 154.80, 128.60, 128.59,
127.20, 120.85, 111.99, 55.57, 49.90, 31.18, 18.92. IR (thin film): 2945, 1696 cm™.
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HRMS (ESI, m/z): [M] calcd for C;;H13NO,, 191.0946; found, 191.0943. GC analysis
(RESTEK Rtx"-5, FID detector): 100% integration.

Lo

N
MeO Ha
Hc Br
Hb
(29b)

The reaction was run at rt for 12 h and then stirred at 40 °C for another 12 h with 3.0
equiv of K,S;03 in MeOH. The product was obtained as a brown solid as a single
regioisomer (R¢= 0.25 in 25% hexanes/75% ethyl acetate) (67 mg, 61% yield); mp = 95-
110 °C. '"H NMR (CDCls): § 7.40 (d, J = 2.5 Hz, 1H,), 7.37 (dd, J = 9.0, 2.5 Hz, 1Hy),
6.84 (d, J= 8.5 Hz, 1H,), 3.83 (s, 3H), 3.74 (t, /= 7.0 Hz, 2H), 2.55 (t, J = 7.9 Hz, 2H),
2.19 (q, J = 7.7 Hz, 2H). “C{'H} NMR (CDCl3): & 175.07, 154.08, 131.460, 131.27,
128.55, 113.47, 112.35, 55.86, 49.79, 31.04, 18.96. IR (KBr): 2924, 1674 cm™'. HRMS
(ESI, m/z): [M'] caled for C;;H;;BrNO,, 269.0051; found, 269.0046. GC analysis
(RESTEK Rtx"-5, FID detector): 100% integration.

CHs
(30b)

The reaction was run at rt for 12 h and then stirred at 40 °C for another 12 h with 2.0
equiv of K,S,05 in MeOH. The product was obtained as single regioisomer as a viscous
pale yellow oil (67.0 mg, 57% yield, Ry = 0.22 in 25% hexanes/75% ethyl acetate). 'H
NMR (C¢Dg): 6 7.18 (s, 1H,), 6.85 (d, J = 8.3 Hz, 1H,), 6.50 (d, J = 8.3 Hz, 1H,), 3.39-
3.35 (multiple peaks, 2H), 3.28 (s, 3H), 2.17 (t, J= 7.7 Hz, 2H), 2.10 (s, 3H), 1.47 (quin,
J = 7.8 Hz, 2H). "C{'H} NMR (CDCL): § 175.19, 152.69, 130.34, 129.14, 129.06,
126.86, 112.02, 55.75, 50.00, 31.25, 20.39, 18.96. IR (KBr): 2932, 1694 cm™. HRMS
(ESI, m/z): [M'] caled for C;;H;sNO,, 205.1103; found, 205.1094. GC analysis
(RESTEK Rtx"-5, FID detector): 99% integration.
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OMe NI,OMe

OMe
(6b)

The reaction was run at rt for 12 h and then stirred at 80 °C for another 12 h with 2.0
equiv of Oxone in MeOH. The product was obtained as a pale yellow oil, mixture of two
oxime (E/Z) isomers (major oxime isomer: R¢ = 0.26 in 97% hexanes/3% ethyl acetate;
minor oxime isomer: Ry = 0.26 in 97% hexanes/3% ethyl acetate). Under the reaction
conditions, oxime 6b underwent partial hydrolysis to the corresponding ketone (6¢ mg
total, 48% yield, ratio of oxime isomers = 3:1, Ratio of oxime : ketone = 1:1.7). Major
Oxime Isomer: "H NMR (C¢Ds): 8 7.55 (d, J = 8.5 Hz, 1H), 7.50 (m, 1H), 7.13 (dd, J =
8.5, 3.0 Hz, 1H), 3.88 (s, 3H), 3.80 (s, 3H), 3.79 (s, 3H), 2.62 (s, 3H). Ketone NMR data

1s shown below.

OMe O

OMe
(6c)

"H NMR (C¢De): & 6.94-6.90 (multiple peaks, 2H), 6.87 (dd, J =9, 2.5 1H), 4.00 (s, 3H),
3.78 (s, 3H), 2.29 (s, 3H).

107



3.9 References

(1) Yang, D. Acc. Chem. Res. 2004, 37, 497-505.
(2) Murphy, A.; Pace, A.; Stack, T. D. P. Org. Lett. 2004, 6, 3119-3122.
(3) Karimi, B.; Ghoreishi-Nezhad, M.; Clark, J. H. Org. Lett. 2005, 7, 625-628.

(4) Travis, B. R.; Sivakumar, M.; Hollist, G. O.; Borhan, B. Org. Lett. 2003, 5, 1031-
1034.

(5) Plietker, B. Org. Lett. 2004, 6, 289-291.

(6) Dick, A. R.; Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 2300-2301.
(7) Desai, L. V.; Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2004, 126, 9542-9543.
(8) Kalyani, D.; Sanford, M. S. Org. Lett. 2005, 7, 4149-4152.

(9) Canty, A. J.; Denney, M. C.; van Koten, G.; Skelton, B. W.; White, A. H.
Organometallics 2004, 23, 5432-5439.

(10) Dick, A. R.; Kampf, J. W.; Sanford, M. S. Organometallics 2005, 24, 482-485.

(11) Huang, T. M.; Chen, J. T.; Lee, G. H.; Wang, Y. Organometallics 1991, 10, 175-
179.

(12) Wolowska, J.; Eastham, G. R.; Heaton, B. T.; Iggo, J. A.; Jacob, C.; Whyman, R.
Chem. Commun. 2002, 2784-2785.

(13) Lee, Y.; Yoo, K. H.; Jung, O. Bull. Chem. Soc. Jpn. 2003, 76, 107-110.

(14) Muehlhofer, M.; Strassner, T.; Herrmann, W. A. Angew. Chem., Int. Ed. 2002, 41,
1745-+.

(15) Steinhoff, B. A.; Fix, S. R.; Stahl, S. S. J. Am. Chem. Soc. 2002, 124, 766-767.
(16) Desai, L. V.; Malik, H. A.; Sanford, M. S. Org. Lett. 2006, 8, 1141-1144.

(17) Uno, H.; Murakami, S.; Fujimoto, A.; Yamaoka, Y. Tetrahedron Lett. 2005, 46,
3997-4000.

(18) Beckwith, A.; Dyall, L. Aust. J. Chem. 1990, 43, 451-461.

(19) Radhakrishna, A. S.; Parham, M. E.; Riggs, R. M.; Loudon, G. M. J. Org. Chem.
1979, 44, 1746-1747.

108



(20) Barbieri, G.; Benassi, R.; Lazzeretti, P.; Schenetti, L.; Taddei, F. Org. Magn. Reson.
1975, 7, 451-454.

(21) Hull, K. L.; Lanni, E. L.; Sanford, M. S. J. Am. Chem. Soc. 2006, 128, 14047-14049.

(22) Giri, R.; Liang, J.; Lei, J.; Li, J.; Wang, D.; Chen, X.; Naggar, 1. C.; Guo, C.;
Foxman, B. M.; Yu, J. Angew. Chem., Int. Ed. 2005, 44, 7420-7424.

(23) Reddy, B. V. S.; Reddy, L. R.; Corey, E. J. Org. Lett. 2006, 8, 3391-3394.

(24) Khan, K. M.; Maharvi, G. M.; Perveen, S.; Khan, M. T. H.; Abdel-Jalil, R. J.; Shah,
S. T. A.; Fecker, M.; Choudhary, M. 1.; Atta-ur-Rahman; Voelter, W. Chem.
Biodivers. 2005, 2, 470-476.

(25) Lee, Y.; Jung, O. Bull. Chem. Soc. Jpn. 2002, 75, 1533-1537.

(26) Belov, A. P.; Moiseev, L. I.; Satsko, N. G.; Syrkin, Y. K. Russ. Chem. Bull. 1971, 20,
209-211.

(27) Booth, S. E.; Jenkins, P. R.; Swain, C. J.; Sweeney, J. B. J. Chem. Soc., Perkin
Trans. 1 1994, 3499-3508.

(28) Minter, A. R.; Fuller, A. A.; Mapp, A. K. J. Am. Chem. Soc. 2003, 125, 6846-6847.

(29) Kaifer, A.; Gustowski, D. A.; Echegoyen, L.; Gatto, V. J.; Schultz, R. A.; Cleary, T.
P.; Morgan, C. R.; Goli, D. M.; Rios, A. M.; Gokel, G. W. J. Am. Chem. Soc. 1985,
107, 1958-1965.

109



Chapter 4

Factors Governing the Dominance of a Directing Group

4.1 Background and Significance

Palladium-catalyzed ligand directed C-H activation/functionalization has
emerged as a powerful method for the regioselective conversion of C—H bonds to C—X
bonds (X = C, O, CI, Br, I and F).l'10 The ligand directed approach allows for the site
selective functionalization of the C—H bond proximal to a directing group in molecules

containing an appropriate chelating functionality (Scheme 4.1).

Scheme 4.1: Chelate Directed C—H Activation/Functionalization

Pd(OAc),

@(\ L Oxidant-X ©\/\ L
H X

Q) )

Recently, we and others have shown that this methodology is general with respect
to a wide variety of directing groups such as pyridines, oxime ethers, isoxazolines,
amides, quinolines, and oxazolines."” Importantly, these functionalities are widely

'-12 Hence, this methodology could potentially

prevalent in biologically active molecules.
be used for functionalization of C—H bonds adjacent to chelating groups to generate

libraries of synthetic analogues of important pharmaceutical targets.
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Figure 4.1: Examples of Biologically Active Molecules Containing a Single Potential
Directing Group

,Bu/ % n HOZCEN;I 2

The palladium-catalyzed chelate directed functionalization reactions have thus far

been demonstrated in molecules bearing a single chelating functionality. Hence, they
could be applicable to molecules such as 3, 4 and 5 that contain only one potential ligand
(Figure 4.1).""> However, the vast majority of biologically active molecules contain
multiple chelating functionalities (for example, 6, 7, and 8 in Figure 4.2).'"'* Subjection
of these molecules to C—H activation/functionalization reactions could possibly lead to
mixtures of products resulting from functionalization adjacent to the different directing
groups present in these compounds. In order to enhance the applicability of these ligand-
directed transformations, an understanding of the factors that control functionalization
adjacent to one chelating moiety over another is essential. Despite the potential synthetic
utility of this chemistry, to date there has been no systematic study to address this
important issue. This chapter describes a comprehensive investigation of the factors that
govern the dominance of a directing group in  palladium-catalyzed
activation/functionalization of C—H bonds to C—OAc bonds. The insights gained from
this study could ultimately be applied towards transformation of C—H bonds to other C—X
bonds (X = Cl, Br, I, F, C, and N) as well.
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Figure 4.2. Examples of Biologically Active Molecules Containing Multiple Potential
Directing Groups

Hj : N t@ H
\n/\o
@C:N "

(6)

Atherosclerosis Anti-colon cancer Alzheimers

Strategy: Our approach towards elucidating the dominance of a directing group
involved systematically studying how different directing groups affect the distribution of
products in Pd-catalyzed C-H bond functionalization with PhI(OAc),. As shown in
Scheme 4.2, we designed a series of experiments to compete two directing groups against
one another in the same reaction flask (mimicking situations where two potential ligands
are present within the same molecule). In these systems, 1 equiv of substrate A and 1
equiv of substrate B were subjected to Pd-catalyzed reaction with 1 equiv of PhI(OAc),.
The ratio of acetoxylated products (A-OAc/B-OAc) was then determined, and this value
was taken to represent the relative reaction rates of the two directing groups (k,/kg) under

a given set of conditions (Scheme 4.2).

Scheme 4.2: Competition Studies Between Multiple Directing Groups

L L 1 mol % Pd(OAc),
H * H *
) ACOH/ACzO (1:1) OAc OAc
1 equiv 1 equiv 80 °C

A B A-OAc B-OAc

4.2  Substrate Selection and Optimizations

Our studies began with the synthesis of substrates bearing a variety of different
directing groups (Figure 4.3). Importantly, the key design elements for these substrates

include (i) selection of directing groups shown to be effective ligands for palladium and
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present in biologically active molecules, (ii) installation of a methylene unit between the
directing ligand and the aryl ring to limit electronic communication between the directing
group and the arene being functionalized, and (iii) introduction of an electronically
neutral methyl substituent at the meta-position of the aryl ring being functionalized in
order to promote selective mono-acetoxylation of the sterically less hindered C-H bond

(Figure 4.4).*

Figure 4.3. Substrates Synthesized to Conduct Dominance Studies

w@@é L, “CG;; m

R = CHjg (11), R = CHjg (13),

m @f@mm
T L W

Figure 4.4. Elements for Substrate Design

Directing meta CH,
Group X Q\ substituent
L 7

I

CH,, spacer

Next, we conducted studies to obtain reaction conditions for the palladium-
catalyzed C—H activation/acetoxylation of these substrates. A screen of different solvents,
temperatures and catalyst loadings was performed. A representative set of data for the
solvent and catalyst loading study is illustrated in Table 4.1. Interestingly, there is a
significant solvent effect between different directing groups. While 21 lead to excellent

yields of the acetoxylated product in all solvents, substrate 11 afforded the desired

113



product only in AcOH/Ac,0. The catalyst loading could be reduced to 0.1 mol % for
substrate 21 and still produce good (47%) yield of acetoxylated product (Table 4.1, entry
6). However, this low catalyst loading led to diminished reactivity for other substrates
such as 17 and 11 (entry 6). Hence, we chose to conduct all our further studies with 1 mol

% Pd(OAc),.
Table 4.1: Optimization Studies

cat. Pd(OAc),
\CCL 1.02 equiv PhI(OAc), \@\L
H OAc

solvent, 100 °C

\CI\ N- N N |
N o’
_ ) L
0A<\:\> m:g OANc‘OMe
(25) (23) (30)

Entry % Pd(OAc), Solvent % GC yield
1 5 AcOH/Ac,0 92% 96% 85%
2 5 Benzene 45% 89% 0%
3 5 DCE 39% 58% 0%
4 5 Nitromethane 14% 30% 0%
5 1 AcOH/Ac,0 92% 96% 85%
6 0.1 AcOH/Ac,0 39% 47% 29%

Substrates 11, 13, 15-19, and 21 afforded the desired monoacetoxylated products
23-26 and 30-33 in good to excellent yields under our optimized reaction conditions (1
mol % Pd(OAc),, 1.02 — 1.8 equiv PhI(OAc), in AcOH/Ac,0 at 100 °C) regardless of the
nature of the directing group (Table 4.2, entries 1-4 and 8-11). The stronger oxidant
PhI(OCOCFs;), was required for substrates 9 and 10, and even then only modest (49-
55%) yields of products 34 and 35 were obtained (Table 4.2, entries 12 and 13). The low
reactivity of 9 and 10 may be due to the larger seven-membered ring required for
cyclopalladation with the amide carbonyl in these substrates, since amide substrate 15

affords the acetoxylated product 33 in good yield (entry 11).
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Table 4.2: Scope of Substrates Bearing Different Directing Groups

1 mol % Pd(OAC),

\E:?L 1.02 - 1.8 equiv Phi(OAc), \@L
H AcOH/AC,0 (1:1) OAc

100 °C
Entry Product Yield Entry Product Yield
N
- |
1 \@Y | 90% 8 m 79%
OA'\(I; X OAc OMe
(23) (30)
o)
|
\ N
2 =g o 69% 9 olls 70%
(o]
CsHq1
(24) (31)
_N
3 N7 88% 10 g 74%
— ° N J o
OAc OAc
(25) (32)
~ N
4 N | 75% 11 >~ 77%
OAc™ o2
(26) (33)

O = o
5 oAy 20% 12 N 55%

(27) (34)
0
=
6 N |N 15% 13 I\\Jj§ 49%
OAcY
OAc
(28) (35)
: TR
7 NI <5% 14 o A'\é\ H <5%
OAC\OMG C:H
(29) (36) 5

Substrates 12 and 14 afforded no appreciable amount of the acetoxylated products
29 and 36 due to their faster relative rate of decomposition under our reaction conditions.
Additionally, compounds 20 and 22 afforded the desired acetoxylated products 27 and 28
in low yields due to competing uncatalyzed acetoxylation at other positions in the
molecule. This was surprising to us because substrates bearing the same directing group,
but lacking a methylene spacer, afforded good yields of the ortho-acetoxylated products

along with only trace amounts of the undesired products (Scheme 4.3)."?
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Scheme 4.3: Pyrimidine, Quinoline and Aldehyde Substrates Lacking a Methylene
Spacer

5 mol % Pd(OAc),
1.5 equiv Phl(OAc),

AcOH, 100 °C
72%
Z N 5 mol % Pd(OAc),
o 1.5 equiv Phl(OAc),
N
AcOH/Ac,0 (1:1)
H 100 °C, 52% OAc
(39) (40)

_.OMe _.OMe

Nl 5 mol % Pd(OAc), Nl
1.5 equiv Phl(OA
H equiv Phl(OAc), H
AcOH/Ac,0 (1:1)
H OAc

100 °C, 69%

4.3 Competition Studies

The competition experiments depicted in Scheme 4.4 above were conducted in
two different solvents — an acidic medium (AcOH/Ac,0) and a non-acidic medium
(benzene). We examined both solvents in order to determine whether the trend of
dominance observed was not affected by competitive protonation of the basic directing
groups in AcOH. These studies were performed by subjecting a 1:1 molar ratio of two
different substrates in either AcOH/Ac,O (1:1) or benzene with 1 equivalent of
PhI(OAc), and 1 mol % Pd(OAc),. Upon completion of the reaction, the yields and ratios
of the acetoxylated products were determined by gas chromatography. The ratio of the
products reflected the relative rates of reaction of the two substrates towards C-H
activation/acetoxylation. In a representative experiment, the reaction of an equimolar
quantity of 18 and 17 in the same vessel afforded the acetoxylated products 26 and 25 in
a ratio of 1:0.4 (Kpyrazole/kpyrigine = 2/5). The same experiment when conducted in benzene
also led to 26 as the major product (26:25 = 1:0.06), albeit with greater selectivity than in
AcOH/Ac;0 (Scheme 4.4).
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Scheme 4.4: Representative Competition Experiment

1 mol % Pd(OAc),

= N’N\ 1 equiv Phl(OAc),
N \Q> N
HOS H OAc\

80°C
1 equiv 1 equiv
(18) (a7 (26) (25)

AcOH/Ac,0:1:0.4
Benzene : 1:0.06

Interestingly, competition experiments between pyridine 18 and substrates
bearing significantly less basic directing groups such as isoxazoline (16), oxime ethers
(11 and 13), and amide (15) did not afford an appreciable amount of the acetoxylated
products 24, 30-31, and 33 in either AcOH/Ac,O or benzene. Instead, 26 was formed
with a selectivity of > 50:1 (Scheme 4.5).

Scheme 4.5: Competition Between Benzylpyridine 18 and Oxime Ether 11

1 mol % Pd(OAc),

= /N\O Me equw PhI(OAc), OMe
N T e N
H H 80°C OAc

1 equiv 1 equiv
(18) (1) (26) (30)

AcOH/Ac,0 : 1:<0.01
Benzene : 1:<0.01

Analogous competition experiments were also conducted between substrates 11,
13, 15 and 16. Interestingly, the two similar oxime ether derivatives 11 and 13 exhibited
different reactivity when the solvent was changed from AcOH/Ac,O to benzene (Scheme
4.6). Methyl oxime ether 11 did not afford any of the acetoxylated product 30 in benzene,
whilst benzyl oxime ether 13 yielded 28% of product 31.
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Scheme 4.6: Competition between Oxime Ethers 13 and 11

1 mol % Pd(OAc),

o N 1 equiv Phl(OAc o N
\E;f\,{j\ . Nome (O, Ne - . ~"~OMe
H j/ —— 0Ac\|/
H OAc

CsHyy 80 °C CaHy,

1 equiv 1 equiv

(13) (11) (31) (30)
AcOH/Ac,0 : 1: 1
Benzene : 1 :<0.01

The ratios obtained from all of these competition experiments are compiled in
Tables 4.3 and 4.4. Based on this data, the reactivity trend depicted in Figure 4.5 was
obtained for AcOH/Ac,0 and benzene, respectively. In general, substrate 18, bearing the
most basic directing group (pyridine), afforded the predominant acetoxylated product in

the presence of all other chelating ligands in both AcOH/Ac,0 and benzene.
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Table 4.3: Competition Ratios in AcOH/Ac,0
|

~ N } /N ZN Y \o CH20Ac
N= TJ N il a N-ome NY e

(0]
CsHy4

7 1:04 1:03 1:004 1:001 1:001 1:0.01 1:0.01
N
\l\\l N - 1:33 1:1.5 1:001 1:001 1:0.01 1:0.01
N\
N 1:03 - n/a’ 1:001 1:001 1:0.01 1:0.01
)
ON 0.7:1 n/a” - 1:001 1:001 1:0.01 1:0.01
N
,L 001:1 001:1 0.01:1 - 001:1 001:1 0.01:1
\n/ ~
(e}
N 001:1 001:1 0.01:1 1:001 - 001:1 0.01:1
N‘OMe
~o 001:1 001:1 0.01:1 1:001 1:001 - 1:1
N
E_'ﬂ

CHOAC 0,01:1 0.01:1 0.01:1 1:001 1:0.01 1:1 -
0
N

“ Ratio not obtained because starting materials and products have identical retention times by GC
In the ratios depicted above the first number refers to the substrate in the column and the second number to
the substrate in the row
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Table 4.4: Competition Ratios in Benzene

N | Y ~o0 CH,0Ac
NN 2 ZN N i Ny
DD Ty L W

~ 1:006 1:02 1:005 1:0.01 1:001 1:0.01 1:0.01
N

- 1:4 1:2  1:001 1:001 1:001 1:0.01
N

N/\J 1:025 - n/a“ 1:001 1:0.01 1:001 1:0.01

@) 0.5:1 n/a“ - 1:001 1:0.01 1:001 1:0.01

|

NSNS 001:1 001 0:1 - na”  0.01:1 0.01:1
0]

g 001:1 0:1  0:1 nd” - 0.01:1 0.01:1
“OMe

"o

Ny~ 0.01:1 001:1 001:1 1:001 1:0.01 - 1:1
CsHy4

CH,0Ac

e 0.01:1 001:1 001:1 1:001 1:001 1:1 -

“ Ratio not obtained because starting materials and products have identical retention times by GC
» Ratio not obtained because starting materials afford trace amounts of products in benzene
In the ratios depicted above the first number refers to the substrate in the column and the second number to
the substrate in the row
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Figure 4.5: Relative Reactivity of Directing Groups from Competition Studies in
AcOH/Ac,0 and Benzene

Trend in AcOH/Ac,0

CsH11

Trend in Benzene

Searyd AL

While the trends in the two solvents varied slightly, in general the results were

Can

consistent with studies of substituted benzylpyridine derivatives 43a-43f (Scheme 4.7),
which were conducted by my colleague Kara Stowers. Kara obtained a Hammett p value
of -2.01 when she carried out similar competition experiments with these substrates

(Scheme 4.7). This p value implies that electron rich substrates are dominant in the

competition studies.

Scheme 4.7: Electronic Effects with Substituted Benzylpyridine Derivatives

1 mol % Pd(OAc),
\@\O 1.02 equiv Phl(OAc), m

CeHg, 80 °C
X=H, Y = OMe (43a), (18) X =H, Y = OMe (44a), (26)
CH3 (43b), CI (43c) | Hammett p =-2.01 CHg (44b), CI (44c)
CF3 (43d) CF; (44d)
Y =H, X = CHj (43e), Y =H, X = CHj (44e),
F (43f) F (44f)
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4.4 Individual Rate Studies

We next sought to investigate the reasons for predominant product formation by
substrates bearing an electron rich ligand when substrates containing different directing
groups were present in the same reaction vessel. In particular, we wondered if
benzylpyridine substrate 18, which afforded the major product in the presence of other
directing groups, would also exhibit the fastest rate of acetoxylation. In order to probe
this, we studied the kinetics of acetoxylation for each substrate individually in separate
reaction vessels. The initial rate constant for each substrate was obtained under optimal
conditions (1 mol % Pd(OAc),, 1.02 equiv PhI(OAc),, at 80 °C) in both AcOH/Ac,0 and
in benzene, by monitoring the reaction progress by GC (Table 4.5). The initial rates for
acetoxylation of substrates 11, 13, 15-19, and 21 ranged from 0.01 to 0.64 mol/(L)(min)
in AcOH/Ac,0 and 0.02 to 0.5 mol/(L)(min) in benzene.

Figure 4.6. Representative Initial Rates Data in AcOH/Ac,O
1 mol % Pd(OAc),

N 1.02 equiv Phl(OAc), N
-~ s
m \@\,\U
H X AcOH/Ac,0, 80 °C oACY

(21) (23)

y = 0.6425x - 0.1525
R? = 0.9957

% vyield
O N W HUIT OO N OO O O
L

0 5 10 15 20
time (min)
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Figure 4.7. Representative Initial Rates Data in Benzene
5 mol % Pd(OAc),

N 1.02 equiv Phl(OAc), N
T T
H Nx Benzene, 80 °C oAN X

10 - y = 0.4961x - 0.2565
R? = 0.9959

% yield
o

O T T T 1
0 5 10 15 20 25
time (min)

Notably, in AcOH/Ac,0, the three substrates bearing very similar heterocyclic
nitrogen-containing directing groups — pyridine 18, pyrimidine 21, and pyrazine 19 —
exhibited very different initial rates. The pyrimidine reacted 60 times faster than the
pyrazine and 4 times faster than the pyridine (Table 4.5, entries 1, 4, and 8). In contrast,
substrates bearing two very different directing groups, methyl oxime ether (11) and
pyridine (18), showed very similar initial rate constants (entries 4-5).

The solvent had a significant effect on the efficiency of the acetoxylation
reactions by certain chelating ligands. For example, the isoxazoline and the pyrazole
underwent reaction at similar rate constants in AcOH/Ac,O, while in benzene the
isoxazoline substrate 16 was twice as fast as the pyrazole. Notably, methyl oxime ether
11 and amide 15, which showed good reactivity in AcOH/Ac,0, led to only trace
amounts of the corresponding acetoxylated products in benzene. Additionally, contrary to
the competition studies, substrate 18, bearing the most basic directing group — pyridine —
did not exhibit the fastest rate of acetoxylation. However, these results were consistent
with the data obtained by Kara Stowers with the substituted benzyl pyridines 43a-43f.
She obtained a Hammett p value of 1.40 when examining the initial rate constants of

substituted benzyl pyridine derivatives. This implies that, in contrast to the competition
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studies, electron deficient directing groups accelerate the rate of the reaction in individual

experiments.

Table 4.5: Initial Rate Constants for Substrates 11, 13, 15-19, and 21 in AcOH/Ac,;0 and

Benzene
Entry Substrate Kops (x1071) Entry Substrate Kobs (x1071)
AcOH/Ac,0? BenzeneP AcOH/Ac,02 BenzeneP
N
‘s
1 \@\/J 6.4 5.0 5 A 2.1 -
H N H ' “OMe
(21) (11) |
N
\ ~ -
2 Vg one 22 10 6 \@\W 16
H (0]
H
(16) (15)
Q
3 \Er \Q) 2.2 0.5 7 H NY 15 0.4
H CsHi1
(17) (13)
4 2.0 0.6 8 | 0.1 0.2
LN H N
(18) (19)

Conditions a: 1 mol % Pd(OAc),, 1.02 equiv PhI(OAc),, (1:1) 0.12M AcOH/Ac,0 at 80 °C
Conditions b: 5 mol % Pd(OAc),, 1.02 equiv Phl(OAc),, 0.12M Benzene at 80 °C

4.5 Kinetic Isotope Effect Studies

We next desired to determine the kinetic isotope effect (KIE) in the individual
reactions and competition experiments. In order to elucidate the KIE in the individual
reactions, the value of k.s With substrate 46 was compared to that of its deuterated
analogue 45 in both AcOH/Ac,0 and benzene (Scheme 4.8). From the initial rates, ku/kp
was calculated to be 3.54 in AcOH/Ac;0 and 1.86 in benzene.
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Scheme 4.8: Kinetic Isotope Effect in Individual Rate Studies

CF3 D CF;
= | P P = | k/kp = 1.86 in CgHg
SN D SN kul/kp = 3.54 in AcOH/ACc,0
DD D
(45) (46)
Kops = 1.0 x 1072 in CgHg Kops = 1.7 x 1072 in CgHg

kops = 0.97 X 1072 in ACOH/AC,0  Kgps = 3.3 X 1072 in ACOH/AC,0

We next determined the KIE in the competition experiments. The ratio of
products at completion was determined when benzylpyridine 47 was subjected to the
reaction conditions in the presence of either 46 or its deuterated analogue 45 (Scheme
4.9). The isotope effects obtained from this experiment were 2.32 and 1.65 in
AcOH/Ac,0 and benzene, respectively.

Scheme 4.9: Kinetic Isotope Effect in Competition Studies

CF3 1 mol % Pd(OAc),

_ _ 1.02 equiv PhI(OAc)2
| * N N
\N H X ACOH/ACZO or CGHG OAc X
a 80 °C
(46) (47) (49)
AcOH/A020 o 2:1
CeHg : 0.6:1
CFs D 1 mol % Pd(OAc), CFy D
A D D _ 1.02equivPhi(0Ac), A D D _
| " N | " N
SN D HOS AcOH/Ac,0 or CgHg, SN D OAc™
DD D 80°C DD OAc
(45) (47) (51)

B0 com/Ac,0 : 0.00:
ki/ko = 1.65 in CgHg CeHe : 0.36:
Kilko = 2.32 in ACOH/AC,0

4.6 Order of PhI(OAc),

In order to gain insight into the relative position of the turnover limiting step in
the catalytic cycle, we next investigated the order of the reaction in PhI(OAc); in both the

competition studies and the individual reactions. Under our optimal conditions for
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acetoxylation with the benzylpyridine substrate 18 (Scheme 4.10), the reaction was found

to be zero order in PhI(OAc); in both AcOH/Ac,0 and benzene (Figure 4.8 and 4.9).

Scheme 4.10: Reaction Studied for Determining the Order in PhI(OAc),

1 mol % Pd(OAC),
1-2.5 equiv Phi(OAc), “
N N
H AcOH/AC,0 or CgHg OAC™~

80°C

/

\

Figure 4.8. Initial Rate Constant as a Function of Oxidant Concentration in AcOH/Ac,O
03

0.25 |
0.2 | { { {

0.15 | {
01 |

0.05 |

initial rate constant

0 0.1 0.2 0.3 0.4
oxidant concentration (mol/L)

Figure 4.9. Initial Rate Constant as a Function of Oxidant Concentration in Benzene
0.3

0.25
0.2

0.15
0.1

0.05 | b

initial rate constant

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
oxidant concentration (mol/L)

Next, the order of the reaction in PhI(OAc), was obtained under the competition
conditions. Similar to the experiment above, the order of PhI(OAc); in the competition
study between 52 and 18 (Scheme 4.11) was also determined to be zero (Figure 4.10 and

4.11). Both the order studies were done in collaboration with Kara Stowers.
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Scheme 4.11: Reaction Studied for Determining the Order in PhI(OAc), (Competition)

1 mol % Pd(OAc

|
OA'\é\ OANF
(52) (18)

AcOH/Ac,0 or C6H6
80°C (54) (26)

Figure 4.10. Initial Rate Constant of 18 in Presence of 52 as a Function of Oxidant
Concentration in AcOH/Ac,0
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Figure 4.11. Initial Rate Constant of 18 in Presence of 52 as a Function of Oxidant
Concentration in Benzene
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4.7 Discussion

With all these results in hand we sought to address the key mechanistic steps
dictating the efficiency of a directing group in palladium-catalyzed ligand directed C—H

activation/acetoxylation reactions both in the presence and absence of multiple chelating
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functionalities. The proposed mechanism for these acetoxylation reactions, (Figure 4.12)
is believed to involve the following steps: (i) ligand coordination to palladium, (ii)) C-H
activation to form palladacycle B, (iii) oxidation of B by PhI(OAc), to afford the Pd"
intermediate C, (iv) C—O bond forming reductive elimination from C to afford complex
D, and (v) finally ligand exchange whereby a new substrate molecule displaces the
product from the metal. The mechanistic features/requirements for each of the

fundamental steps of this catalytic cycle are discussed in detail below.

Figure 4.12. Proposed Catalytic Cycle for Pd-Catalyzed C—H Bond Acetoxylation
Pd"(L")y(X)2

+ H—m i. Substrate Binding

€L
v. Ligand H- m_—Pd” Lhx ii. C-H
Exchange | — AcO~ m Activation

I 1
AcO— L—Pd"(L")(X) Pd o
(D) (B)
iv. Reductive
Elimination C. + PhI(OAc), |iii. Oxidation
CL/Pd'V(OAc)z(U)(X)

(©)

Ligand Binding (step i): The equilibrium constant for ligand binding to Pd"
centers is known to be highly dependent on the electronic nature of the coordinating
group. For example, Craig has studied K.q for the coordination of substituted pyridines to
Pd" pincer complexes (Scheme 4.12).'° The log of K., obtained for binding of
differentially substituted pyridines was plotted against the sigma values. These studies
demonstrated that the Hammett p value for this equilibrium is -1.90 in DMSO. The
negative p value indicates that, in general, electron rich ligands form stronger bonds to

palladium.
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Scheme 4.12: Coordination Studies of Substituted Pyridines with Bimetallic Palladium

Complexes
R
2 )
~
DMSO 'T‘
Et,N—Pd—NEt, Et,N—Pd—NEt,
R K
a
O
N/ Kdiss
EtN—Pd—NEt, EtN—Pd—NEt,
DMSO N
~N
(54) @ (55)
R

C—H activation (step ii): Ryabov reported the earliest studies on the mechanism of
electrophilic arene C—H activation by palladium. His group investigated the kinetics of
stoichiometric cyclopalladation of meta- and para-substituted dimethylbenzylamine
derivatives with Pd(OAc), (Scheme 4.13)."” A Hammett p value of —1.6 and a kinetic
isotope effect of 2.02 were obtained for the reaction in CHCI;. Based on this negative p
value, the authors proposed that cyclopalladation proceeded by a Wheland intermediate
that transfers a proton to an acetate ligand on the metal via a highly ordered six-

membered transition state (Figure 4.13).

Scheme 4.13: Hammett Studies for Cyclopalladation of Substituted 3° Benzylamines

R1 H R2 R1
Pd(OAC) (1/2) & .2 HOA
+ C)2 n-O>< + ¢
Re CHCls N—Pde
NMe, 25°C Me,
(56) (57)

More recently, computational studies by Macgregor and co-workers provided
further insights into the transition state for directed C—H activation at Pd".'"® They
obtained theoretical values of 13 kcal/mol for the activation barrier and 1.2 for the kinetic
isotope effect. Based on this data, along with calculations of the transition state, they
proposed that the C—H activation reaction proceeds via an agostic C—H complex, rather

than a Wheland intermediate (Figure 4.13). This would account for the relatively small
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magnitude of p observed experimentally. For comparison, p for a typical electrophilic
aromatic substitution reaction ranges from —6 to —12."" The agostic complexation is
followed by an intramolecular hydrogen transfer via a six-membered transition state to a
coordinated acetate. The authors propose that formation of the agostic complex is rate
determining in this system; therefore, the small KIE is due to C—H bond elongation, as
opposed to cleavage, in the transition state. Importantly, a similar mechanism has also

been proposed by Fagnou™ and by Echavarren® for other arene activation reactions at

pd"

Figure 4.13: Proposed Transition States for Cyclopalladation
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Based on the aforementioned computational and theoretical studies, it is now
generally accepted that palladium mediated C—H activation proceeds via interaction of
electrophilic Pd center with nucleophilic C-H bond. Hence, more electron deficient
directing groups are expected to accelerate the C—H activation step. For example,
Funahashi and co-workers have shown that the cyclopalladation of N-benzyltriamines is
accelerated when the amine nitrogen bears less electron donating substituents.”” As
shown in Scheme 4.14, the rate of cyclopalladation to form complex 59 increased

significantly when R was changed from H to Ph in complex 58.

Scheme 4.14: Directing Group Electronic Effects in the Cyclopalladation of N-Benzyl

Triamines
//O N/@
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Oxidation (step iii): Literature precedent suggests that more electron donating
ligands on palladium will increase the rate of oxidation of Pd" complex A to Pd"
complex B by making the palladium more nucleophilic. For example, van Koten and co-
workers have reported that the reactivity of cyclometalated N,N-dimethylbenzylamine
complexes towards ¢-butylhydroperoxide (TBHP) increases as the electron density at the
metal center increases.”” Cationic complex 60 did not react with TBHP, whilst the more
electron rich complex 61 reacted to form 62 in 80% yield (Scheme 4.15). These reactions

were proposed to proceed via rate-limiting oxidation of Pd" to a Pd""-oxo species.

Scheme 4.15: TBHP Oxidation of N,N-Dimethylbenzylamine Complexes

©)
Me, BF,O
N\Pd../NCMe 4 2.6 equiv TBHP
~ No Reaction
NCMe CDCly, 20 °C
(60)
Me. Me
Ni N 1.5 equiv TBHP Me,
Pd” N\ Pd”
fBuOH, 35 °C o~ N
80% Me,
(61) (62)

Reductive elimination (step iv): Reports in literature suggest that electron
withdrawing ligands accelerate C-O bond forming reductive elimination from Pd".**
Based on these reports and the principal of microscopic reversibility with the oxidation
step, we propose that reductive elimination from Pd" will be similarly accelerated by
electron deficient ancillary ligands.

Having this information about the expected trends for the different steps in the
proposed catalytic cycle, we next sought to speculate on the factors controlling the
dominance of a directing group based on our experimental results.

Individual Rate Studies. The kinetic studies of substrates in separate reaction

vessels showed that, in general, substrates bearing electron deficient or less basic ligands

react faster in the chelate-directed acetoxylation reaction. This is supported by the
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positive p value (1.4) of the Hammett plot obtained for the acetoxylation of electronically
differentiated benzylpyridine derivatives. This is further corroborated by the fact that the
pyridine substrate (which bears the most basic chelating group) did not exhibit the fastest
initial rate.

As described above, we would expect that both the C—H activation step and the
reductive elimination step of the catalytic cycle to be accelerated by electron deficient
directing groups. Hence, electronic effects alone cannot distinguish between either one of
these steps being turnover limiting. However, the observed kinetic isotope effects of 1.86
and 3.45 in benzene and AcOH/Ac;0, respectively, suggests a significant contribution of
C—H bond breaking to the transition state of this reaction. Importantly, these KIE values
are similar to those observed by Ryabov (2.02) and Daugulis (4.4)” for related
stoichiometric and catalytic reactions, respectively. It is also important to note that
literature reports have shown that Pd"" intermediates analogous to those proposed in our
reaction are highly unstable, suggesting that rate-limiting reductive elimination is highly
unlikely. In all, this data suggests that C—H activation is the step controlling the rate of
these individual reactions.

However, we note that in contrast to the results with the benzylpyridine
derivatives, the individual rate studies with substrates 11, 13, 15 and 16 did not show a
linear correlation between kons and the basicity of the directing group. For example,
oxime 11 (pK, ~ —2.90)* reacted at a similar rate to pyrazole 17 (pK, ~ 2.18)*’ in
benzene, despite a difference of 5 pK, units between the two functional groups. This lack
of direct correlation likely has both steric and electronic origins. First, unlike
benzylpyridines 43a-43f, which provide essentially sterically identical coordination
environments at the Pd center, compounds 11, 13, 15-19 and 21 differ substantially in
terms of both their steric parameters and their conformational flexibility. Literature
reports have shown that even relatively subtle steric effects can have a significant
influence on the relative and absolute rates of cyclopalladation reactions.”® In addition,
the pK, of the directing group is not an ideal parameter for predicting the subtle
electronic influence of these ancillary ligands on the C—H activation reaction, as it does
not take into account the interplay of o-donor and m-acceptor/donor properties of these

directing groups.
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Competition Studies. The competition studies show that when multiple potential
chelating functionalities are present in solution, more electron rich/more basic directing
groups react at faster relative rates. This can be concluded based on three key results: (7)
the large negative ) value from Hammett plots with substituted benzylpyridine
derivatives, (ii) the observation that the most basic directing group (pyridine in substrate
18) out-competes all of the other directing groups among substrates 11, 13, 15-19 and 21
(Figure 4.5) and (iii) the fact that heterocyclic ligands with pK, values greater than zero
(pyridine, pyrimidine, pyrazine, pyrazole) outcompete all substrates with pK, values less
than zero (oxime ethers, amides and isoxazolines). Based on the considerations above,
this suggests that either ligand binding/exchange (steps i and v) or oxidation (step iii)
controls the relative reactivity of the two substrates under these conditions. We were able
to rule out the latter based the study of the order of the reaction in PhI(OAc),. Under our
optimal conditions for acetoxylation with substrate 18, the reaction was found to be zero
order in PhI(OAc),, both in the presence and absence of another substrate (52), (Figures
4.8-4.11).

This result led us to propose that selectivity under these competition conditions is
dictated by K.q for binding of the two substrates to Pd. More specifically, we propose that
the relative concentrations of the two coordination complexes (A and A’ in Scheme 4.16)
dictate the observed relative rates of reaction, and that this equilibrium favors binding of
more electron rich directing group. Literature studies of K. for coordination of
substituted pyridines to Pd, discussed above, show Hammett p values ranging from —1.7

to —2.1 in DMSO. These are similar to our results in benzene, where p =-2.01.

Scheme 4.16. Equilibrium for Substrate Binding Under Competition Conditions

Pd” Pd” L)X
(A)

Although ligand binding is the influential step when multiple ligands are present,

C-H activation is still rate-limiting. This is supported by the significant KIE observed in
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solvent systems, benzene and AcOH/Ac,0. Relative binding abilities of the competing
ligands in the reaction mixture will influence the concentration of the palladium bound
substrate, complex A (Figure 4.12). The concentration of A will in turn affect the rate of
C-H activation. Since substrates bearing electron rich ligands will bind to the metal
preferentially over electron deficient ligands, increasing the concentration of coordinated
complex A, they will exhibit a faster relative rate of reaction.

The observed effects in the competition studies have important implications for
future applications of this chemistry. First, the solvent can clearly have a significant
influence on the selectivity of functionalization in the presence of multiple directing
groups. Trends for competition studies and rate of reactions were different depending on
whether the reaction was carried out in a non-acidic solvent such as benzene or an acidic
solvent such as acetic acid. This suggests that solvent selection could be used to obtain,
alter, or improve selectivity. Second, these studies can be used to predict relative
reactivity, even with substrates like 63 (illustrated later in section 4.8) that do not contain
a methylene spacer between the directing group and the arene ring. Future studies will
continue to explore how these effects (and the effects of other solvents and additives)
translate into predicting and controlling the dominant directing group in other more

complex systems.

4.8 Application

Having explored the factors controlling the dominant directing group in the
presence of several chelating functionalities, our efforts focused towards applying the
insights gained from our study towards selective palladium-catalyzed ligand mediated
acetoxylation adjacent to one ligand in a substrate bearing multiple directing groups. In
order to do this, substrate 63 containing an amide and a methyl oxime ether was
synthesized. Based on the competition studies between substrates 11 and 15, we expected
the oxime ether to outcompete the amide, resulting in products of acetoxylation ortho to
the oxime ether. We were pleased to find that, consistent with our hypothesis, the
reaction of substrate 63 in the presence of 3 mol % Pd(OAc), and 2.0 equiv PhI(OAc), in
AcOH/Ac,0 afforded the di-acetoxylated product 64 in 72% isolated yield (Scheme
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4.17). Importantly, none of the product derived from acetoxylation of the C—H bond
ortho to the amide directing group was observed. The acetoxylated product 64 was
further elaborated to diverse compounds 65, 66 and 67 employing Pd-catalyzed chelate-
directed, chlorination,” phenylation,” and acetoxylation methodologies, respectively

(Scheme 4.18).

Scheme 4.17. Highly Selective Oxime Ether-Directed C—H Acetoxylation of Substrate 63

3 mol % Pd(OAc),

d N OMe 2.0 equiv Phl(OAc), iﬁ O O N OMe
. . \ AcOH/Ac,0

100 °C, 72%

Scheme 4.18. Amide Directed C—H Functionalization of Product 64

5 mol % Pd(OAc),
2.0 equiv PhI(OAC), d O O N OMe
AcOH/Ac,0 - . \

100 °C, 59%

0 OAc 5 mol % Pd(OAc),
N-OMe 2.0 equiv NCS N OMe
WS O O
AcOH/Ac,0

(64) OAc 100 °C, 81%

5 mol % Pd(OAc), OAc

2.0 equiv (mCF3Ar),IBF,4 iﬁ O O

1.5 equiv NaHCO3,
Toluene
100 °C, 78%

N-OMe

CF3

The results in Scheme 4.18 show that even though the oxime ether is dominant, if
the ortho sites are blocked then the amide can direct functionalization. Hence, we next
wondered if we could employ a similar strategy towards functionalizing the C—H bond
adjacent to the oxime ether in a substrate like 68, which contains both a pyridine and an
oxime ether, by blocking the sites ortho to the pyridine moiety. Subjection of substrate 68
to standard reaction conditions with 2.0 equivalents of PhI(OAc), afforded the
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diactoxylated product 69 in 79% (Scheme 4.19). However, disappointingly, subjection of
69 to catalytic Pd and PhI(OAc), did not afford an appreciable amount of acetoxylated
product 70. This may be due to the fact that the C—H bonds at the site ortho to the oxime

ether are very sterically hindered.

Scheme 4.19: Intramolecular Competition Between a Pyridine and an Oxime Ether

MeO 3 mol % Pd(OAc), AcO MeQ cat. Pd(OAc), AcO MeQ
N 2.0 equiv Phl(OAc), — /N Phl(OAc), = /N
W 7 \ N\ /N T -\
N AcOH/Ac,O AcOH/Ac,0
100 °C, 79% AcO 100 °C AcO OAc
(68) (69) (70)

Next, substrate 71 was synthesized bearing an oxime ether directing group with
the ability to direct C—H activation at two different aryl rings (Scheme 4.20). Based on
the competition studies conducted with substrates 11 and 13 in benzene and AcOH/Ac,0,
we predicted a greater selectivity in benzene than AcOH. Excitingly, subjection of
substrate 71 under the optimized conditions of 5 mol % Pd(OAc),, 1.02 equiv PhI(OAc),
in benzene/Ac,0O afforded a single acetoxylated product 72. In contrast, subjection of the

same molecule in AcOH/Ac,0 afforded a 1:1 ratio of products 72 and 73 (Scheme 4.20).

Scheme 4.20: Controlling Direction of C-H Activation/Functionalization

H OAc
5 mol % Pd(OAc),
1.02 equiv PhI(OAc),

N~ Benzene/Ac,0
' 100 °C, 30%

|
(72)
H
5 mol % Pd(OAc),
1.02 equiv PhI(OAc),
OAc O
H© AcOH/Ac,0 /@\)\ m

' 100 °C, 55%
1:1
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4.9 Conclusions

In summary, we have conducted detailed studies on elucidating the electronic
requirements of a directing group in Pd-catalyzed directed C—H functionalization
reactions. Through mechanistic studies we have determined that the rate-limiting step is
C—H activation. However, when multiple ligands are present, the equilibrium of ligand
coordination appears to control the relative rate of reaction. Interestingly, there is not a
direct correlation between the intrinsic rate and the dominance of a directing group.
These important findings allow for the further development of selective and effective

transformations.

4.10 Experimental Procedure

General Procedures: NMR spectra were obtained on a Varian Inova 400 (399.96
MHz for 'H; 100.57 MHz for *C; 376.34 MHz for 19F) unless otherwise noted. "H NMR
chemical shifts are reported in parts per million (ppm) relative to TMS, with the residual
solvent peak used as an internal reference. Multiplicities are reported as follows: singlet
(s), doublet (d), doublet of doublets (dd), doublet of doublets of doublets (ddd), doublet
of triplets (dt), triplet (t), quartet (q), quintet (quin), multiplet (m), and broad resonance

(br). IR spectra were obtained on a Perkin-Elmer spectrum BX FT-IR spectrometer

Materials and Methods: Pd(OAc), was obtained from Pressure Chemical and
used as received, and PhI(OAc), was obtained from Merck Research Laboratories and
used as received. Solvents were obtained from Fisher Chemical and used without further
purification unless otherwise noted. THF was purified using an Innovative Technology
(IT) solvent purification system composed of activated alumina, copper catalyst, and
molecular sieves. Flash chromatography was performed on EM Science silica gel 60
(0.040-0.063 mm particle size, 230400 mesh) and thin layer chromatography was
performed on Merck TLC plates pre-coated with silica gel 60 F254. Melting points were
determined with a Mel-Temp 3.0, a Laboratory Devices Inc, USA instrument and are

uncorrected. HRMS data were obtained on a Micromass AutoSpec Ultima Magnetic
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Sector mass spectrometer. Gas chromatography was carried out on a Shimadzu 17A
using a Restek Rtx®-5 (Crossbond 5% diphenyl — 95 % dimethyl polysiloxane; 15 m,
0.25 mm ID, 0.25 um df) column.

Synthesis of Substrates 18, 19, 21, 45-47 and 52
Substrates 18, 19, 21, 45-47 and 52 were prepared via Pd-catalyzed Negishi

coupling of (3-methylbenzyl)zinc(Il) bromide with the corresponding halopyridine
derivative using a modification of a literature procedure. >

Synthesis of Zn reagent: A three-necked flask was charged with purified zinc dust
(1.2 equiv) and anhydrous THF. The mixture was heated to reflux, and 1,2-
dibromoethane (0.04 equiv) was added. After heating at reflux for 15 min, the reaction
was cooled to room temperature and TMSCI (0.05 equiv) was added. The resulting
mixture was stirred at room temperature for 30 min, and then a solution of m-
bromoxylenes (1 equiv) in anhydrous THF was added dropwise over a period of 2 h.

Negishi coupling. In a Schlenk flask, Pd(OAc), (0.05 equiv) and P(o-tolyl)s (0.1
equiv) were dissolved in anhydrous THF, and this mixture was stirred for 10 min. The
halopyridine (1.0 equiv) was then added, and the resulting mixture was cooled to 0 °C.
The aryl zinc reagent (2.0 equiv) was added dropwise to this solution over the course of
15 min, and the reaction was allowed to warm to room temperature and stirred overnight.
Importantly, 18, 19, 21, 45-47 and 52 were purified by distillation to remove all residual

palladium.

Ny

Substrate 18 was obtained as a clear oil (R¢=0.28 in 70% hexanes/30% ethyl acetate). 'H
NMR (CDCl;): 6 8.56 (dd, J=4.4, 1.2 Hz, 1H), 7.56 (dt, J= 7.6 Hz, 2.0 Hz, 1H), 7.20 (t,
J=17.6 Hz, 1H), 7.13-7.03 (multiple peaks, 5H), 4.13 (s, 2H), 2.33 (s, 3H). "C{'H} NMR
(CDCl): & 161.02, 149.23, 139.30, 138.06, 136.40, 129.78, 128.34, 127.03, 126.02,
122.99, 121.08, 44.59, 21.30. HRMS electrospray (m/z): [M-H]" caled for Cj3Hi3N,
182.0970; found, 182.0970.

138



O RY

|
H NJ
Substrate 21 was obtained as a pale yellow oil (R = 0.28 in 70% hexanes/30% ethyl
acetate). '"H NMR (CDCls): & 8.66 (d, J = 4.8 Hz, 1H), 7.21-7.15 (multiple peaks, 3H),
7.08 (t, J = 4.8 Hz, 1H), 7.02 (d, J = 6.8 Hz, 1H), 4.26 (s, 2H), 2.31 (s, 3H). *C{'H}

NMR (CDCly): & 170.02, 157.17, 138.00, 129.76, 128.32, 127.26, 126.02, 118.48, 45.92,
21.28. HRMS (ESI, m/z): [M-H]" calcd for C1oH;»N, 183.0922; found, 183.0920.

S

Substrate 19 was obtained as a clear oil (R¢=0.28 in 75% hexanes/25% ethyl acetate). 'H
NMR (CDCl;): 6 8.50- 8.47 (multiple peaks, 2H), 8.40 (d, J = 2.8 Hz, 1H), 7.21 (t, J =
7.6 Hz, 1H), 7.08-7.04 (multiple peaks, 3H), 4.13 (s, 2H), 2.32 (s, 3H). "C{'H} NMR
(CDCls): & 156.53, 144.70, 144.00, 142.24, 138.34, 137.93, 129.67, 128.57, 127.44,
125.94, 41.84, 21.28. HRMS (ESI, m/z): [M-H]" calcd for C;,H;,N,, 183.0922; found,
183.0920.

Substrate 52 was obtained as a colorless oil (Rf = 0.26 in 90% hexanes/10% ethyl
acetate). '"H NMR (CDCL): & 8.74 (d, J = 4.4 Hz, 1H), 7.36-7.34 (multiple peaks, 2H),
7.23 (t, J = 1.9 Hz, 1H), 7.11-7.07 (multiple peaks, 3H), 4.21 (s, 2H), 2.35 (s, 3H).
BC{'H} NMR (CDCL): & 162.68, 150.29, 138.71 (q, *Jcr = 33.7 Hz), 138.40, 138.28,
129.80, 128.63, 127.50, 126.04, 122.80 (q, 'Jer = 271 Hz), 118.56 (q, *Jer = 3.6 Hz),
116.84 (q, *Jer = 2.9 Hz), 44.58, 21.32. F{'"H} NMR (CDCl): & —64.78. HRMS (ESI,
m/z): [M-H]" Calcd for C14H,,F3N, 250.0843; Found, 250.0842.
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Svynthesis of Substrates 11, 13, 15-16

OAc

/Z,
o

Substrate 16 was prepared from 2-m-tolylacetaldehyde according to a literature
procedure. *'Substrate 16 was obtained as a yellow oil (R = 0.28 in 70% hexanes/30%
ethyl acetate). '"H NMR (CDCls): & 7.21 (t, J = 7.4 Hz, 1H), 7.09-7.01 (multiple peaks,
3H), 4.76 (m, 1H), 4.08 (qd, J = 12.0, 4.8 Hz, 2H), 3.64 (q, J = 14.8 Hz, 2H), 2.93 (dd, J
=17.2, 11.2 Hz, 1H), 2.60 (dd, J = 17.2, 6.8 Hz, 1H), 2.33 (s, 3H), 2.02 (s, 3H). "C{'H}
NMR (CDCls): 6 170.77, 157.56, 138.57, 135.36, 129.49, 128.72, 127.91, 125.72, 77.36,
65.04, 38.56, 33.85, 21.32, 20.07. IR (thin film): 1742 (br) cm™. HRMS (ESIL, m/z): [M]
calcd for C14H7NOs, 247.1208; found, 247.1201.

N’N\
OGRS,

Substrate 17 was prepared from pyrazole and a-bromoxylenes according to a literature

procedure.’” Substrate 17 was obtained as a red oil (Ry= 0.24 in 90% hexanes/10% ethyl
acetate). '"H NMR (CDCly): & 7.56 (d, J= 1.6 Hz, 1H), 7.38 (d, J=2.4 Hz, 1H), 7.24 (t, J
=7.6 Hz, 1H), 7.12 (d, J = 7.6 Hz, 1H), 7.04-7.01 (multiple peaks, 2H), 6.28 (t, J = 2.0
Hz, 1H), 5.28 (s, 2H), 2.33 (s, 3H). "C{'H} NMR (CDClL): & 139.41, 138.45, 136.47,
129.11, 128.69, 128.62, 128.34, 124.67, 105.82, 55.85, 21.31. HRMS (ESI, m/z): [M-H]"
calcd for C1H»N,, 171.0922; found, 171.0925.

|
N
mMe

Substrate 11 was prepared from 3-methylphenylacetone and methoxylamine

hydrochloride according to a literature procedure.” Substrate 11 was obtained as a clear
oil as a 1 : 0.4 mixture of oxime isomers. Major oxime isomer: "H NMR (CDCL): & 7.20
(m, 1H), 7.07-6.99 (multiple peaks, 3H), 3.91 (s, 3H), 3.44 (s, 2H), 2.35 (s, 3H), 1.75 (s,
3H). "C{'H} NMR (CDCls): & 156.62, 138.16, 136.78, 129.73, 128.39, 127.44, 126.04,
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61.23, 41.97, 21.34, 13.52 . HRMS (ESI, m/z): [M]" calcd for C;;H;sNOs, 177.1153;
found, 177.1156.

O

CsHi4

Substrate 12 was prepared from 2-heptanone, hydroxylamine hydrochloride, and o-
bromoxylenes according to a literature procedure.’® Substrate 12 was obtained as a clear
oil as a 1 : 0.9 mixture of oxime isomers (Rf = 0.26 in 97% hexanes/3% ethyl acetate).
Major oxime isomer: 'H NMR (CDCl3): & 7.27 (t, J = 7.6 Hz, 1H), 7.20-7.17 (multiple
peaks, 2H), 7.12 (d, J= 7.2 Hz, 1H), 5.07 (s, 2H), 2.40-2.38 (s, 3H), 2.19 (dd, /= 8.0, 7.6
Hz, 2H), 1.89 (s, 3H), 1.56-1.48 (multiple peaks, 2H), 1.37-1.27 (multiple peaks, 4H),
0.91 (m, 3H). "C{'H} NMR (CDCL): § 158.92, 138.18, 137.77, 128.61, 128.25, 128.12,
124.83, 75.15, 35.75, 31.30, 26.15, 22.38, 21.36, 14.07, 13.92. HRMS (ESI, m/z): [M]"
caled for C5H»3NO, 233.1780; found, 233.1777.

N\
RO RS

Substrate 13 was prepared from m-tolylaceticacid and dimethylamine according to a

literature procedure. The 'H NMR and ?C NMR data for 13 were identical to those

reported in the literature.”

oY

This compound was prepared via the Cu-catalyzed reaction of pyrrolidinone with 1-(4'-

bromobiphenyl-4-yl) ethanone according to a literature procedure.’® The product was
obtained as a yellow solid. '"H NMR (CDCl): & 8.02 (d, J = 8.0 Hz, 2H), 7.73 (d, J= 8.8
Hz, 2H), 7.69-7.63 (multiple peaks, 4H), 3.92 (t, J = 6.8 Hz, 2H), 2.67-2.63 (multiple
peaks, 5H), 2.20 (quin, J = 7.6 Hz, 2H). "C{'H} NMR (CDCL): & 197.70, 174.37,
144.97, 139.52, 135.64, 135.60, 128.95, 127.58, 126.84, 120.07, 48.65, 32.76, 26.66,
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17.97. IR (thin film): 1694, 1682 cm™. HRMS (ESI, m/z): [M]" calcd for CisH;7NO,,
279.1259; found, 279.1264.

(0]
N-OMe
W

Substrate 63 was prepared from the corresponding ketone (above) and methoxylamine
hydrochloride according to a literature procedure.” Substrate 63 was obtained as a yellow
solid. '"H NMR (CDCl): & 7.73-7.69 (multiple peaks, 4H), 7.63-7.57 (multiple peaks,
4H), 4.02 (s, 3H), 3.90 (t, J = 6.8 Hz, 2H), 2.64 (t, J = 8.0 Hz, 2H), 2.24 (s, 3H), 2.19 (m,
2H). PC{'H} NMR (CDCL): & 174.25, 154.21, 140.94, 138.86, 136.37, 135.33, 127.27,
126.73, 126.41, 120.09, 61.93, 48.68, 32.72, 17.97, 12.51. IR (thin film): 1685 cm™.
HRMS (ESI, m/z): [M]" caled for C19H20N,0,, 308.1525; found, 308.1518.

General Procedure for Directed C-H Bond Acetoxylation: In a 20 mL vial,
PhI(OAc), (0.49-0.86 mmol, 1.02-1.80 equiv) and Pd(OAc), (1.08 mg, 0.0048 mmol,
0.01 equiv) were combined in a mixture of AcOH (2.0 mL) and Ac,O (2.0 mL).
Substrate (0.48 mmol, 1.0 equiv) was added, the vial was sealed with a Teflon-lined cap,
and the resulting solution was heated at 100 °C for 3-24 h. The reaction was cooled to
room temperature, and the solvent was removed under vacuum. The resulting brown oil
was purified by chromatography on silica gel. Each substrate was optimized for reaction

time and equiv of the oxidant, as indicated below

T
oA

The reaction was run for 6 h with 1.02 equiv of PhI(OAc),. The product 26 was obtained
as a yellow oil (86.9 mg, 75% yield, Ry = 0.27 in 70% hexanes/30% ethyl acetate). 'H
NMR (CDCls): 6 8.52 (dd, J=4.8, 1.6 Hz, 1H), 7.54 (dt, /= 7.6, 1.6 Hz, 1H), 7.11-7.02
(multiple peaks, 3H), 6.94 (d, J = 8.0 Hz, 1H), 4.06 (s, 2H), 2.30 (s, 3H), 2.16 (s, 3H),
2.58 (m, 1H), 0.88 (d, J = 7.0 Hz, 3H). *C{'H} NMR (CDCls): & 169.37, 159.88, 149.03,
146.79, 136.44, 135.78, 131.72, 130.83, 128.38, 122.85, 122.24, 121.24, 39.21, 20.78,
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20.69. IR (thin film): 1759 cm™. HRMS (ESL m/z): [M+H]" caled for CsH;sNO,,
242.1181; found, 242.1177.

N
T
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The reaction was run for 3 h with 1.02 equiv of PhI(OAc),. The product 23 was obtained
as a yellow oil (104.7 mg, 90% yield, Ry = 0.28 in 55% hexanes/45% ethyl acetate). 'H
NMR (CDCls): 6 8.62 (d, J = 1.6 Hz, 2H), 7.20 (s, 1H), 7.08-7.04 (multiple peaks, 2H),
6.92 (d, J= 8.4 Hz, 1H), 4.19 (s, 2H), 2.31 (s, 3H), 2.18 (s, 3H). "C{'H} NMR (CDCl;):
0 169.28, 169.14, 157.01, 146.73, 135.60, 131.84, 129.86, 128.47, 122.12, 118.51, 40.88,
20.72. IR (thin film): 1757 em”. HRMS (ESI, m/z): [M+H]" calcd for Ci4H4N,O,,
243.1134; found, 243.1135.

\
N-
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The reaction was run for 6 h with 1.1 equiv of PhI(OAc),. The product 24 was obtained
as a yellow oil (96.5 mg, 69% yield, Ry = 0.28 in 70% hexanes/30% ethyl acetate). 'H
NMR (CDCls3): 6 7.09 (dd, J = 8.0, 2.0 Hz, 1H), 7.06 (s, 1H), 6.91 (d, J = 8.0 Hz, 1H),
4.71 (m, 1H), 4.10-4.01 (multiple peaks, 2H), 3.56 (s, 2H), 2.84 (dd, J = 17.2, 10.8 Hz,
1H), 2.51 (dd, J = 17.2, 7.6 Hz, 1H), 2.31 (s, 3H), 2.28 (s, 3H), 2.02 (s, 3H). "C{'H}
NMR (CDCls): 6 170.61, 169.68, 156.63, 146.98, 136.14, 131.18, 129.21, 127.10,
122.57, 77.48, 64.86, 38.38, 29.01, 20.69, 20.57. IR (thin film): 1746 (br) cm"'. HRMS
(ESI, m/z): [M+Na]" calcd for C;H;oNOs, 328.1161; found, 328.1150.

OAc\

The reaction was run for 10 h with 1.02 equiv of PhI(OAc),. The product 25 was
obtained as a yellow oil (97.3 mg, 88% yield, Rf = 0.28 in 75% hexanes/25% ethyl
acetate). 'H NMR (CDCls): 8 7.53 (d, J= 1.6 Hz, 1H), 7.32 (d, J= 2.4 Hz, 1H), 7.14 (dd,
J=8.4, 1.6 Hz, 1H), 6.98 (d, J = 8.4 Hz, 1H), 6.95 (d, J = 1.6 Hz, 1H), 6.26 (t, J = 2.0
Hz, 1H), 5.23 (s, 2H), 2.30 (s, 3H), 2.26 (s, 3H). "C{'H} NMR (CDCl): & 169.07,
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146.32, 139.18, 136.04, 130.11, 129.85, 129.14, 128.08, 122.34, 105.90, 50.73, 20.57,
20.50. IR (thin film): 1760 cm™. HRMS (ESI, m/z): [M+Na]" caled for C;3HsN,O,,
253.0953; found, 253.0953.

|
OA,\(I:\OMe

The reaction was run for 4.5 h with 1.1 equiv of PhI(OAc),. The product 30 was obtained

as a yellow oil as a 1 : 0.42 mixture of oxime isomers (89.2 mg, 79% yield, R¢ = 0.28 in
89% hexanes/11% ethyl acetate). Major oxime isomer: '"H NMR (CDCl3): § 7.06 (d, J =
8.4 Hz, 1H), 7.01 (s, 1H), 6.92 (d, J = 8.4 Hz, 1H), 3.88 (s, 3H), 3.57 (s, 2H), 2.32 (s,
3H), 2.28 (s, 3H), 1.71 (s, 3H). "C{'H} NMR (CDCl): & 169.45, 155.09, 146.92,
135.95, 131.52, 128.53, 128.42, 122.12, 61.21, 29.85, 20.86, 20.73, 19.37. IR (thin film):
1763 cm'. HRMS (ESI, m/z): [M+Na]  caled for C;3H;;NO;, 258.1106; found,
258.1100. Minor oxime isomer: 'H NMR (CDCls): § 7.08-7.05 (multiple peaks, 2H), 6.92
(d, J = 8.0 Hz, 1H), 3.87 (s, 3H), 3.37 (s, 2H), 2.32 (s, 3H), 2.30 (s, 3H), 1.70 (s, 3H).
BC{'H} NMR (CDCL): § 169.60, 155.70, 147.18, 135.90, 131.52, 128.74, 128.47,
122.40, 61.24, 36.91, 20.90, 20.83, 13.33.

hG
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CsH1q4

The reaction was run for 8 h with 1.1 equiv of PhI(OAc),. The product 31 was obtained
as a yellow oil as a 1 : 0.39 mixture of oxime isomers (97.9 mg, 70% yield, R = 0.28 in
90% hexanes/10% ethyl acetate). Major oxime isomer: 'H NMR (CDCl3): § 7.23 (d, J =
1.6 Hz, 1H), 7.11 (dd, J= 8.0, 1.6 Hz, 1H), 6.94 (d, /= 8.0 Hz, 1H), 4.99 (s, 2H), 2.34 (s,
3H), 2.28 (s, 3H), 2.14 (t, /= 7.6 Hz, 2H), 1.83 (s, 3H), 1.48 (m, 2H), 1.34-1.24 (multiple
peaks, 4H), 0.88 (t, J = 7.2 Hz, 3H). “C{'H} NMR (CDCL): & 169.33, 158.35, 146.63,
135.40, 130.40, 129.70, 129.24, 121.97, 70.47, 35.63, 31.23, 26.05, 22.29, 20.80, 20.73,
13.85. IR (thin film): 1757 cm™. HRMS (ESIL, m/z): [M+Na]" caled for C;7H,sNOs,
314.1732; found, 314.1729. Minor oxime isomer: 'H NMR (CDCL): & 7.23 (d, J = 1.6
Hz, 1H), 7.11 (dd, J = 8.0, 1.6 Hz, 1H), 6.94 (d, J = 8.0 Hz, 1H), 4.96 (s, 2H), 2.34-2.28
(multiple peaks, 8H), 1.84 (s, 3H), 1.47 (m, 2H), 1.34-1.26 (multiple peaks, 4H), 0.88 (t,
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J = 7.2 Hz, 3H). "C{'H} NMR (CDCL): & 169.54, 159.15, 146.54, 135.55, 130.50,
130.36, 129.37, 121.04, 70.54, 35.74, 31.78, 29.29, 25.29, 22.41, 20.88, 20.86, 19.88.

W N
ol

The reaction was run for 24 h with 1.8 equiv of PhI(OAc),. The product 32 was obtained
as a yellow oil (86.1 mg, 74% yield, Ry = 0.28 in 60% hexanes/40% ethyl acetate). 'H
NMR (CDCls): 6 8.38 (s, 2H), 8.30 (s, 1H), 7.05 (s, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.89
(d, J=9.5, 8.0 Hz, 1H), 3.99 (s, 2H), 2.23 (s, 3H), 2.13 (s, 3H). "C{'H} NMR (CDCl;):
o 168.79, 155.19, 146.43, 144.30, 143.59, 142.01, 135.54, 131.24, 129.44, 128.42,
122.06, 36.39, 20.41, 20.38. IR (thin film): 1760 cm™. HRMS (ESI, m/z): [M+H]" calcd
for C14H14N,0,, 243.1134; found, 243.1132.

|
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The reaction was run for 10 h with 1.1 equiv of PhI(OAc),. The product 33 was obtained
as a yellow oil (87 mg, 77% yield, Ry = 0.28 in 30% hexanes/60% ethyl acetate). 'H
NMR (CDCls): 6 7.07-7.06 (multiple peaks, 2H), 6.93 (d, J = 8.8 Hz, 1H), 3.52 (s, 2H),
2.96 (s, 3H), 2.93 (s, 3H), 2.30 (s, 3H), 2.29 (s, 3H). “C{'H} NMR (CDCls): & 170.16,
169.45, 146.49, 135.98, 130.63, 128.64, 127.00, 122.09, 37.55, 35.82, 35.57, 20.84. IR
(thin film): 1759, 1645 cm’. HRMS (ESL m/z): [M+Na]" caled for Cj3H;7NOs3,
258.1106; found, 258.1101.

Sroy

The reaction was run for 5 h with 0.10 equiv of Pd(OAc), and 2.02 equiv of
PhI(OCOCF;), in AcOH (4 mL). The product 34 was obtained as a yellow oil (69 mg,
55% yield, Ry = 0.24 in 15% hexanes/85% ethyl acetate). 'H NMR (CDCls): & 7.09 (dd, J
= 8.0, 2.0 Hz, 1H), 7.07 (br s, 1H), 6.91 (d, J = 8.0 Hz, 1H), 4.55 (s, 2H), 3.08 (t, J = 5.6
Hz, 2H), 2.42 (t, J = 6.4 Hz, 2H), 2.32 (s, 3H), 2.30 (s, 3H), 1.77-1.71 (multiple peaks,
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2H). PC{'H} NMR (CDCL): & 169.93, 169.51, 147.14, 135.88, 131.07, 129.42, 128.54,
122.43, 46.88, 44.87, 32.49, 23.03, 21.25, 21.00, 20.90. IR (thin film): 1759, 1639 cm™.
HRMS (ESL m/z): [M+Na]" caled for C;sH;oNO3, 284.1263; found, 284.1269.

by

The reaction was run for 5 h with 0.10 equiv of Pd(OAc), and 2.02 equiv of
PhI(OCOCFs), in AcOH (4 mL). The product 35 was obtained as a yellow oil (58 mg,
49% yield, Ry=0.24 in 15% hexanes/85% ethyl acetate). 'H NMR (CDCls): & 7.09 (dd, J
= 8.0, 2.0 Hz, 1H), 7.06 (br s, 1H), 6.89 (d, J = 8.0 Hz, 1H), 4.34 (s, 2H), 3.13 (t, J=7.2
Hz, 2H), 2.35 (t, J = 8.0 Hz, 2H), 2.30 (s, 3H), 2.27 (s, 3H), 1.91 (t, J = 8.0 Hz, 2H).
PC{'H} NMR (CDCL): 5174.42, 169.91, 146.99, 135.83, 131.19, 129.60, 127.76,
122.45, 46.23, 41.73, 30.74, 20.87, 20.71, 17.57, 17.44. IR (thin film): broad strong peak
at 1684 cm™. HRMS (ESL, m/z): [M]" calcd for C;sH;oNOs, 189.1154; found, 189.1154.

AcO

NN

The reaction was run for 12 h with 2.0 equiv PhI(OAc),. The product 40 was obtained as
a yellow oil (140 mg, 52% yield, Ry = 0.24 in 75% hexanes/25% ethyl acetate). '"H NMR
(CDCl): 6 9.29 (d, J = 1.2 Hz, 1H), 8.77 (d, J = 5.6 Hz, 1H), 7.80 (dd, J = 8.0, 1.6 Hz,
1H), 7.60 (dd, J = 6.4, 1.6 Hz, 1H), 7.51 (td, J = 8.0, 1.6 Hz, 1H), 7.40 (td, J = 8.0, 1.6
Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 2.24 (s, 3H). "C{'H} NMR (CDCL): & 169.18,
162.92, 158.91, 157.07, 148.44, 131.42, 130.64, 126.64, 123.65, 120.45, 21.02.

\@\‘/\E/CFS
N
OAc™

The reaction was run for 4.5 h with 1.02 equiv of PhI(OAc),. The product 53 was
obtained as a colorless oil (135.1 mg, 91% yield, R¢ = 0.27 in 79% hexanes/21% ethyl
acetate). "H NMR (500 MHz, CDCl;): ¢ 8.71 (d, J = 5.5 Hz, 1H), 7.34 (d, J = 5.0 Hz,
1H), 7.29 (s, 1H), 7.11-7.09 (multiple peaks, 2H), 6.96 (d, J = 8.5 Hz, 1H), 4.12 (s, 2H),
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2.33 (s, 3H), 2.19 (s, 3H). "C{'H} NMR (CDCL): §, 169.26, 161.59, 150.22, 146.82,
138.66 (q, “Jer = 33.7 Hz), 136.06, 131.71, 129.95, 128.88, 122.76 (q, 'Jer =271.7 Hz),
122.43, 118.47 (q, *Jer = 3.7 Hz), 116.96 (q, *Jer = 3.7 Hz), 39.47, 20.82, 20.71.
PF{'H} NMR (CDCl;): & —64.85. IR (thin film): 1753 cm™. HRMS (ESL m/z): [M+Na']
Calcd for Ci¢H 4F3NO,, 332.0874; Found, 332.0868.

o) OAc
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Substrate 63 (308 mg, 1.0 mmol, 1.0 equiv), Pd(OAc); (6.7 mg, 0.03 mmol, 0.03 equiv),

and PhI(OAc); (902 mg, 2.8 mmol, 2.8 equiv) were combined in a 20 mL vial and were
dissolved in a 1 : 1 mixture of AcOH and Ac,O (8 mL). The vial was sealed with a
Teflon-lined cap, and the mixture was heated at 100 °C for 12 h. The reaction was cooled
to room temperature, the solvent was removed under vacuum, and the resulting brown oil
was purified by column chromatography. The product 64 was obtained as a yellow solid
(318 mg, 75% yield, Ry = 0.30 in 20% hexanes/80% ethyl acetate, mp = 234-237 °C). 'H
NMR (CDCl): 6 7.72 (d, J = 8.8 Hz, 2H), 7.57 (d, J = 8.8 Hz, 2H), 7.28 (s, 2H), 3.95 (s,
3H), 3.92 (t, J = 7.6 Hz, 2H), 2.66 (t, J = 8.0 Hz, 2H), 2.31 (s, 6H), 2.21 (quin, J = 7.6
Hz, 2H), 2.07 (s, 3H). *C{'H} NMR (CDCls): & 174.30, 168.74, 149.90, 149.23, 142.09,
139.48, 134.50, 127.33, 122.82, 119.88, 118.58, 62.03, 48.57, 32.72, 20.87, 17.88, 15.50.
IR (thin film): 1769, 1686 cm’. HRMS (ESIL, m/z): [M+H]+ calcd for Cp3H»4N»Og,
425.1713; found, 425.1705.

(0] OAc
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Substrate 64 (51 mg, 0.12 mmol, 1.0 equiv), Pd(OAc), (1.3 mg, 0.006 mmol, 0.03 equiv)
and PhI(OAc), (121 mg, 0.24 mmol, 2.0 equiv) were combined in a 20 mL vial and were
dissolved in a 1:1 mixture of AcOH and Ac,0 (1 mL). The vial was sealed with a Teflon-

lined cap, and the mixture was heated at 100 °C for 12 h. The reaction was cooled to

room temperature, the solvent was removed under vacuum, and the resulting brown oil
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was purified by column chromatography. The product 65 was obtained as a yellow solid
as a 1 : 0.2 mixture of oxime isomers (34 mg, 59% yield, R¢ = 0.25 in 10% hexanes/90%
ethyl acetate, mp = 64.5-70.1 °C). Major oxime isomer: 'H NMR (CDCls): & 7.43 (dd, J
= 8.0, 2.0 Hz, 1H), 7.36-7.34 (multiple peaks, 2H), 7.21 (s, 2H), 3.95 (s, 3H), 3.76 (t, J =
6.8 Hz, 2H), 2.54 (t, J = 8.0 Hz, 2H), 2.28-2.22 (multiple peaks, 9H), 2.18 (m, 2H), 2.06
(s, 3H). PC{'H} NMR (CDClL): & 174.12, 168.64, 149.76, 149.27, 147.68, 145.93,
141.03, 138.87, 130.92, 128.25, 127.31, 125.04, 123.55, 122.51, 122.40, 118.95, 118.80,
62.05, 49.91, 31.10, 20.91, 20.83, 19.93, 19.24, 15.46. IR (thin film): 1770, 1700 cm™.
HRMS (ESI, m/z): [M+Na]" calcd for C25sHsN,Os, 505.1587; found, 505.1577.

(0] OAc
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Substrate 64 (51 mg, 0.12 mmol, 1.0 equiv), Pd(OAc), (1.3 mg, 0.006 mmol, 0.05 equiv)

and N-chlorosuccinimide (32 mg, 0.24 mmol, 2.0 equiv) were combined in a 20 mL vial
and were dissolved in AcOH (1 mL). The vial was sealed with a Teflon-lined cap, and the
mixture was heated at 100 °C for 12 h. The reaction was cooled to room temperature, the
solvent was removed under vacuum, and the resulting brown oil was purified by column
chromatography. The product 66 was obtained as a yellow solid as a 1 : 0.5 mixture of
oxime isomers (47 mg, 81% yield, Rr = 0.28 in 15% hexanes/85% ethyl acetate, mp =
66.8-73.2 °C). Major oxime isomer: 'H NMR (CDCls): & 7.64 (dd, J = 5.2, 1.6 Hz, 1H),
7.47 (m, 1H), 7.34 (s, 1H), 7.25 (s, 1H), 7.2 (s, 1H), 3.94 (s, 3H), 3.79 (t, J = 6.8 Hz, 2H),
2.58 (t, J = 8.0 Hz, 2H), 2.28-2.22 (multiple peaks, 8H), 2.06 (s, 3H). "C{'H} NMR
(CDCl3): & 175.00, 168.57, 149.79, 149.29, 147.59, 141.21, 139.84, 136.19, 132.51,
129.65, 128.98, 128.20, 126.44, 123.80, 118.94, 62.89, 49.84, 32.71, 36.34, 30.91, 20.93,
19.06, 15.41. IR (thin film): 1773, 1694 cm™. HRMS (ESI, m/z): [M+Na]" calcd for
C23H23CIN, O, 481.1142; found, 481.1144.
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Substrate 64 (51 mg, 0.12 mmol, 1.0 equiv), Pd(OAc), (1.3 mg, 0.006 mmol, 0.03 equiv)
and [(m-CF3C¢Ha4) I]1BF4 (32 mg, 0.24 mmol, 2.0 equiv), NaHCOs; (15 mg, 0.18 mmol,
1.5 equiv) were combined in a 20 mL vial and were dissolved in a toluene (1 mL). The
vial was sealed with a Teflon-lined cap, and the mixture was heated at 100 °C for 12 h.
The reaction was cooled to room temperature, the solvent was removed under vacuum,
and the resulting brown oil was purified by column chromatography. The product 67 was
obtained as a yellow solid as a 1:0.3 mixture of oxime isomers (53 mg, 78% yield, R¢ =
0.28 in 25% hexanes/75% ethyl acetate, mp = 62.2-65.8 °C). Major oxime isomer: 'H
NMR (CDCl): & 7.66-7.57 (multiple peaks, 4H), 7.53-7.49 (multiple peaks, 2H), 7.30 (s,
1H), 7.22 (s, 1H), 7.19 (s, 1H), 3.91 (s, 3H), 3.83 (t, J = 6.8 Hz, 1H), 3.25 (t, J = 6.8 Hz,
1H), 2.57 (t, J = 8.0 Hz, 1H), 2.36 (t, J = 8.0 Hz, 1H), 2.23 (s, 6H), 2.12 (t, J = 7.4 Hz,
1H), 2.03 (s, 3H), 1.88 (t, J = 7.4 Hz, 1H). "C{'H} NMR (CDClL): 5175.46, 168.54,
168.48, 149.87, 149.31, 149.21, 141.45, 139.47, 138.62, 136.37, 131.81, 130.75 (q, *Jer
=32.2 Hz), 129.25, 129.10, 128.82, 128.23, 127.31, 124.93 (q, *Je.r = 3.7 Hz), 124.45 (q,
*Jer = 3.8 Hz), 123.90 (q, 'Jer = 271 Hz), 119.86, 118.98, 118.55, 61.99, 48.54, 32.69,
20.81, 18.85, 17.85, 15.46. "F{'H} NMR (CDCl3): & —62.57. IR (thin film): 1771, 1694
cm”. HRMS (ESL m/z): [M+Na]" caled for C3oH,7F3N,0g, 591.1719; found, 591.1719.
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Pyridyl oxime ether substrate (250 mg, 1.11 mmol, 1.0 equiv), Pd(OAc), (7.5 mg, 0.03
mmol, 0.03 equiv) and PhI(OAc), (715 mg, 2.22 mmol, 2.0 equiv) were combined in a 20
mL vial and were dissolved in a 1 : 1 mixture of AcOH and Ac,0O (9.25 mL). The vial
was sealed with a Teflon-lined cap, and the mixture was heated at 100 °C for 12 h. The

reaction was cooled to room temperature, the solvent was removed under vacuum, and
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the resulting brown oil was purified by column chromatography. The product 68 was
obtained as a pale yellow solid (299 mg, 79% yield, R¢ = 0.26 in 55% hexanes/45% ethyl
acetate). '"H NMR (CDCl): & 8.73 (m, 1H), 7.74 (m, 1H), 7.42 (m, 2H), 7.35 (m, 1H),
7.27 (m, 1H), 4.01 (s, 3H), 2.21 (s, 3H), 2.04 (s, 6H).

OAc

Substrate 70 (200 mg, 0.75 mmol, 1.0 equiv), Pd(OAc), (8 mg, 0.04 mmol, 0.05 equiv)
and PhI(OAc), (247 mg, 0.766 mmol, 1.02 equiv) were combined in a 20 mL vial and
were dissolved in Benzene (6.3 mL). The vial was sealed with a Teflon-lined cap, and the
mixture was heated at 100 °C for 12 h. The reaction was cooled to room temperature, the
solvent was removed under vacuum, and the resulting brown oil was purified by column
chromatography. The product 71 was obtained as a yellow oil as a 1 : 0.6 mixture of
oxime isomers (73 mg, 30% yield, Rf = 0.22 in 91% hexanes/9% ethyl acetate). Major
oxime isomer: 'H NMR (CDCls): & 7.25 (m, 1H) 7.18 (t, J= 7.0 Hz, 1H), 7.13 (dd, J =
8.0, 2.0 Hz, 1H), 7.04 (d, J = 7.0 Hz, 1H), 7.00 (br s, 1H), 6.97 (d, J= 7.5 Hz, 1H), 5.07
(s, 2H), 3.42 (s, 2H), 2.35 (s, 3H), 2.32 (s, 3H), 2.28 (s, 3H), 1.75 (s, 3H). Minor oxime
isomer: 'H NMR (CDClL): & 7.24 (br s, 1H), 7.18-7.12 (multiple peaks, 2H), 7.04-6.96
(multiple peaks, 3H), 5.05 (s, 2H), 3.66 (s, 2H), 2.33 (s, 3H), 2.31 (s, 3H), 2.28 (s, 3H),
1.77 (s, 3H).

s

OAc

Substrate 70 (200 mg, 0.75 mmol, 1.0 equiv), Pd(OAc), (8 mg, 0.04 mmol, 0.05 equiv)
and PhI(OAc), (247 mg, 0.766 mmol, 1.02 equiv) were combined in a 20 mL vial and
were dissolved in a 1:1 mixture of AcOH and A,O (6.3 mL). The vial was sealed with a
Teflon-lined cap, and the mixture was heated at 100 °C for 12 h. The reaction was cooled

to room temperature, the solvent was removed under vacuum, and the resulting brown oil
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was purified by column chromatography. The product was obtained as a yellow oil as a
1:1 mixture of regio isomers 71 and 72. Characterization for the oxime isomers for
regioisomer 71 is shown above. Regioismer 72 was obtained in a 1:0.4 mixture of oxime
isomers (134 mg, 55% yield, R¢ = 0.22 in 91% hexanes/9% ethyl acetate). Major oxime
isomer: 'H NMR (CDClL): & 7.24 (d, J = 7.0 Hz, 1H) 7.18-7.17 (multiple peaks, 2H),
7.11 (d, J = 7.0 Hz, 1H), 7.06 (d, J = 7.5 Hz, 1H), 7.01 (br s, 1H), 6.91 (d, J = 8.0 Hz,
1H), 5.08 (s, 2H), 3.37 (s, 2H), 2.36 (s, 3H), 2.31 (s, 3H), 2.21 (s, 3H), 1.75 (s, 3H).
Minor oxime isomer: 'H NMR (CDCLs): § 7.23 (d, J = 7.5 Hz, 1H), 7.18-7.16 (multiple
peaks, 2H), 7.11 (d, J = 7.0 Hz, 1H), 7.05 (d, J = 8.0 Hz, 1H), 7.00 (br s, 1H), 6.92 (d, J
8.5 Hz, 1H), 5.08 (s, 2H), 3.62 (s, 2H), 2.36 (s, 3H), 2.29 (s, 3H), 2.22 (s, 3H), 1.73 (s,
3H).

General Procedure for Kinetics Experiments. Kinetics experiments were run in
two dram vials sealed with Teflon-lined caps. Each data point represents a reaction in an
individual vial, with each vial containing an identical concentration of oxidant, catalyst,
and substrate. The vials were charged with PhI(OAc), (0.0158 g, 0.049 mmol, 1.02 equiv,
added as a solid), substrate (0.048 mmol, 1.0 equiv, added as a 0.96 M stock solution in
AcOH), and Pd(OAc), (0.11 mg, 0.00048 mmol, 0.01 equiv, added as a 0.0096 M stock
solution in AcOH), and the resulting mixtures were diluted to a total volume of 400 mL
of a 1 : 1 mixture of AcOH and Ac,0O. The vials were then heated at 80 °C for various
amounts of time. Reactions were quenched by cooling the vial at 0 °C for 5 min, followed
by the addition of a 2% solution of pyridine in CH,Cl, (2 mL). An internal standard
(pyrene) was then added, and the reactions were analyzed by gas chromatography. Each
reaction was monitored to ~10% (8.6-11.0%) conversion, and rate constants were
calculated for each reaction using the initial rates method. Each kinetics experiment was
run in triplicate, and the data shown in the Hammett plots represent an average of these

three runs.

General Procedure for Competition Experiments. A two dram vial was
sequentially charged with PhI(OAc), (0.0158 g, 0.049 mmol, 1.02 equiv, added as a
solid), substrate A (0.048 mmol, 1.0 equiv, added as a 0.96 M stock solution in AcOH),
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substrate B (0.048 mmol, 1.0 equiv, added as a 0.96 M stock solution in AcOH), and
Pd(OAc); (0.11 mg, 0.00048 mmol, 0.01 equiv, added as a 0.0096 M stock solution in
AcOH), and the resulting mixtures were diluted to a total volume of 400 mL ofa 1 : 1
mixture of AcOH and Ac,0. The reaction was heated at 80 °C for 12 h, and then cooled
to room temperature. A GC standard (pyrene) was added, and the reaction was analyzed

by gas chromatography.
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Chapter 5

Palladium-Catalyzed 1,2-Difunctionalization of Alkenes

5.1 Background and Significance

Oxidative amination reactions have been an important area of research in organic
chemistry.'™ In particular, aminooxygenation reactions of alkenes, leading to vicinally
difunctionalized products, with two distinct carbon-heteroatom bonds, provide an
attractive route towards the synthesis of small molecules of synthetic and pharmaceutical
interest.

The development of a Pd™

catalyzed method to form aminooxygentated
products could allow access to P-amino alcohols (via intermolecular reactions) and
nitrogen containing heterocycles (via intramolecular reactions).” ° Some of the most
common alternative approaches to vicinal amino alcohols involve: (i) functional group
manipulations of imine or carbonyl groups via reduction or nucleophilic addition,” (ii)
ring opening reactions of epoxides and aziridines,” (iii) aminohydroxylation of olefins,’
and (iv) aldol or pinacol-type coupling reactions.” Hydroxyamination of alkenes is the
most staightforward route for vicinal amino alchohol synthesis, and the Sharpless Os-

catalyzed asymmetric aminohydroxylation reaction (Scheme 5.1) is probably the most

widely used of these reactions.’
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Scheme 5.1: Osmium-Catalyzed Aminohydroxylation of Alkenes

Q
E\N,CI
|
Na 'Hgo
0] Chloroamine-T hydrate ’;‘HTS Q
A Ph - OMe
Ph/\)J\OMe K,0s0,(OH), :
(DHQ),-PHAL OH
(1) 64%, 81% ee 2)

(99% ee after recrystalliaztion)
We hope to access vicinal aminooxygenated compounds by developing a Pd"™"Y
catalyzed route. The two key steps of the proposed reaction involve (i) aminopalladation
followed by (ii) oxidative cleavage of the resultant carbon-palladium bond (Scheme 5.2,

pathway a).

Scheme 5.2. Oxidative Cleavage of Pd-Alkyl Intermediates Formed via

Aminopalladation
pathway a
Oxidative Cleavage
via Pd(IV) NHR'
———————————————— >
NH,R' " PhI(OAc), A°°%R
Aminopalladation o
+ ~ (=Rl - <
/
B-Hydride
Z R \R>\NHR' elimination NHR'
A pathway b R

In order to achieve the desired aminooxygenation transformation, the key
challenge that needs to be addressed is competing P-hydride elimination from the Pd-
alkyl intermediate A (Scheme 5.2, pathway b). Importantly, several research groups have
recently demonstrated that the undesired aminopalladation/B-hydride elimination
sequence can be a useful and efficient synthetic transformation.” Stahl and co-workers
have developed the most effective of these systems.” They have demonstrated the
oxidative amination of activated and unactivated olefins with nitrogen nucleophiles

11/0
d

including carboxamides, carbamates and sulfoamides via a P reaction manifold

(Scheme 5.3). A representative example is illustrated in Scheme 5.4, and involves the
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synthesis of enamide 5 from octene and phthalimide in the presence of 5 mol %

Pd(OAc); and O; as the oxidant.

Scheme 5.3: Proposed Mechanism for Formation of Enamide 5 Formation

Aminopalladation B-Hydride Elimination
NHPhth NPhth NPhth
LPd"(OAc), ——— CeHi13 o
Z CeHys L,(OAc)Pd'l —\ eris
Ly(OAc)PdH

o

L,Pd"(OAc), =<——— LyPd?
HOAc

Scheme 5.4. Synthesis of Enamide 5 via Aminopalladation/B-Hydride Elimination

0}
5 mol % Pd(OAc),
M + HN

PhCN, Oy, 07>\""0
o) 60°C, 12 h ~~
81%
&) 4) ° (5)

In 1980, Backvall demonstrated that Pd-alkyl intermediates generated upon
aminopalladation can be intercepted by strong oxidants at —40 °C without competing f3-
hydride elimination.” For example, the reaction of trans-butene with stoichiometric
Pd(PhCN),Cl, and dimethylamine afforded the Pd-alkyl intermediate 7, and subsequent
addition of Pb(OAc)4 led to the formation of aminooxygenated product 8. As shown in
Scheme 5.5, this reaction was proposed to proceed via frans-aminopalladation followed
by oxidative cleavage of the palladium-carbon bond with inversion of stereochemistry at
the carbon. The mechanism of aminopalladation was elucidated by trapping the Pd"
intermediate 7 with LiAlD4 at —70 °C to form deuterated amino butane. Cope elimination
of the amine then allowed stereochemical analysis of the deuterated butene. Although this
reaction illustrates the feasibility of aminooxygenation, it is limited by the need for a

stoichiometric amount of palladium. The electron rich amines used in this reaction (for
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example, dimethylamine) coordinate more strongly to palladium than alkenes and

therefore inhibit catalytic turnover.

Scheme 5.5. Stoichiometric Aminoacetoxylation Reaction Reported by Backvall

/ Pd(PhCN),Cl,  Me,N  :H Pb(OAc), Me,N  OAc
Me,NH H, Pd'(CI)L, H; H
-40 °C, THF
(6) @ ®)

As described in Chapter 1, we have been able to successfully out-compete (3-hydride
elimination and intercept cyclopalladated Pd-alkyl intermediates with PhI(OAc), via a
Pd"™ catalytic cycle. Based on this and on Backvall’s precedent,” we envisioned the
development of a Pd-catalyzed aminooxygenation reaction using a Pd" catalyst and
PhI(OAc), as a strong oxidant. As shown in Scheme 5.6, we speculated that the use of
PhI(OAc), might allow us to oxidatively intercept the intermediate A (illustrated in
Scheme 2). Additionally, the use of moderately nucleophilic phthalimide might attenuate

its binding to Pd, hence allowing for catalytic turnover.

Scheme 5.6. Proposed Pd"™" Catalyzed Aminooxygenation of Olefins

0
cat. Pd(OAc), —
AR+ NH
PhI(OAc), O~>N""0

Palladium alkyl intermediates generated upon aminopalladation, such as A, have been

previously shown to undergo a number of reactions, including olefin insertion,®

carbonylation,'® !

and oxidative cleavage with CuCl, or CuBr; to form C—C, C—Cl and
C—Br bonds, respectively. For example, Chemler has demonstrated the intramolecular
aminochlorination of substrate 9 using 5 mol % Pd(OAc); and 4 equiv of CuCl, (Scheme
5.7)."* Interestingly, competing B-hydride elimination products such as 12 were not
observed in this reaction. Two possible mechanisms have been proposed, and both

initiate with an intramolecular aminopalladation to afford intermediate 13 (Scheme 5.8)

The first (Scheme 5.8, path a) involves oxidative cleavage of the Pd—C bond in 13 with
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CuCl, via a Pd" intermediate. The second (Scheme 5.8, path b) proposes a copper

assisted ligand transfer to form the C—Cl bond, without a change in oxidation state at Pd".

Scheme 5.7. Palladium-Catalyzed Intramolecular Aminochlorination with CuCl,

10 mol % Pd(OCOCFy),

= 4 equiv CuCl, Cl Cl
s Yoous
NHTs KoCOs, THF N N N

23 °C, 72% Ts Ts Ts
9 (10) (1) (12)
regioselectivity is 2:1 not observed

Scheme 5.8: Proposed Mechanism for Pd-Catalyzed Intramolecular Aminochlorination

©\/\/ cat. Pd" (:EB\/Pd“Ln pathway a PaVL,
N
NHTs Ts
(9) (13)

CUX2 .’I\_I
Ko,CO S
2 3 (1 4)

l pathway b I
mﬁdlln\x mx

cu' > N

N Ts

Ts
(15)

As we began this project, several groups reported Pd-catalyzed intramolecular olefin
aminoacetoxylation and diamination reactions similar to the transformation that we
proposed. For example, Sorensen demonstrated intramolecular aminopalladation with
substrates such as N-tosylamide 16 to form oxazolidinone 17."° The use of Pd(OAc), as a
catalyst resulted in significant quantities of B-hydride product 18. However, this pathway
could be suppressed by employing a chloride-based catalyst. Hence, using 10 mol %
Pd(PhCN),Cl, and 2 equiv PhI(OAc); led to the formation of 17 in 65% yield (Scheme
5.9). Reaction of cinnamyl alcohol-derived N-tosyl carbamate 19 proceeded
stereospecifically to afford product 22, which led to speculation that the mechanism
involved trans-aminopalladation followed by C—O bond-forming reductive elimination
with inversion of stereochemistry at the carbon (Scheme 5.10). However, no other

mechanistic experiments were conducted to support this claim. Later reports by Muniz
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suggest that cis-aminopalladation followed by reductive elimination with inversion of

stereochemistry is more likely.

Scheme 5.9. Palladium-Catalyzed Intramolecular Aminoacetoxylation with PhI(OAc),

5 mol % Pd(PhCN),Cl, O o
JOJ\/\/ 2 equiv Phl(OAc), TsN .
+ s
=
TsHN CH,Cl,, 60 °C
OAc
(16) (17, 65%) (18)
observed
not isolated

Scheme 5.10. Proposed Mechanism for Pd-Catalyzed Intramolecular

Aminoacetoxylation

Reductive Elimination with

trans-Aminopalladation Inversion

O 10 mol % Fd(OAC)z i
N 2 P Al TsN
s /< S ’4 equiv hI(O 0)2 S ’< SN//<

O —M8M— > —_—
Ph
Ph\/\/O 1 equiv BuyNOAc Y Ph Y -Pd!  Ph v
CH5CN, 60 °C L,Pd" L,PdV OAc

65%, >20:1 dr (20) 21) (22)

(19)

A later report by Muniz and co-workers demonstrated the Pd-catalyzed oxidative

intramolecular diamination of olefins.'* 1°

They were able to efficiently generate bicyclic
and tricyclic substituted urea derivatives through diamination of substrates such as 23,
using 5 mol % Pd(OAc), and 2.2 equiv PhI(OAc), (Scheme 5.11). The authors did not
observe products such as 25, resulting from competing p-hydride elimination. A
mechanism involving: (i) rate-limiting cis-aminopalladation to form 27, (ii) oxidation to
Pd" complex 28, (iii) amide dissociation, and (iv) Sx2-type reductive elimination with
inversion of stereochemistry at carbon was proposed (Scheme 5.12). Experiments

including deuterium labeling, kinetics, solvent effects, electronic substitution effects, and

in situ NMR investigation were used to elucidate this mechanism.
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Scheme 5.11. Palladium-Catalyzed Intramolecular Diamination Reactions

j\ 5 mol % Pd(OAc), 0 0
2.2 equiv Phl(OAc),
HN” “NHTs N)LNTS + NJ\NHTS
W 1.0 equiv NMe,CI/NaOAc 70_/ 7@:
CH,Cl,, 25 °C
(23) 92% (24) (25)

not observed

Scheme 5.12: Proposed Mechanism for Diamination Reactions

syn-aminopalladation

L oxidation
o rate-limiting step

cat [Pd”] )J\ Ph| OAC

HNJ\NHTS : N~ NTs - NTS
o~ PdiL, F’ol'VLn

Sn2-type

amide Q reductive 0
dissociation )J\

N HTs ellmmatlon
- N )L NTs
T pan Q_/

PdVL,

As discussed above, we desired to develop an intermolecular aminoacetoxylation
reaction. Concurrent to our work, Stahl and co-workers published the intermolecular
variant of oxidative aminoacetoxylation of olefins.'® Using phthalimide as the nitrogen
nucleophile, they showed high yielding aminoacetoxylation of allyl ether substrates such
as 31. They also observed the formation of f-hydride elimination products such as 33,
albeit in low yield. They proposed that coordination of the metal with the oxygen in the
ether linkage suppressed f-hydride elimination. Through detailed mechanistic
experiments, they proposed a mechanism involving cis-aminopalladation followed by
Sx2-type  C—O bond-forming reductive elimination at Pd" with inversion of

stereochemistry at carbon.
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Scheme 5.13. Palladium-Catalyzed Intermolecular Aminoacetoxylation

o 10 mol % PdCl,(CHsCN),
o or Pd(OAc), NPhth NPhth
Proo~~"Xx * HN A +
e 2.5 equiv Phi(OAC), nPr/O\)\/O ¢ nPr/O\/§
o) DCE, 70 °C, 24 h
(31) (4) (32, 78%) (33, 16%)

5.2 Initial Investigation

Our initial studies focused on the reaction between 1-octene and phthalimide.
These substrates were chosen because Stahl had demonstrated their ability to undergo
efficient aminopalladation (Scheme 5.4).° Gratifyingly, subjection of l-octene and
phthalimide to 5 mol% Pd(OAc), and 1.5 equiv PhI(OAc), in AcOH at 100 °C afforded
the 1,2-aminooxygenated product 34 in 21% isolated yield. This low yield was due to
competitive formation of two side products: (i) olefin 5 (generated via termination of the
reaction by B-hydride elimination) and (ii) diacetoxylated product 35. Notably, Stahl

obtained similar results with substrate 3.

Scheme 5.14. Palladium-Catalyzed Reaction of 1-Octene with Phthalimide and

PhI(OAc),
o] 5 mol % Pd(OAc),
2 equiv PhI(OAc), NPhth NPhth QAc
NN
7z + HN )\C6H13 * KX\CGHK), * H\CGH‘]S
OAc OAc
o}
3) (4) (5) (34) (35)
AcOH, 100 °C 15% 21% 32%
CH,Cl,, 60°C  27% 41% 20%

Optimization Studies. Several reaction parameters such as solvent, catalyst, and
temperature were screened in order to increase the yield of the desired product 34.
Solvents such as AcOH led to increased yields of the undesired diacetoxylated product
35, while dichloroethane, CH3CN, and CH,Cl, were most effective in affording 34.
Interestingly, reactions in THF only afforded the p-hydride elimination product 5.
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A survey of various catalysts revealed that Pd(PhCN),Cl, and Pd(CH3;CN),Cl,
(which were found to decrease B-hydride elimination in Sorensen’s system) led to similar
yields of products 34 and 5 as Pd(OAc),. In an attempt to suppress -hydride elimination,
we investigated palladium catalysts containing bidentate and tridendate ligands (Figure
5.1). We thought that having a multicoordinated ligand on the metal would limit vacant
cis coordination sites, which are required for B-hydride elimination. Consistent with this
hypothesis, Pd(CC)Br,;, Pd(CNC)Br,, and Pd(PNP)Cl, (Figure 5.1) afforded only trace
amounts of the B-hydride products; however, the desired product 34 was also obtained in
low yield with these catalysts. We next attempted to increase catalyst reactivity by
moving to Pd(O,CCFj3),, which contains a more electrophilic Pd center. However, with
this catalyst we observed an increase in the relative rate of decomposition of the olefins.
Lowering the temperature of the reaction from 100 °C to 60 °C did slow down the rate of

Pd-catalyzed olefin decomposition.

Figure 5.1: Palladium Catalysts Containing Bi- and Tridentate Ligands

Br— = cl- | X

NS N b
JNTN N K /1:> Ph. 'T‘ _Ph
/N&P'd/\\N\ ! B —Psg, O

Bu Br Bu Cl

Pd(CNC)Br, Pd(CC)Br, Pd(PNP)CI,

Based on all of these studies, the final optimized conditions for this reaction were
5 mol % Pd(OAc); and 2 equiv PhI(OAc), in CH,Cl, at 60 °C, which afforded 41% yield
of the desired product 34. Despite these optimization studies, the relative rate of (-
hydride elimination versus oxidation was still competitive, and 41% yield of 1,2-
difunctionalized product 34 was obtained under these conditions.

Exploration of Different Olefin and Nucleophile Partners. We wondered if a
different nucleophile partner would provide higher yields in this reaction. As such, a
series of carboxamides, carbamates and sulfonamides were investigated; however, only
p-toluenesulfonamide (TsNH;) and p-nitrobenzenesulfonamide (NsNH;) afforded the

desired aminoacetoxylated product in greater than 5% yield under the optimized reaction
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conditions from above (5 mol % Pd(OAc),, 2 equiv PhI(OAc), in CH,Cl, at 60 °C). We
next attempted to increase the yield of the desired product with these nucleophiles
through the addition of bases. Strong bases such as NaOrBu and Cs,COs either led to
decomposition of 1-octene or resulted in greater quantities of the p-hydride elimination
product (37). Weak bases such as Na,SO4 and MgO did not hamper the reaction, but also
did not improve the yield of 38. However, interestingly, the addition of acetate sources
such as NaOAc and LiOAc increased the yield of the desired product 38 to 10%. We
believed that solubility was a limitation with using these bases. Hence,
tetrabutylammonium acetate was examined as a soluble acetate source, and was found to
be optimal for reactions with TsNH, and NsNH,. With optimal conditions of 5 mol %
Pd(OAc),, 2 equiv PhI(OAc),, 1 equiv BuuNOAC, in CH,Cl, at 60 °C, 1-octene reacted
with TsNH, and NsNH, to provide 38 and 41 in 18% and 25% yield, respectively,
(Scheme 5.15).

Scheme 5.15. Palladium-Catalyzed Reaction of 1-Octene with Tosylamine or
Nosylamine and PhI(OAc),

5 mol % Pd(OAc),
2 equiv PhI(OAc),

NHTs NHT
1 equiv BusNOAC S
WW + +
0=8=0 CH,Cl,, 60 °C OAc
NH, 12h
(36) (37, 15% by GC) (38, 18%)
NO; 5 mol % Pd(OAc),
2 equiv Phl(OAc),
NHNs NHN
1 equiv BuyNOAc S
M + e —— +
0=S=0 CHzclz, 60 °C OAc
|
NH, 12 h
(39) (40, 2% by GC) (41, 25%)

Mechanistic studies by Stahl have shown that aminopalladation of norbornene
with TsNH, occurs in a syn fashion.® Hence, we decided to screen the reactions with
norborylene as the olefin partner, since we expected P-hydride elimination to be
attenuated in this system due to conformational constraints. Consistent with this

hypothesis, reaction of norbornene and TsNH, (with 5 mol % Pd(OAc),, 2 equiv
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PhI(OAc),, 1 equiv BuyNOACc, in CH,Cl, at 60 °C) did not afford any of the B-hydride
elimination product 44. However, due to low reactivity of the aminoacetoxylation

reaction and formation of the undesired diacetoxylation product 45, we obtained the

desired product 43 in only 38% yield (Scheme 5.16).

Scheme 5.16. Palladium-Catalyzed Reaction of Norborylene with p-Toluenesulfonamide

and PhI(OAc),
5 mol % Pd(OAc),
2 equiv Phi(OAc), TsHN TsHN AcO
T , AcO " i " AcO
0=S=0 1 equiv BusNOAc
NH, CH,Cl,, 12 h
(36) (42) (43, 38%) 44 (45, 29%)

not observed

We next explored the reactivity of norbornene with phthalimide as the
nucleophile. Reaction of norbornene and phthalimide in CH,Cl, with 5 mol % Pd(OAc),,
2.0 equiv PhI(OAc), at 60 °C afforded the aminoacetoxylated product 46 and
diacetoxylation product 45 in 41% and 23% yield respectively. Optimization reactions

screening various solvents, temperatures, bases and catalysts did not improve the yield of

46.

Scheme 5.17: Palladium-Catalyzed Reaction of Norbornene with Phthalimide and

PhI(OAC)2 in CH2C12
O 5 mol % Pd(OAc),
2 equiv Phl(OAc), NPhth AcO,
o by oyl o
CH,Cl,, 60 °C
o
4) (42) (46, 42%) (45, 23%)

Interestingly, when the reaction of norborylene and phthalimide with 5 mol %
Pd(OAc); and 2 equiv PhI(OAc), was conducted in nitromethane, a new compound (47)
was obtained along with the expected 1,2-aminoacetoxylated product 46.
Characterization of 47 by NMR spectroscopy and X-ray crystallography revealed that a

molecule of nitromethane and a molecule of phthalimide had been incorporated to afford
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an unexpected 2,7-disubstituted norbornane derivative. When the solvent was changed
from nitromethane to nitroethane, similar reactivity was observed to afford compound 48,
albeit in lower yield. In this case, the balance of the material was unreacted starting

material (~41%) and the aminoacetoxylated product 46 (22%).

Scheme 5.18. Palladium-Catalyzed Reaction of Norbornene with Phthalimide and
PhI(OAc), in Nitroalkane Solvents

0 10 mol % Pd(OAc), 0
2 equiv Phl(OAc), \ NPhth
NH " 7 * AcO
CH3NO,, 60 °C o
o NO,
(4) (42) (47, 47%) (46, 12%)
0 10 mol % Pd(OAc), 0
2 equiv Phl(OAc), \ NPhth
NH * 7 * AcO
C,H5NO,, 60 °C o
0 NO,
(4) (42) (48, 14%) (46, 22% by GC)

Similar connectivity as product 47 and 48 has been observed by Heck in the Pd-
catalyzed reaction of phenylmercuric chloride with norbornene.” Reaction of PhHgCl
and norbornene with catalytic Li,PdCly and stoichiometric CuCl, afforded exo-2-chloro-
7-phenylnorbornene (49) (Scheme 5.19). The authors did not speculate on a possible

mechanism for the formation of 49.

Scheme 5.19: Halophenylation of Norbornene

1 mol % Li,PdCl,
HoCl 2 equiv CuCl,
+
@ ﬁb 2 equiv LiCl al
AcOH/H,0 (8:1),

25°C,12h, 6%
(42) (49)

Substrates with Directing Groups. A substrate design strategy was next employed

in an attempt to avoid competitive formation of (-hydride elimination products. In

Chapter 2, we proposed that P-hydride elimination in the sp3 C-H functionalization
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reactions was attenuated by the formation of a cyclopalladated intermediate. In such an
intermediate, coordination of the chelating functionality to the metal provides a cyclic
structure, which renders B-hydride elimination conformationally unfavorable. Based on
these systems, we reasoned that tethering a chelating group to the nucleophile of the
alkene could have a similar effect.

We first explored nucleophile 50, which contains two basic functional groups, an
amide and a pyridine. We anticipated that the former could undergo aminopalladation
while the latter could subsequently bind to the metal to generate chelated intermediate 51
(Scheme 5.20). However, when reactions of 50 with 1-octene were explored under our
optimized conditions (5 mol % Pd(OAc),, 2 equiv PhI(OAc); and 1 equiv BusNOACc in
CH,Cl, at 60 °C), 50 and the starting olefin were recovered quantitatively. Despite
screening various solvents, temperatures, and bases, we did not observe any reactivity.
We believe that the nucleophile may coordinate tightly with the metal and thereby

prevent further reaction.

Scheme 5.20: Use of Directing Group-Containing Nucleophile 50

)i @ @
[ N N
HN cat. L,Pd _ Z “pdlll, Phi(OAc), N =N oac

e T R T
N N
N| : \[o( \/j\CBH‘lf} \[o( \)\C6H13
@) (50) (51) (52)

We next explored alkene substrates that contain either a quinoline or an oxime
ether functionality, as these are both known to bind readily to Pd". We envisioned that
interaction between the quinoline or oxime ether and palladium would bring the metal in
the proximity of the olefin. Subsequent aminopalladation would then result in a cyclic
Pd-alkyl intermediate like 54 or 57 (Scheme 5.21), which would be less susceptible to 3-
hydride elimination than their acyclic analogues. However, subjection of substrates 53
and 56 to phthalimide with 5 mol % Pd(OAc), and 2 equiv PhI(OAc), in different
solvents at 60 °C, with and without BuyNOAc, afforded unreacted starting material (with

53) or undesired side reactions of the olefin (with 56).
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Scheme 5.21: Use of Directing Group-Containing Substrates 53-56

0] N . | X X
@[ﬁw + O? Smoi% paoncy C% PR O%
$ “« Solvent Lné’ g NPhth AcO NPhth
@) (53) (54) (55)

o MeO MeO.

MeO. 5 mol % Pd(OAc), \NI—Pd”Ln PhI(OAC), |N OAc
NH + | T > M """"" >
)\/\ Solvent
o 60 °C NPhth NPhth
(4) (56) (57) (58)

We hypothesized that 50, 53 and 56 did not exhibit any reactivity towards
oxidative amination because the directing group bound tightly to the Pd" catalyst and
thereby prevented coordination of the olefin and/or nucleophile. Hence, our next
approach was to examine tethering a weaker ligand such as an alcohol to the olefin. In
this system, the alcohol could chelate to the palladium and aminopalladation could occur

followed by oxidation to produce the desired product (Scheme 5.22).

Scheme 5.22: Alcohol Tether Strategy

o}
cat. [L,Pd"] HO _
HN_ | R N I -
[LoPd"]-->7 O=>\" 0

’ (60) 61)
Phl(OAc),

Initial studies focused on the Pd-catalyzed reaction of 3-buten-1-ol (59) and
phthalimide with PhI(OAc), (Scheme 5.22). Consistent with our hypothesis, when 59 was
subjected to the optimized reaction conditions with 1-octene (Scheme 5.23), none of the
B-hydride elimination product 64 was observed, which was confirmed by synthesizing an
authentic sample. However, surprisingly, none of desired product 61 was observed either.
Instead, the reaction afforded two tetrahydrofuran products - one incorporating the

phthalimide (62) and the second incorporating an acetate (63).
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Scheme 5.23: Palladium-Catalyzed Reaction of 3-Butene-1-ol with Phthalimide and
PhI(OAc), to form Tetrahydrofurans

e} 5 mol % Pd(OAc),
2.0 equiv Phl(OAc), NPhth
NOH + HN;\’D (_z OH
CH3CN, 60 °C
(o]
(59) 4) (62, 37%) (63, ~30%) 64

not observed

In order to explore the origin of products 62 and 63, we next probed the scope and
mechanism of this transformation. These studies are discussed below and divided into
four sections. The first two sections describe the scope and mechanism for the formation
of product 63. The last two sections focus on efforts towards understanding the generality

and mechanistic details of formation of product 62.

5.3  Cyclization of Alcohols

We believed that PhI(OAc), was the source of acetate in product 63 (Scheme
5.23). Hence, benzoate derivatives of PhI(OAc), were screened in order to add molecular

weight to the products and facilitate isolation. Subjection of 3-buten-1-ol to 5 mol %
Pd(OAc); and 2 equiv PhI(OCOPh), in CH3CN at 60 °C afforded the cyclized product 65
in 41% yield (Scheme 5.24).

Scheme 5.24. Palladium-Catalyzed Cyclization of 3-Buten-1-ol

(0]

Ph._ _O_, _O._ _Ph
\ﬂ/ | \n/ 5 mol % Pd(OAc), <—Z (o)
NOH + o O O
(59) CH5CN, 60 °C (65, 41%)
Other Products Observed in the Reaction:
CO,Ph o (0]

CO,Ph

(66, 11%) (67, 8%) (68, 10%)
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The modest yield of this cyclization reaction is believed to be due to side
reactions of the 3-butene-1-ol starting material under the reaction conditions. Consistent
with this hypothesis, traces of diacetoxylated aldehyde 67, epoxide containing product
68, and Heck side product 66 were isolated from the reaction. Notably, approximately 5%
of product 65 and <5% of products 66 and 68 were observed when the reactions were run
in the absence of Pd(OAc),. The formation of Heck product 66 could be suppressed
through the use of (Mesityl)[(CO,Ph), in place of PhI(CO,Ph),. However, this oxidant

exhibited lower reactivity for the desired transformation (Scheme 5.25).

Scheme 5.25: Use of (Mesityl)[(CO,Ph), as the Oxidant

O
PhOCO._, _OCOPh
I 5 mol % Pd(OAc),
ZTToH OH
CH3CN, 60 °C
(59) 35% (65)

not observed

We speculated that the formation of the diacetoxylated aldehyde product 67 and
epoxide product 68 would be increased by employing more reactive oxidants. Consistent
with our hypothesis, when various electronically different iodosobenzoate derivatives
were explored, the electron deficient oxidants (para-NO,, CF;, and Br substituted
benzoates) led to greater quantities of products 67 and 68. However, the yields obtained
with the electron rich benzoate oxidants (para-OMe and CHj3 substituted benzoates) were
similar to those obtained with PhI(CO,Ph),. We believe Pd(OAc); acts as a Lewis acid to
catalyze the formation of the epoxide product 68 and diacetoxylated product 67 via a
mechanism similar to epoxide formation with m-CPBA (Scheme 5.26). Subsequent

reaction of product 71 with Pd, through p-hydride elimination, would form aldehyde 67.
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Scheme 5.26: Proposed Lewis Acid Catalyzed Mechanism for Formation of 67 and 68

Ph_ ICE)chh Ph
& Pd(OAc), O:<

O
f, . 0
OT;OO Q%\/\OH o

Z>""0oH Phl

70) (68)
Phoco®©
CO,Ph
OH
CO,Ph (71)

The scope of this reaction with respect to the alcohol substrate was next
examined. In a representative example, 2-phenyl-l-butenol reacted under the optimal
conditions (5 mol % Pd(OAc), and 2 equiv of PhI(OAc), in CH3CN at 60 °C) to afford
35% of the desired substituted THF ring 73, along with significant amounts of epoxide 74
(Scheme 5.27). Similar yields of THF products were obtained with a variety of other
alcohol substrates 75-85 (Table 5.1), and in all cases, analogous epoxide side products
were observed. Notably, the THF rings were formed with modest levels of

diastereoselectivity, with dr ranging from 1:1 to 2:1.

Scheme 5.27: Alcohol Cyclization Reactions

o
5 mol % Pd(OAc), O
0.0 o)
A ToH < Y - SJ o * NOJ\
Ph 0 @ 6! CH4CN, 60 °C P bJ( 1

(72) (73, 35%, 2:1) (74, 23%)
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Table 5.1: Substrate Scope for Alcohol Cyclization Reactions

Entry Substrate Product Yield (dr) Entry Substrate Product Yield (dr)

Ph
y ZY oM o amuan 4 0 37%(2:1)

o 0
(75) (76) Pnh (81) (82) Ph
% OH o ﬁ
2 S—Z 0o 30%(1:1) 5 o] 40%
A’ o4 MH o4
L Ph Ph
77 (78) 83) (84)
o pp_ O
Ph
3 \Q 0o 25%(1.8:1) 6 \Q O 29%(2:1)
/\)\OH o4 A~ Aom o4
(79) (80) Ph (85) 8) "

5.4  Cyclization of Amines

Analogous cyclization reactions of amino olefins were next examined. Amino
olefin substrates containing various protecting groups (Cbz, Ts, Ns, Boc, and urea) were
subjected to our optimal reaction conditions (5 mol % Pd(OAc), and 2 equiv of
PhI(OAc),; in CH3CN at 60 °C ). Only amines with Ns and Ts protecting groups exhibited
trace reactivity towards the cyclization reaction (Scheme 5.28). Upon screening bases
with substrates 87 and 90, we determined that NaHCO; allowed us to access the
pyrrolidine products 88 and 91 in about 20% yield. Diacetoxylation of the starting olefin,
similar to that observed with 1-octene (Scheme 5.14), was again a competitive pathway
in these reactions. The balance of material was accounted for by unreacted starting

material.
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Scheme 5.28: Amine Cyclization Reactions

5 mol % Pd(OAc),

OA
2 equiv Phi(OAC), e ¢
" NHNs N ( + NHNs
o OAc
O;Q

2 equiv NaHCO3
CH3CN, 12 h
60 °C
(87) (88, 20%) (89, 32% by GC)

5 mol % Pd(OAc),

OAc
2 equiv Phl(OAc)
N NHTs 2 TsN + NHTs
o OAc
o=

2 equiv NaHCO3
CH3CN, 12 h
60 °C
(90) (91, 19%) (92, 26% by GC)

We next synthesized protected amines 93 and 94, which contain a phenyl

substituent in the backbone (Figure 5.2). We anticipated that this group would facilitate
cyclization via a Thorpe-like effect. In addition, we synthesized amides 95-97, which we
expected to be conformationally biased to undergo cyclization. However, in the reaction
of substrates 93-94 and 96-97 under our optimal conditions (5 mol % Pd(OAc), and 2
equiv of PhI(OAc), in CH3CN at 60 °C with and without NBusOAc or NaHCO;) we

either observed unreacted starting material (with 93-97), diacetoxylation of the olefin

(with 93 and 94), Heck products (with 96 and 97) or decomposition (with 95).

Figure 5.2: Additional Amine and Amide Substrates

5 mol % Pd(OAc), R
S o IR N
Ph CH4CN, 12 h Ph
R = CBz (93) 60 °C OAc
R= Ns (94)
5 mol % Pd(OAG), o
/\)(1 2 equiv PhI(OAC), R
7 N -
R=H (5) CH4CN, 12 h
= o OA
R=Ts (96) 60C ¢

R = CONHTSs (97)
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5.5  Cyclization of Acids

In order to further explore the scope of these cyclization reactions, we studied
substrates containing carboxylic acids as the intramolecular nucleophile. Gratifyingly,
subjection of 3-butenoic acid to our reaction conditions (5 mol % Pd(OAc),, 2 equiv of
PhI(OCOPh); and 2 equiv NaHCO; in CH3CN at 60 °C ) afforded the cyclized lactone
product 100 in 56% yield (Scheme 5.29). As shown in Table 5.2, the scope of this
cyclization was general for various different substituted acids. Substrates 101-111
cyclized to form lactones in better yields than the alcohols and amines. However, we still
obtained low diastereoselectivity with substrates such as 101. The diastereoselectivity did
not improve upon addition of Pd catalysts containing various bidentate and tridentate

ligands.

Scheme 5.29. Carboxylic Acid Cyclization Reactions

5 mol % Pd(OAc), o}
/\)CL 2 equiv PhI(OCOPh), o
~ o 2 equiv NaHCO P
equiv Na 3
o)
CH,Cly, 12 h //<Ph
60 °C
(99) (100, 56%)
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Table 5.2: Substrate Scope of Carboxylic Acid Cyclization Reactions

Entry Substrate Product Yield (dr)

(0]

0
1 MOH 0 o 65% (2:1)
CHs

o«

(101) (102) Ph
o)
0 /[A
2 Ph" o o 60%
WJ\OH o
(103) (104
o)
O /[(
3 . Ph™ "o 0 66%
OH o
(105) (106)
o)
0 o)
4 A/A)J\ o 65% (13:1)
OH
oA
(107) (108) Ph
o)
o)
o) o (1.
5 f\)\OH o 56% (1:9)
oA
(109) (110) Ph
o)
o) o %
6 48% (all trans)
PhMOH 3 0o
PH o)
(111) (112) Ph

Conditions: 5 mol % Pd(OAc),, 2 equiv PhI(OCOPh),, 2 equiv NaHCO3, CH.Cl,, 60 °C

Reaction of substituted internal olefins did occur with high levels of
stereospecificity. For instance, trans-4-ethylbutenoic acid 107 preferentially formed the
trans-4,5-substituted lactone 108 with 13:1 selectivity (Table 5.2, entry 4), while cis-4-
ethylbutenoic acid 109 preferentially afforded the cis-4,5-substituted lactone 110 with 9:1

selectivity (entry 5).

5.6  Mechanistic Investigations of the Cyclization Reactions

We next explored the role of palladium in these alcohol, amine and acid

cyclization reactions. We speculated that there were at least two possible mechanisms: (i)
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a Pd" -catalyzed pathway involving 5-endo-trig cyclization followed by oxidation

(Scheme 5.30) or (ii) a mechanism involving pd" acting as a Lewis acid to promote the

formation of iodonium ring 115, that subsequently undergoes cyclization (Scheme 5.31).

Scheme 5.30. 5-Endo-trig Cyclization at Pd"
OAc OAc

Ll —— T T
(@)

(113) (114)

Pdu/ OAC  phi(0Ac),

Scheme 5.31. Lewis Acid Catalyzed Cyclization

m d(OAc), f’h OAc -
I—OAc —— O* O’OAC
PhI( OAc OH * o

(115) (116)

Importantly, there is limited literature precedent for Pd"-promoted 5-endo trig
cyclization reactions. As shown in Scheme 5.32, one example involved an alcohol and

one involved an amine nucleophile.'® "’

In both cases, the final fate of the palladium alkyl
intermediate, generated upon cyclization, was f-hydroxy elimination. There is literature
precedent for Bronsted acid promoted cyclization of acids with hypervalent iodine
oxidants. Butenoic acid was cyclized with PhI(OAc), in AcOH in the presence of a
strong acid, HBF4 (Scheme 5.33).%° Notably, Pd" complexes have been used as Lewis
acid catalysts in Baeyer Villiger oxidations, Diels Alder reactions, and the acetalization

of aldehydes and ketones.' Hence, we wondered if the role of palladium in these

cyclization reactions was that of a Lewis acid.
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Scheme 5.32. Literature Precedent for 5-Endo-trig Cyclization at Pd"

OH 5 mol % Pd(MeCN),Cl, oB
i n
KK/\/OBH 0.1 equiv TBHP @4
OH THF, 25 °C (¢}

(117) 62% (82% ee) (118)

OH 20 mol % Pd(MeCN),Cl, =

7 N

THF, 25 °C

NHTs 55% Ts
(119) (120)

Scheme 5.33. Literature Precedent for Bronsted Acid-Catalyzed Cyclization

PhI(OAc),, HBF, o)

OYW
A
OH | H,0O, CH3COOH no ¢

65%

Phl(OAc), + HBF, —————  Ph—I-OAc BF, +  CHCOOH
o)

om OY\D Ph O@f OAc
_ — _— | —_
(121) (122) \ /
o) _
b—ﬁ OAc
0 Ph

(123)

In order to distinguish between the two mechanisms, a number of control
experiments were executed. First, the reactions were conducted with as PhI(O,CCFj3),,
which is a stronger oxidant and more electrophilic reagent than PhI(O,CPh),. As shown
in Scheme 5.34, similar reactivity was observed with PhI(O,CCF;), in the presence and
absence of the Pd catalyst. In both cases, the THF product 124 was obtained in 41-54%

yield as an approximately 1:1 ratio of diastereomers.
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Scheme 5.34. Cyclization Reactions with PhI(OCOCF3),

5 mol% Pd(OAc),

Ph.,, O Phae©
M% 15 equiv Phi(OCOCF3), { Z \Q
= OH o 0
Oﬁ< O§<

CHyCly, 12 h
60°C CF3 CFs
(85) (124)

With Pd: Overall yield 41%, 1:1
Without Pd: Overall yield 54%, 3:2

Secondly, Lewis acids such as BF;¢Et,O were screened in the reactions in place
of the Pd" catalyst. The desired cyclized products were again observed in the presence of
BF;Et,0, albeit in lower yield (Scheme 5.35). Our results and literature precedent led us
to hypothesize that the cyclized products are likely forming through a Lewis acid

v

mechanism and not a Pd™ " cycle.

Scheme 5.35. Reactions with BF;°Et,O

PhI(OCOPh), o)
(65)
A "0H CH4CN, 12 h o
60 °C o=
Ph

5 mol % Pd(OAc), 53%
10 mol % BF3*Et,O  11%

o)

o)
o Phl(OCOPh), ﬁ
P o (0
7 OH CH,Cly, 12 h
60 °C o=

5 mol % Pd(OAc), 56%
10 mol % BF3°Et,0 28%

Ph

5.7 Aminooygenation Cyclization Reactions with 3-Alken1-ols

Initial Results. We sought to optimize for the THF ring 62 that had incorporated
the nucleophile. Subjection of 3-buten-1-ol and phthalimide to 5 mol % Pd(OAc), and 2
equiv PhI(OAc), in CH3CN at 60 °C afforded the aminooygenated THF product 62 in

27% isolated yield. This low yield was due to two major side reactions: (i) the
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concomitant formation of tetrahydrofuran 63 discussed above (Scheme 5.23) and (ii)
competitive undesired side reactions of the alcohol substrate 59 (Scheme 5.24). Notably,
no products resulting from B-hydride elimination were observed, presumably due to the
formation of a cyclic intermediate. We thought that using additives that can promote
formation of free sites at the metal, might facilitate coordination of the nucleophile and
the alcohol to the catalyst. Hence we studied the effect of the addition of 10 mol % of
various additives to our reaction. Interestingly, additives containing potentially
coordinating couterions such as Agl, ZnCl,, and AuCl; led to decreased reactivity, whilst
additives with non-coordinating counterions, such as AgBFi, AgOTf and SbFs
significantly improved the yield (Table 5.3). Further optimizations showed that two
sequential additions of catalyst, silver salt, oxidant and alcohol further increased the yield

of this reaction to 45%.

Table 5.3: Addition of Additives to the Palladium-Catalyzed Reaction of 3-Butene-1-ol
with Phthalimide and PhI(OAc),

e} 5 mol % Pd(OAc),
10 mol % Lewis Acid 0
A>"0H + HN | N

2.0 equiv Phl(OAc),

o} CH5CN, 60 °C ©
(59) 4) (62)
Entry Lewis Acid G.C. Yield (Isolated yield)
1 none 26% (31%)
2 AgBF,4 42% (50%)
3 Ag(OTY) 40%
4 Ag2S04 9%
5 AgF 32%
6 Ag(OCOCF3) 259,
7 Ag2CO; 0%
8 AgOAc 5%
9 Agl 3%
10 Cu(OTf)3 21%
11 ZnCl, 6%
12 SbFs 40%
13 Sc(OTf)3 12%
14 AuCly 12%
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Scope of Aminooxygenation Reactions. With optimal conditions in hand, the
scope of this transformation was next studied. We reasoned that a substituent at the
allylic position might accelerate the cyclization due to a Thorpe-like effect. We were
delighted to find that substrate 72, bearing a phenyl group in the allylic position, afforded
the desired product in 77% yield and 10:1 diastereoselectivity. The stereochemistry was
confirmed via NMR analysis and an x-ray crystal structure. Electron donating (Table 5.4,
entries 2-4 and 8-9) and electron withdrawing (entries 5-7) substituents as well as
halogens were tolerated on the phenyl ring.** Tertiary alcohols also afforded the desired

products in modest yield (entry 13).

Table 5.4: Substrate Scope of Aminooxgenation Reactions

Entry Alcohol Substituents Major Product Product# Yield (dr)
1 Ph (72) 126  77% (10:1)
- 0, .
2 NOH p-MeOCgH, (72a) \ 127 62% (15:1)
3 Ar m-MeOCgHy (72b) o S\ppin 128 55% (5:4:1)
4 0-MeOCgH, (72¢) 129  63%(7.8:1)
5 p-CF3CgHj (72d) 130  54% (>20:1)
6 m-CF3CgHy4 (72e) 131 60% (16:1)
7 p-BrCgHg (72f) 132 56% (>20:1)
8 2-napthyl (72g) 133 80% (12:1)
9 mesityl (72h) 134 72% (1.4:1)
o)
10 NOH 135 30% (1.4:1)
(75)
NPhth
o)
1 NOH R = benzyl (125a) 136 27% (1.5:1)
12 R R=ipropyl (125) R 'NPhth 137 <5%
/\>< °
13 = OH (83) 138 47%
NPhth

Conditions: 10 mol % Pd(OAc),, 20 mol % AgBF,, 2.0 equiv Phl(OAc),, CH3CN, 60 °C

While similar yields of products were obtained with different electronically and
sterically substituted aryl rings at the allylic position, the diastereoselectivities were
affected by the nature of the allylic substituent. In general, the diastereoselectivities were

higher for electron withdrawing substituents in the para-position of the aryl ring and for

180



less sterically hindered aryl substituents. Interestingly, reduced yields and
diastereoselectivities were obtained with substrates bearing non-aromatic substituents
such as benzyl, methyl or isopropyl groups at the allylic position (Table 5.4, entries 10-
12).

In contrast to the reactivity of substrate 83, the reaction of substituted tertiary
alcohols such as 143-145, and 147 resulted in either unreacted starting material,
decomposition, or the formation of Heck products. Similar reactivity was observed with
substrates 139-141 and 143-144 that contained functionalities with the ability to
coordinate to the metal, such as another olefin, a carbonyl, or an oxime ether, creating the
possibility of dual chelation. Conformationally constrained substrate 148 also afforded

only trace amounts of products under our standard conditions.

Scheme 5.36. Alkenol Substrates that Exhibited Low Reactivity
/ /}% /\)< R1 R? O\/\
A~ on OH

=H (139), (142) 0O (143), (145) R1 H, R2 = Ph, (146) (148)
CH3 (140), P (141) N(OMe) (144) = CHa, R? = Ph, (147)

R1 = CHa, R? = H, (148)

Other nitrogen nucleophiles were also examined in this reaction. However, we
were surprised to find that p-toluenesulfonamide, p-nitrophenylsulfonamide,
oxazolidinone, pyrrolidinone, and succinimide did not react to form even traces of

cyclized products under our optimal reaction conditions.
5.8  Mechanistic Investigations of Aminooxygenation Cyclization

With the aforementioned results in hand, we were interested in investigating the
mechanism of the aminooxygenation transformation. There are at least six distinct
mechanistic possibilities for the Pd-catalyzed formation of the phthalimide substituted
tetrahydrofuran rings: (i) Sx2 reaction of phthalimide with THF 65 (Scheme 5.37), (ii)

iodocyclization to form product 149 followed by subsequent intermolecular Sx2 reaction
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with phthalimide (Scheme 5.38), (iii) Lewis acid catalyzed cyclization (Scheme 5.39),
(iv) Pd-catalyzed 1,2-aminoacetoxylation of the olefin to form product 150 followed by a
subsequent intramolecular Sy2 reaction (Scheme 5.40), (v) 5-endo-trig oxypalladation to
form intermediate 151 followed by oxidatively induced C—N bond forming reductive
elimination (Scheme 5.41), and (vi) aminopalladation of the olefin followed by oxidative

cyclization and C-O bond formation (Scheme 5.42).

Scheme 5.37: Mechanistic Pathway (i)
o

o Sn2 o
o ;jg A
OCR o NPhth
(65) (62)

Scheme 5.38: Mechanistic Pathway (ii)

m Pd(OAC), Ph NHPhth
on | oH Ok \/_\(

Phl(OAC),

NF’hth
(115) (149

Scheme 5.39. Mechanistic Pathway (ii1)

q d(OAc), K\D OAc NHPhth 0)
—OAc —— Oﬁ ( Z
OH Ph N2
(150)

PhI(OAc),
NPhth

Scheme 5.40: Mechanistic Pathway (iv)

Intramolecular
Pd(OAc), NPhth Sn2 O

AcO - 5

PhI(OAc), OH
(61) NPhth
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Scheme 5.41: Mechanistic Pathway (v)

Oxidative Cleavage

Oxypalladation
yp via Pd!v
(o) (0]
N N0H PA(OAC): NHPhth
Pd'(OAc)L, PhI(OAc), NPhth
(151)
Scheme 5.42: Mechanistic Pathway (vi)
Aminopalladation Oxidatlv'e Cyclization
via Pd"V
Pd(OAc), NPhth PhI(OAc), (o)
A" 0H Ln(AcO)Pd" OH
(152) NPhth

In order to examine the viability of the first mechanism, compound 65 was
synthesized via the previously discussed cyclization reaction (Scheme 5.24). Subjection
of product 65 and phthalimide to the standard reaction conditions (10 mol % Pd(OAc),,
20 mol % AgBF4, 2 equiv PhI(OAc), in CH3CN at 60 °C) did not afford any of the
aminooxygenated product 62 (Scheme 5.43). This result suggested strongly that product

62 was not formed by mechanism i.

Scheme 5.43. Possible Sy2 Reaction between Phthalimide and THF 65

o o 10 mol % Pd(OAc),
20 mol % AgBF, o
Q O + HN | Q
O/( 2.0 equiv Ph|(OAC)2 NPhth
Ph o} CH5CN, 60 °C

not observed

The viability of mechanism ii was examined by preparing an authentic sample of
the iodo-substituted THF 149 (Scheme 5.38). Substrate 72 was chosen instead of 59 due
to ease of isolation. Compound 153 was treated under the standard reaction conditions
with phthalimide (10 mol % Pd(OAc),, 20 mol % AgBF4, 2 equiv PhI(OAc), in CH;CN
at 60 °C), and again, we did not observe the formation of product 126. Based on this
result, we conclude that mechanism ii is also not a viable route to 126 under our reaction

conditions.
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Scheme 5.44. Possible Sy2 Reaction between Phthalimide and Iodide Product 153

10 mol % Pd(OAc),

Ao Ag(collidine),CIO, o 20 mol % AgBF, ;07
Ph lodine Phj 7\ 1.0 equiv NHPhth P! “NPhth
2.0 equiv PhI(OAc),
(72) (153) CH5CN, 60 °C (126)

not observed

The third possible route to 126 would involve Pd acting as a Lewis acid to promote
cyclization. In order to probe for this, we examined the reaction in the absence of
palladium catalyst and in the presence of BF3;*Et,O. Substrate 72 was subjected to 10 mol
% BF3°Et,0 with 2 equiv PhI(OAc), in CH3CN at 60 °C, and as shown in Scheme 5.45,

product 126 was again not observed in this control reaction.

Scheme 5.45: Attempt to Obtain Aminooxygenation Product 126 with Catalytic

BF3‘Et20
(0]
10 mol % BF3+Et,0O ()
NOH . N | ;J
Ph 2.0 equiv PhI(OAc), I"NPhth
4 CH3CN, 60 °C Ph

not observed

In order to determine if mechanism iv was occurring, we synthesized 154 by
subjecting benzyl-protected 3-butenol and phthalimide to our reaction conditions
followed by DDQ deprotection (Scheme 5.46). Subjection of 61 to the reaction
conditions (10 mol % Pd(OAc),, 20 mol % AgBF., 2 equiv PhI(OAc), in CH3CN at 60
°C) did not afford even traces of product 62. This result suggested that mechanism iv was

not operational.
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Scheme 5.46. Sn2 Reaction of Aminoacetoxylated Intermediate 61

1. 10 mol % Pd(OAGc),

20 mol % AgBF,4 10 mol % Pd(OAc),
NO/\©\ 2 equiv Phl(OAc), NPhth 20 mol % AgBF,4 0
OMe  CHsCN, 60°C ACONOH 2 equiv PhI(OAc), \Phh
(154) 2. DDQ, CH2C|2 (61) CH3CN, 60 °C (62)

not observed

If the reaction were proceeding via 5-endo trig cyclization (mechanism v), then
we would expect that conducting the reaction of 4-phenyl-1-butenol and phthalimide in
the presence of oxygen instead of PhI(OAc), would form product 157 or its isomers,
resulting from B-hydride elimination from intermediate 156 (Scheme 5.47). As seen
earlier in examples by Stahl and co-workers (Scheme 5.4) in the absence of a strong
oxidant that can intercept the Pd" intermediate, B-hydride elimination is the most
favorable pathway. Hence, substrate 155 and phthalimide were subjected to 5 mol %
Pd(OAc),, 10 mol % AgBF4 in CH3CN at 60 °C under 1 atm of O,. However, this
reaction did not provide even traces of 157 or its isomers, suggesting against mechanism

V.

Scheme 5.47. Subjection of 4-Phenyl-3-buten-1-o0l to Reaction Conditions with O, as the

Terminal Oxidant

&Ph
0,
5 mol A:OF’d(OAC)z o B-hydride +

10 mol % AgBF,4 elimination 0 157
NOH Ph (157)

—_— Q*Ph products
Ph CH3CN, O, 0 . not observed
60 °C Pd"L, 0

(155) (156) @—Ph

With these results in hand, we surmised that the formation of product 62 was
catalyzed by palladium through the Pd"™" amination/oxidation pathway vi.*> As shown in
Scheme 5.48, we envisioned four different pathways for the desired aminooxygenation
reactions. The first step of the reaction might involve cis- or frans-aminopalladation.
Upon aminopalladation, the reaction could then proceed via two different routes: (i)

oxidation to Pd" followed by reductive elimination via an Sx2 pathway leading to
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inversion of configuration at carbon or (ii) chelation of the tethered alcohol to the
palladium followed by oxidation to Pd" and then direct reductive elimination with
retention of stereochemistry. Importantly, in the latter case, chelation/oxidation could
occur in the opposite order. As mentioned in the background section, both cis and trans
aminopalladation have been observed previously.” '* > ' 2 Additionally, reductive
elimination at Pd"” has been shown to occur with either retention or inversion of

stereochemistry at carbon, depending on the substrate and the reaction conditions.

Scheme 5.48. Mechanism vi: Aminopalladation Followed by Oxidatively Induced
Cyclization

cis-Aminopalladation/

opal Direct
Oxidation a Q Red. Elim. O .x
— L,Pd\ EE——
NPhth

[LnPd”] (A) E
PhI(OAc), X NPhth
NPhth

b :
/\/\OH L= » LPdv -~ oH
o (B) )(‘Q/\/ % Q “

0
c
| NH LPd] —— L,PdV 4:ect NPhth
PhI(OAG), © NPhth  Red. Elim.

(@) X
4 NPhth 2 O .x
L —  L,Pdv o —
trans-Aminopalladation/ (D) X\/ NPhth

Oxidation

In order to distinguish between these four mechanistic possibilities, the deuterium
labelled substrate 157 was synthesized (Scheme 5.49). Subjection of substrate 157 and
phthalimide to our reaction conditions afforded the aminoacetoxylated product 158 along
with product 159, resulting from p-hydride elimination. The deuterium had scrambled in
products 158 and 159. We speculated that the deuterium scrambling in the products might
be due to the isomerization of the olefin in the starting material, rather than an inherent
lack of stereospecificity of the reaction. Indeed, this hypothesis was confirmed when 157
was subjected to our reaction in the absence of phthalimide and PhI(OAc),. This reaction

provided a 1:1 mixture of the cis and trans isomers of 157.

186



Scheme 5.49. Studies with Deuterium Labelled Substrate 157

D 10 mol % Pd(OAc),
~F"oph | % AaBF NPhth NPhth
(157) 20 mol % AgBF4
AcO
o + _ ¢ \)\/\OPh & OPh
2 equiv PhI(OAc), é H
N CH5CN, 60 °C (158) (159)
deuterium scrambling
o)

Because the deuterium-labelled substrate 157 did not provide the desired
mechanistic information, we next explored the reactivity of frans- and cis-4-
phenylbutenol, 155, with phthalimide, 10 mol % Pd(OAc),, 20 mol % AgBF., and 2
equiv PhI(OAc), in CH3CN at 60 °C. In this case, the cis substrate 155 afforded a single
diastereomeric product (160) that had a frans relationship between the phenyl ring and
the phthalimide (Scheme 5.50). The stereochemistry was confirmed via NMR analysis
and an x-ray crystal structure. In contrast, the trans substrate did not afford any of the
desired aminooxygenated product under our reaction conditions. This result shows that
even if isomerization between cis and trans phenyl butenols occurred under our reaction
conditions, only the cis-isomer reacts to form the product. The trans relationship between
the phenyl ring and the phthalimide in product 160 led us to believe that either

mechanistic pathway a or d (Scheme 5.48) was operational in these reactions.

Scheme 5.50. Aminooxygenation with 4-Phenyl-3-buten-1-ol

O 10 mol % Pd(OAc), o
20 mol % AgBF,
Ph 2 equiv Phl(OAc),
o) CH4CN, 60 °C O
(155) 60% (160)

0]

In order to distinguish between mechanisms a and d, we needed to determine the
mechanism of aminopalladation. A prior study by Stahl suggested that the geometry of 8-
hydride elimination products from Pd" intermediate A or D would provide this
information.'® As shown in Scheme 5.51, if cis-aminopalladation were operational, then
Pd" intermediate 151 would have to undergo o-bond rotation to achieve the required syn

relationship between the Pd and the p-hydrogen to achieve B-hydride elimination. As
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such, this reaction would afford the Z-substituted olefin 163 (Scheme 5.51). In contrast,

the Pd" product of frans-aminopalladation can undergo direct B-hydride elimination,

leading to the E-substituted olefin 165.

Scheme 5.51: Rationale for Outcome from B-Hydride Elimination

cis-aminopalladation rotation p '{'y flrid_e
elimination
NPhth NPhth NPhh
Pf\/\ " OH OH— PhWOH
I
. Ph (161) Pdln (162) (163)
O
NPhth NPhth
Il
@NH - - Pd Ln',,H\/\OH - - %l\/\OH
o) Ph (164) Ph (165)
trans-aminopalladation B-hydride
elimination

Subjection of substrate 155 to our optimized reaction conditions in the presence of
O, instead of PhI(OAc), (to promote termination of the reaction via P-hydride
elimination) afforded the P-hydride elimination product 163, albeit in low 3% yield
(Scheme 5.52). This result suggests that our reaction goes through a cis-aminopalladation
pathway. The low yield in this reaction is due to competitive olefin isomerization of the
starting material, which yields the unreactive frans isomer. Interestingly, when the
reaction shown in Scheme 5.52, was conducted in the absence of AgBF., we obtained 4%
yield of a 1:1 ratio of Z and E substituted -hydride elimination products (Scheme 5.52),
suggesting that cis and frans aminopalladation are competitive under these conditions.
Importantly, control experiments showed that neither product 163 nor product 165

1somerized under either set of reaction conditions.
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Scheme 5.52. Geometry of Amination Product Under Pd™" Reaction Conditions

0 NPhh NPhth
5 mol % Pd(OAc),
Ph CH4CN, 60 °C Ph
0 0, from cis from trans
aminopalladation aminopalladation
(163) (165)

with AgBF,: (3%)>15:1
without AgBF4: (4%) 1 : 1

Analyzing all the mechanistic data allowed us to conclude that mechanistic pathway
a is governing the reaction (Scheme 5.48). It is notable that during reductive elimination
from Pd", there exists a choice for either reductive elimination of the acetate, to form
aminoacetoxylated product 168, or the alkoxide to form the THF ring 160 (Scheme 5.53).
As discussed above, we obtain the THF ring product exclusively. Notably, C-OAc
reductive elimination at Pd" is certainly possible, as it was observed in the C—H
activation/acetoxylation reactions. We believe the preference for reductive elimination of
the alkoxide over the acetate in the current systems can be attributed to the greater
nucleophilicity of the alkoxide as discussed in chapter 2.%*

As discussed above, we observe reductive elimination with retention at the carbon.
This is in sharp contrast to what was reported by Muniz (Scheme 5.12)"° and Stahl
(Scheme 5.13)'° for related aminopalladation/oxidation reactions. However, other reports
have suggested that reductive elimination from high oxidation state Pd complexes can
occur with retention at carbon.”> ** We believe that pre-coordination of the alkoxide is a

likely reason for reductive elimination occurring with retention in our system.
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Scheme 5.53. Summary of Proposed Mechanism

cis-Aminopalladation Oxidation
NOH Ph Ph L
Ph L Phl(OAc), L
" > ) —— SPAY T = 0PSO
0 o~ L 0" | L
PhthN PhthN OAc Ph A ~op
HNm (166) (167) Reductive OAc (168)
Elimination
(0]
O
N.,
fe} o)
(160)

Origin of Diastereoselectivity. We next sought to rationalize the observed
diastereoselectivity and the role of silver in the aminooxygenation reaction. Silver is
known to facilitate the dissociation of acetate from group 10 metal centers through
coordination.”” Based on the results from Scheme 5.52 and Table 5.3, we propose that
silver reacts to produce a vacant coordination site on the palladium by promoting
dissociation of an acetate ligand. This vacant coordination site allows the palladium to
bind to the phthalimide nucleophile, facilitating cis-aminopalladation.

Substrates 169 and 170, where the alcohol had been replaced with a carbon, were
chosen to elucidate the origin of diastereoselectivity. Subjection of substrate 170 to our
reaction conditions did not lead to any observable reactivity (Scheme 5.54). This was in
contrast to substrate 75, which yielded 30% of product 135. Substrate 169 underwent
aminoacetoxylation to afford product 172 in 4 : 1 diastereoselectivity along with the p3-
hydride elimination product 171 (Scheme 5.54). The diastereoselectivity observed with
substrate 72 is significantly greater than the dr observed with substrate 169. This implies
that there exists some interaction between the palladium and the alcohol in the transition

state for aminopalladation.
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Scheme 5.54. Probing the Role of the Tethered Alcohol

o 10 mol % Pd(OAc), o
20 mol % AgBF4
2 equiv PhI(OAc), R "NPhth
o CH4CN, 60 °C
(72)R = Ph (126)R=Ph  77%, 10:1
(75) R = CHs (135) R =CHz 30% 1:1.4
2 128"0' (;A’O/Pi(%’;‘:cb NPhth NPhth
mo
M+HNm i e
R
2 equiv Phl(OAc), R R
o CH4CN, 60 °C
(169) R = Ph R=Ph (171, 10%) (172, 25%, 4.5 : 1)
(170) R = CH3 R = CH; no reaction

These results can be rationalized based on the proposed transition state in Figure 5.3.
Here the palladium is interacting with the nitrogen of the nucleophile, the tethered
alcohol, and the olefin in a cyclic transition state. In order to avoid unfavorable steric
interactions with the coordinated phthalimide, the allylic substituent assumes a pseudo-
equatorial position, resulting in a trans delivery of the phthalimide. However, this
transition state does not completely explain the observed steric and electronic effects on
the diastereoselectivity, particularly with the methyl, benzyl, and mesityl substituted
substrates 75, 125a, and 72h. It is possible that alternative and/or competing transition

states are accessed in these systems.

Figure 5.3. Possible Transition States

_ s B s
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o8 N \_N—Pd
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5.9 Conclusion

In summary, palladium alkyl intermediates generated via nucleopalladation were
intercepted to form carbon-oxygen bonds. Aminopalladation reactions, using
nucleophiles such as phthalimide, p-toluenesulfonamide, and p-nitrophenylsulfonamide
and olefins such as octene and norbornene were explored to form 1,2-aminoacetoxylated
products. These products were obtained in low yields due to competitive undesired (-
hydride elimination. This undesired pathway was attenuated by tethering chelating
functionalities, such as alcohols, amines and acids, to the olefin. Reaction of the tethered
olefin in the absence of amine nucleophiles led to formation of acetate substituted cyclic
compounds. We propose that these cyclization reactions occur via a Lewis acid catalyzed
mechanism to form the tetrahydrofuran, pyrrolidinone, or lactone products, respectively.
Reaction of the alkenols in the presence nucleophiles such as phthalimide afforded
phthalimide-substituted THF rings. Mechanistic experiments have shown that this
aminooxygenated compound is formed by cis-aminopalladation followed by oxidative
cleavage with PhI(OAc); to afford the final product with retention of stereochemistry at

the carbon.

5.10 Experimental Procedure

General Procedures: NMR spectra were obtained on a Varian Inova 500 (499.90
MHz for 'H; 125.70 MHz for “C) unless otherwise noted '’F NMR spectra were
obtained on Varian Inova 300 (282 MHz for "°F). "H NMR chemical shifts are reported in
parts per million (ppm) relative to TMS, with the residual solvent peak used as an internal
reference. Multiplicities are reported as follows: singlet (s), broad singlet (br, s), doublet
(d), doublet of doublets (dd), doublet of doublets of doublets (ddd), doublet of triplets
(dt), triplet (t), quartet (q), quintet (quin), multiplet (m), and broad resonance (br). IR

spectra were obtained on a Perkin-Elmer Spectrum BX FT-IR spectrometer.

Materials and Methods: Alcohol substrates 77, 72, 72a-72h, and 155 were

prepared according to literature procedures. Substrate 125a was synthesized by alkylation
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of 3-butenoic acid with benzyl bromide followed by LiAlH4 reduction of the acid to
afford the alcohol. PhI(O,CPh), was prepared according to a literature procedure.
Pd(OAc), was obtained from Pressure Chemical and used as received, and PhI(OAc);
was obtained from Merck Research Laboratories and used as received. Solvents were
obtained from Fisher Chemical. Acetonitrile was freshly distilled from calcium hydride
under a nitrogen atmosphere. Dichloromethane, tetrahydrofuran, and diethyl ether were
purified using a an Innovative Technology (IT) solvent purification system composed of
activated alumina, copper catalysts and molecular sieves. Flash chromatography was
performed on EM Science silica gel 60 (0.040-0.063 mm particle size, 230—400 mesh),
and thin layer chromatography was performed on Merck TLC plates pre-coated with
silica gel 60 F254. HPLC was performed on a Varian Prostar 210 HPLC using Waters
uPorasil® 10 um silica (19 x 300 mm) columns. Melting points were determined with a
Mel-Temp 3.0, a Laboratory Devices Inc, USA instrument and are uncorrected. HRMS
data were obtained on a Micromass AutoSpec Ultima Magnetic Sector mass
spectrometer. The geometries of the diastereomeric tetrahydrofuran products were
determined based on 'H NMR nOe studies (substrates 5a-14a) and by X-ray
crystallography (3a and 4a).

Typical Procedure for Olefin reaction with Nucleophile: Phthalimide (100 mg,
0.68 mmol, 1 equiv), PhI(OAc), (0.440 g, 1.36 mmol, 2 equiv), and Pd(OAc), (8 mg,
0.034 mmol, 0.05 equiv) were combined in CH,Cl, (1.4 mL) in a 20 mL vial. Octene (98
mg, 1.36 mmol, 2.0 equiv) was added to the reaction, the vial was sealed with a Teflon-
lined cap, and the reaction was heated at 60 °C for 12 h. The reaction mixture was
evaporated to dryness and then taken up in diethyl ether (10 mL). The ether layer was
washed with 10% aqueous Et;:N (10 mL), H,O (2 x 20 mL), saturated aqueous NaHCO;
(20 mL), and saturated aqueous NaCl (20 mL). The ether extracts were dried over
MgSOQ,, filtered, and concentrated to afford a red oil, which was purified by

chromatography on silica gel.
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Product 38 was obtained as a yellow oil (18%). "H NMR (CDCls): & 7.75 (d, J = 8.0 Hz,
2H), 7.29 (d, J= 8.5 Hz, 2H), 4.77 (m, 1H), 3.97 (dd, J = 10.8, 5.2 Hz, 1H), 3.89 (dd, J =
10.8, 3.6 Hz, 1H), 2.42 (s, 3H), 1.94 (s, 3H), 1.47-1.13 (multiple peaks, 8H), 0.84 (t, J =
6.8 Hz, 3H).

NO,

,

o)
NS0

FOON

OAc

Product 41 was obtained as a yellow oil (25%). 'H NMR (CDCls): & 8.34 (d, J = 7.2 Hz,
2H), 8.07 (d, J = 7.2 Hz, 2H), 3.99 (dd, J = 9.2, 4.0 Hz, 1H), 3.95 (dd, J = 9.2, 4.0 Hz,
1H), 3.56 (m, 1H), 1.94 (s, 3H), 1.47-1.13 (multiple peaks, 8H), 0.84 (t, /= 5.6 Hz, 3H).

Product 43 was obtained as a yellow oil (38%). 'H NMR (CDCls): & 7.74 (d, J = 8.0 Hz,
2H), 7.29 (d, J = 8.5 Hz, 2H), 5.11 (d, J = 9.0 Hz, 1H), 4.68 (d, J= 7.5 Hz, 1H), 3.37 (d,
J=18.5 Hz, 1H), 2.42 (s, 3H), 2.10 (m, 1H), 2.04 (s, 3H), 1.98 (d, J = 4.5 Hz, 1H), 1.84
(dd, J=14.5, 8.0 Hz, 1H), 1.65 (m, 1H), 1.58-1.46 (multiple peaks, 2H), 1.04 (m, 1H).
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AcO

Product 45 was obtained as a yellow o0il (29%). 'H NMR (CDCLs): & 4.72, (br s, 1H), 4.62
(brs, 1H), 2.48 (m, 1H), 2.42 (m, 1H), 2.29 (m, 1H), 2.04 (s, 3H), 1.94 (s, 3H), 1.94 (m,
1H), 1.70 (m, 1H), 1.59 (m, 1H), 1.21 (m, 1H), 1.13 (m, 1H).

AcO

Product 46 was obtained as a yellow oil (42%). '"H NMR (CDCls): & 7.81 (m, 2H), 7.69
(m, 2H), 4.73 (d, J = 8.0 Hz, 1H), 3.59-3.57 (multiple peaks, 2H), 3.47 (d, J = 4.5 Hz,
1H), 1.92 (dd, J = 14.0, 7.0, 1H), 1.81 (m, 1H), 1.74 (m, 1H), 1.64 (m, 1H), 1.54 (s, 3H),
1.24 (m, 2H).

Product 47 was obtained as a yellow oil (47%). 'H NMR (CDCls): & 7.67 (d, J = 8.0 Hz,
1H), 7.54-7.51 (multiple peaks, 2H), 7.43 (m, 1H), 4.88 (d, /= 11.0 Hz, 1H), 4.75 (d, J =
11.0 Hz, 1H), 4.15 (d, J = 6.4 Hz, 1H), 4.09 (br s, 1H), 2.95 (br s, 1H), 2.87 (d, J=5.2
Hz, 1H), 1.79 (m, 1H), 1.53 (m, 1H), 1.45 (m, 1H), 1.18-1.10 (multiple peaks, 2H). °C
{'"H} NMR (CDCls): & 169.28, 145.79, 132.98, 130.24, 129.77, 128.29, 123.72, 122.38,
85.46, 82.50, 78.97, 59.35, 38.58, 38.08, 37.40, 25.24, 21.36. IR (thin film): 1711, 1552,

1377 cm ™. HRMS electrospray (m/z): [M + H]" caled for C1sH;sN2O4, 301.1188; found,
301.1188.
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Product 48 was obtained as a yellow oil (14%). "H NMR (CDCl): § 7.79-7.76 (multiple
peaks, 2H), 7.61 (t, J = 7.0 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 5.23 (q, J = 6.5 Hz, 1H),
422 (d, J= 6.5 Hz, 1H), 4.13 (br s, 1H), 3.11 (d, J = 4.5 Hz, 1H), 3.00 (br s, 1H), 1.84
(m, 1H), 1.61 (m, 1H), 1.51 (dd, J = 14.0, 6.5 Hz, 1H), 1.32-1.20 (multiple peaks, 2H),
1.04 (d, J = 6.5 Hz, 3H). °C {'"H} NMR (CDCL): & 169.77, 144.15, 133.69, 132.67,
130.33, 129.98, 124.11, 123.45, 122.85, 89.00, 87.91, 78.52, 59.50, 38.69, 37.83, 37.48,
25.19, 21.36, 15.12. IR (thin film): 1711, 1552, 1377 cm™'. HRMS (ESI, m/z): [M + H]"
caled for CigH N,Oq4, 301.1188; found, 301.1188.

Typical Procedure for Alcohol cyclization: PhI(O,CPh), (90 mg, 2.77 mmol,
2.0 equiv) and Pd(OAc), (15 mg, 0.069 mmol, 0.05 equiv) were combined in CH3;CN
(2.8 mL) in a 20 mL vial. 3-Buten-1-o0l (100 g, 1.39 mmol, 1.0 equiv) was added, the vial
was sealed with a Teflon-lined cap, and the reaction was stirred at 60 °C for 18 h. The
resulting mixture was evaporated to dryness and then taken up in diethyl ether (10 mL).
The ether layer was washed with H,O (2 x 20 mL), saturated aqueous NaHCO; (10 mL),
and saturated aqueous NaCl (10 mL). The ether layer was then dried over MgSQOs.,
filtered, and concentrated to afford a red oil, which was purified by chromatography on

silica gel (R¢=0.28 in 70% hexanes/30% ethyl acetate).

o)

A,

0]

The product 65 was obtained as a clear oil (113 mg, 42% yield). '"H NMR (CDCL): &
8.03 (d, J = 8.4 Hz, 2H), 7.56 (m, 1H), 7.43 (t, J = 7.9 Hz, 2H), 5.54 (m, 1H), 4.00-3.88
(multiple peaks, 4H), 2.26 (m, 1H), 2.15 (m, 1H). °C {'"H} NMR (CDClL): & 166.24,
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133.07, 129.92, 129.56, 128.32, 75.34, 73.15, 67.09, 32.89. IR (thin film): 1717 cm .
HRMS (ESL, m/z): [M + H]" caled for C1H,03, 193.0865; found, 193.0865.

(|)>\/\OJK©

The product 68 was obtained as a clear oil (10% yield). '"H NMR (CDCl;): & 8.06-8.03
(multiple peaks, 2H), 7.58 (m, 1H), 7.46-7.42 (multiple peaks, 2H), 4.36 (t, J = 6.8 Hz,
2H), 4.05-3.86 (multiple peaks, 3H), 1.92 (m, 2H).

O

o«

CHj

The product 73 was obtained as a clear oil (35%, 2:1 dr). '"H NMR (CDCL): & 7.35-
7.28(multiple peaks, 5SH), 5.19 (quin, J = 2.5 Hz, 1H), 4.28 (dd, /= 9.0, 7.0 Hz, 1H), 4.17
(dd, J=10.5, 5.0 Hz, 1H), 3.96 (dd, J = 9.0, 5.0 Hz, 1H), 3.89 (dd, 10.5, 2.0 Hz, 1H),
3.47 (m, 1H), 2.10 (s, 3H). PC {'"H} NMR (CDCl): & 170.73, 168.30, 128.82, 127.40,
127.11, 81.37, 73.08, 72.76, 51.18, 29.60. HRMS (ESI, m/z): [M + Na]" caled for
Ci7H1603, 229.0841; found, 229.0839.

0]

o OJ\

The product 74 was obtained as a clear oil (23%). 'H NMR (CDCL): & 7.37-
7.25(multiple peaks, 5H), 4.45 (m, 2H), 3.21 (m, 1H), 2.76 (m, 2H), 2.56 (dd, J = 4.5, 3.0
Hz, 1H), 2.04 (s, 3H). °C {'"H} NMR (CDCls): & 170.90, 137.89, 128.72, 127.94, 127.45,
65.46, 53.31, 47.64, 46.03, 20.85. IR (thin film): 1740 cm™'. HRMS (ESIL, m/z): [M +
Na]" caled for Ci7H 403, 229.0841; found, 229.0838.
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2,

The product 76 was obtained as a clear oil (22%, 1.4:1 dr). '"H NMR (CDCls): & 8.05 (m,
2H), 7.57 (m, 1H), 7.44(m, 2H), 5.15 (m, 1H), 4.19-4.15 (multiple peaks, 2H), 3.98 (d, J
=13.0 Hz, 1H), 3.55 (dd, /= 8.5, 4.5 Hz, 1H), 1.18 (d, J = 6.5 Hz, 3H).

o
0]

o4

Ph

Br

The product 78 was obtained as a clear oil (30%, 1:1 dr). '"H NMR (CDCl;): & 7.99 (d, J
= 8.5 Hz, 2H), 7.86 (d, J = 8.5 Hz, 2H), 7.55-7.42 (multiple peaks, SH), 5.41 (m, 1H),
4.35(dd, J=9.5, 6.0 Hz, 1H), 4.29 (dd, J = 11.0, 5.0 Hz, 1H), 4.08-4.05 (multiple peaks,
2H), 3.60 (m, 1H).

0 o
OJK@

Br

The product 78’ was obtained as a viscous oil (10%). '"H NMR (CDCls): & 8.13 (d, J =
7.0 Hz, 2H), 7.99 (d, J = 8.0 Hz, 2H), 7.50-7.41 (multiple peaks, 3H), 7.22 (d, J = 8.0 Hz,
2H), 4.66 (d, J = 6.5 Hz, 2H), 3.28 (m, 1H), 2.93 (q, /= 7.0 Hz, 1H), 2.81 (t, J = 4.5 Hz,
1H), 2.61 (dd, J=4.5, 3.0 Hz, 1H).
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Mixture of cis and trans Isomers in a 1.0:1.8 ratio. '"H NMR (CDCls): & 8.08-8.04
(multiple peaks, 4H), 7.68-7.27 (multiple peaks, 2H), 7.48-7.43 (multiple peaks, 4H),
5.50 (m, 1H), 5.37 (m, 1H), 4.42-4.39 (multiple peaks, 2H), 4.10-4.04 (multiple peaks,
4H), 1.78-1.71 (multiple peaks, 2H), 1.66-1.62 (multiple peaks, 2H), 1.39 (d, /= 86.5 Hz,
3H), 1.23 (d, J = 6.0 Hz, 3H).

Ph o

o\(o
Ph

Product 82 was obtained as a yellow oil (37%, 2:1 dr). Isomer I: '"H NMR (CDCl;): &
7.49-7.43 (multiple peaks, 5H), 7.45-7.38 (multiple peaks, 2H), 7.29-7.25 (multiple
peaks, 3H), 5.64 (m, 1H), 4.43 (dd, J = 10.5, 5.5 Hz, 1H), 4.08 (dd, J = 10.5, 0.5 Hz, 1H),
2.68 (d, J = 14.0, 1H), 2.41 (dd, J = 14.0, 5.5 Hz, 1H), 1.63 (s, 3H). °C {'"H} NMR
(CDCls): 8165.96, 147.25, 132.84, 129.75, 129.45, 128.04, 126.29, 124.69, 84.74, 75.92,
72.77, 45.83, 30.23, 29.68. Isomer 2: "H NMR (CDCl3): 6 8.10 (dd, J = 8.0, 1.0 Hz, 2H),
7.61 (t,J=7.5 Hz, 1H), 7.49 (t, J = 8.0 Hz, 2H), 7.44 (dd, J= 8.5, 1.0 Hz, 2H), 7.38 (t, J
= 8.0 Hz, 2H), 7.27 (t, J= 7.5 Hz, 1H), 5.51 (m, 1H), 4.22 (d, J=11.0 Hz, 1H), 4.15 (dd,
J=11.0, 5.0 Hz, 1H), 2.75 (dd, J = 14.0, 7.0 Hz, 1H), 2.45 (dd, J = 14.0, 2.5 Hz, 1H),
1.71 (s, 3H). °C {'"H} NMR (CDClL): & 166.25, 147.25, 133.16, 129.99, 129.63, 128.43,
128.39, 126.76, 124.45, 84.52, 72.29, 45.69, 30.63, 29.70.
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Product 83 was obtained as a yellow oil (40%). 'H NMR (CDCls): & 7.97 (d, J = 8.0 Hz,
2H), 7.52 (t, J = 7.5 Hz, 1H), 7.40 (t, J = 8.0 Hz, 2H), 5.54 (m, 1H), 4.19 (dd, J = 11.0,
5.0 Hz, 1H), 4.03 (d, J = 11 Hz, 1H), 2.18 (dd, J = 14.0, 7.0, 1H), 2.04 (d, J = 14.0 Hz,
1H), 1.72 (s, 3H), 1.42 (s, 3H), 1.31 (s, 3H).

53

1

Ph

h

Product 86 was obtained as a yellow oil (29%, 2:1 dr). Cis Isomer: "H NMR (CDCl;): &
7.90 (dd, J = 7.5, 1.6 Hz, 2H), 7.55 (t, J = 7.5 Hz, 1H), 7.44-7.30 (multiple peaks, 7H),
5.63 (m, 1H), 5.02 (t, J = 8.0 Hz, 1H), 4.30 (d, /= 11.0 Hz, 1H), 4.11 (dd, J = 11.0, 5.0
Hz, 1H), 2.84 (m, 1H), 2.18 (m, 1H). Trans Isomer: 'H NMR (CDCls): & 7.39-7.29
(multiple peaks, 10H), 5.62 (t, J = 6.0 Hz, 1H), 5.11 (dd, J = 10.5, 5.0 Hz, 1H), 4.44 (dd,
J=11.0, 5.0 Hz, 1H), 4.04 (dd, J = 11.0, 2.0 Hz, 1H), 2.54 (dd, J = 14.5, 6.0 Hz, 1H),
2.17 (m, 1H).

o
o~

CF5

Ph

Product 124 was obtained as a yellow oil (29%, 2:1 dr). Trans Isomer: '"H NMR
(CDCl3): & 7.39-7.29 (multiple peaks, SH), 5.62 (t, ] = 5.0 Hz, 1H), 5.11 (dd, J = 10.0,
5.0 Hz, 1H), 4.44 (dd, J=11.5, 5.0 Hz, 1H), 4.05 (dd, J=11.5, 3.0 Hz, 1H), 2.54 (dd, J
= 14.0, 5.5 Hz, 1H), 2.17 (ddd, J = 14.0, 10.0, 5.5 Hz, 1H). Cis Isomer: '"H NMR
(CDCls): 6 7.38-7.31 (multiple peaks, SH), 5.56 (m, 1H), 4,93 (t, J = 9.0 Hz, 1H), 4.29
(d, J=14.0 Hz, 1H), 4.01 (dd, J = 14.0, 6.0 Hz, 1H), 2.86 (quin, J = 9.0 Hz, 1H), 2.08
(m, 1H).

Typical Procedure for Amine cyclization: PhI(O,CHj3), (90 mg, 2.77 mmol, 2.0
equiv), NaHCOs3 (90 mg, 2.77 mmol, 2.0 equiv) and Pd(OAc); (15 mg, 0.069 mmol, 0.05

equiv) were combined in CH3CN (2.8 mL) in a 20 mL vial. Amine (1.0 equiv) was
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added, the vial was sealed with a Teflon-lined cap, and the reaction was stirred at 60 °C
for 18 h. The resulting mixture was evaporated to dryness and then taken up in diethyl
ether (10 mL). The ether layer was washed with H,O (2 x 20 mL), saturated aqueous
NaHCO; (10 mL), and saturated aqueous NaCl (10 mL). The ether layer was then dried
over MgSQ,, filtered, and concentrated to afford a red oil, which was purified by
chromatography on silica gel (R¢= 0.28 in 70% hexanes/30% ethyl acetate).

Ns
N

o\{o
Product 88 was obtained as a yellow oil (20%). 'H NMR (CDCl;): & 8.40 (d, J = 8.8 Hz,
2H), 8.03 (d, J= 8.8 Hz, 2H), 5.17 (m, 1H), 3.57 (q, J = 4.8 Hz, 1H), 3.52 (d, J = 4.8 Hz,
1H), 3.43-3.32 (multiple peaks, 2H), 2.04 (m, 2H), 1.83 (s, 3H).

Ts
N

o\{o
Product 91 was obtained as a yellow oil (19%). "H NMR (CDCls): & 7.72 (d, J = 8.0 Hz,
2H), 7.33 (d, J = 8.0 Hz, 2H), 5.10 (m, 1H), 3.53 (dd, J = 8.8, 5.0 Hz, 1H), 3.46 (dd, J =
12.0, 5.0 Hz, 1H), 3.42 (m, 1H), 4.31 (m, 1H), 2.42 (s, 3H), 1.95-1.93 (multiple peaks,
2H), 1.80 (s, 3H).

Typical Procedure for Acid cyclization: Phl(O,CPh), (90 mg, 2.77 mmol, 2.0
equiv), NaHCOs3 (90 mg, 2.77 mmol, 2.0 equiv) and Pd(OAc); (15 mg, 0.069 mmol, 0.05
equiv) were combined in CH,Cl, (2.8 mL) in a 20 mL vial. 3-Butenoic Acid (100 g, 1.39
mmol, 1.0 equiv) was added, the vial was sealed with a Teflon-lined cap, and the reaction
was stirred at 60 °C for 18 h. The resulting mixture was evaporated to dryness and then
taken up in diethyl ether (10 mL). The ether layer was washed with H,O (2 x 20 mL),
saturated aqueous NaHCO; (10 mL), and saturated aqueous NaCl (10 mL). The ether

layer was then dried over MgSOy, filtered, and concentrated to afford a red oil, which
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was purified by chromatography on silica gel (R¢ = 0.28 in 70% hexanes/30% ethyl

acetate).

0O

o\/(o
Ph

Product 100 was obtained as a yellow oil (56%). '"H NMR (CDCls): 5 8.03 (d, J = 8.0 Hz,
2H), 7.61 (t, J = 8.0 Hz, 1H), 7.47 (t, J = 7.5 Hz, 2H), 4.63 (dd, J = 11.1, 4.8 Hz, 1H),
4.53 (d, J=11.1 Hz, 1H), 3.00 (dd, /= 18.5, 6.7 Hz, 1H), 2.81 (d, /= 18.5 Hz, 1H).

0O

h

Product 102 was obtained as a yellow oil (65%, 1:1 dr). Cis Isomer: "H NMR (CDCl;): &
8.03 (d, J=17.5 Hz, 2H), 7.61 (t,J = 7.5 Hz, 1H), 7.47 (t, J = 7.5 Hz, 2H), 5.76 (m, 1H),
4.51 (dd, J=11.0, 4.5 Hz, 1H), 4.45 (d, J = 11.0 Hz, 1H), 2.91 (quin, J = 7.5 Hz, 1H),
1.34 (d, J = 7.5 Hz, 3H). Trans Isomer: "H NMR (CDCLs): & 8.04 (d, J = 7.0 Hz, 2H),
7.61 (t,J=7.0 Hz, 1H), 7.46 (t,J = 7.5 Hz, 2H), 5.32 (m, 1H), 4.70 (dd, J=11.0, 5.5 Hz,
1H), 4.35 (dd, J=11.0, 3.5 Hz, 1H), 2.91 (m, 1H), 1.44 (d, J= 7.0 Hz, 3H).

@)

IO

Product 104 was obtained as a yellow oil (60%). "H NMR (CDCls): & 8.03 (dd, J = 8.0,
1.5 Hz, 2H), 7.59 (t, J = 8.0 Hz, 1H), 7.46 (t, J = 8.0 Hz, 2H), 4.88 (m, 1H), 4.54 (dd, J =
12.0, 3.0 Hz, 1H), 4.44 (dd, J = 12.0, 5.0 Hz, 1H), 2.69-2.56 (multiple peaks, 2H), 2.43
(m, 1H), 2.14 (m, 1H). IR (thin film): 1776, 1722 cm™".

Ph
¢
0
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Product 106 was obtained as a yellow oil (66%). "H NMR (CDCls): & 8.05 (dd, J = 8.1,
1.2 Hz, 2H), 7.59 (t, J = 8.1 Hz, 1H), 7.46 (t,J = 8.1 Hz, 2H), 4.79 (m, 1H), 4.57 (dd, J =
12.0, 3.3 Hz, 1H), 4.37 (dd, J = 12.0, 6.3 Hz, 1H), 2.22 (dd, J = 12.9, 6.3 Hz, 1H), 1.95
(dd, J=12.9,9.9 Hz, 1H), 1.33 (s, 3H), 1.31(s, 3H).
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Product 108 was obtained as a yellow oil (65%, 13:1 dr). "H NMR (CDCls): & 8.03 (d, J
=17.5 Hz, 2H), 7.61 (t, J = 8.0 Hz, 1H), 7.47 (t, J= 8.0 Hz, 2H), 5.37 (dt, J = 7.5, 2.0 Hz,
1H), 4.58 (td, /= 7.0, 2.0 Hz, 1H), 3.04 (dd, J = 20.0, 7.5 Hz, 1H), 2.72 (dd, J = 20.0, 2.0
Hz, 1H), 1.88-1.71 (multiple peaks, 2H), 1.10 (t, /= 7.0 Hz, 3H).
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Product 110 was obtained as a yellow oil (56%, 9:1 dr). '"H NMR (CDCls): § 8.02 (dd, J
= 8.0, 1.5 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1H), 7.50-7.46 (multiple peaks, 2H), 5.74 (t, J =
5.0 Hz, 1H), 4.57 (m, 1H), 3.02 (dd, J = 8.5, 5.5 Hz, 1H), 2.73 (d, J = 18.5 Hz, 1H), 1.95
(septet, J= 7.0 Hz, 1H), 1.80 (m, 1H), 1.06 (t,J = 7.0 Hz, 3H).
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Product 112 was obtained as a yellow oil (48%, >50:1 dr). "H NMR (CDCl;): & 8.08 (dd,
J=28.4,1.6 Hz, 2H), 7.64 (t, J = 7.2 Hz, 1H), 7.52-7.38 (multiple peaks, 8H), 5.75 (br s,
1H), 5.54 (dt, J = 6.4, 1.5 Hz, 1H), 3.01 (dd, J = 18.4, 6.4 Hz, 1H), 2.78 (dd, J = 18.4,
1.5, 1H).

Typical Procedure for Formation of Amino-Tetrahydrofurans: Phthalimide
(100 mg, 0.68 mmol, 1 equiv), PhI(OAc), (0.440 g, 1.36 mmol, 2 equiv), AgBF4 (13 mg,
0.068 mmol, 0.10 equiv), and Pd(OAc), (8 mg, 0.034 mmol, 0.05 equiv) were combined
in CH3CN (1.4 mL) in a 20 mL vial. 3-Buten-1-ol (98 mg, 1.36 mmol, 2.0 equiv) was
added to the reaction, the vial was sealed with a Teflon-lined cap, and the reaction was
heated at 60 °C for 1 h. The reaction was cooled to room temperature and additional
PhI(OAc), (0.22 g, 0.68 mmol, 1.0 equiv) along with a solution of Pd(OAc), (8 mg,
0.034 mmol, 0.05 equiv) and AgBF4 (13 mg, 0.068 mmol, 0.10 equiv) in CH;CN (0.4
mL) was added to the reaction. Another equivalent of the alcohol (49 mg, 0.68 mmol)
was also added, and the reaction was heated at 60 °C for an additional 8 h. The resulting
mixture was evaporated to dryness and then taken up in diethyl ether (10 mL). The ether
layer washed with 10% aqueous Et;N (10 mL), H,O (2 x 20 mL), saturated aqueous
NaHCO; (20 mL), and saturated aqueous NaCl (20 mL). The ether extracts were dried
over MgSQO,, filtered, and concentrated to afford a red oil, which was purified by

chromatography on silica gel.

\)N\/\

AcO
¢ OH

Product 61 was obtained as a yellow viscous oil (Rf = 0.22 in 50% hexanes/50% ethyl
acetate). 'H NMR (CDCly): § 7.85 (dd, J = 5.6, 3.1 Hz, 2H), 7.74 (dd, J = 5.3, 3.1 Hz,
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2H), 4.70 (m, 1H), 4.59 (dd, J = 11.2, 9.3 Hz, 1H), 4.46 (dd, J = 11.2, 4.9 Hz, 1H), 3.71
(m, 1H), 3.59 (m, 1H), 2.26 (m, 1H), 2.03 (m, 1H), 1.98 (s, 3H), 1.74 (br s, 1H). °C {'H}
NMR (CDCL): & 170.63, 168.61, 134.16, 131.67, 123.39, 63.51, 59.12, 47.77, 31.42,
20.74.

A,

N

0]

The second addition of catalyst, oxidant, and alcohol was after 1 h. Product 62 was
isolated as a white solid (66 mg, 45% yield, Ry = 0.10 in 70% hexanes/30% ethyl
acetate). mp = 81.4-84.6 °C. "H NMR (CDCl): & 7.83 (dd, J = 5.5, 3.1 Hz, 2H), 7.71
(dd, J=5.4, 3.1 Hz, 2H), 4.91 (m, 1H), 4.22 (q, J = 8.4 Hz, 1H), 4.04 (t, /= 8.7 Hz, 1H),
3.98 (td, J = 8.4, 5.2 Hz, 1H), 3.91 (dd, J = 8.8, 6.9 Hz, 1H), 2.39 (m, 1H), 2.25 (m, 1H).
PC {'H} NMR (CDCls): § 167.99, 134.05, 131.77, 123.21, 69.40, 68.34, 49.55, 29.72. IR
(thin film): 1700 cm™'. HRMS (ESL m/z): [M + Na]" caled for C;2H;;NOs, 240.0637;
found, 240.0634.

1. 5 % PdCI,(CH3CN),
Phthalimide
o Ac,0 o O,, PhCN, 60 °C oA =0
CsHsN ¢ 2. K,CO3 N
MeOH OH

3-Buten-1-ol was treated with acetic anhydride in pyridine to protect the alcohol
functionality. This alkene was then treated with phthalimide and Pd(OAc), in PhCN
under an oxygen atmosphere at 60 °C for 24 h.* The resulting product was deprotected
with K,COs in MeOH to afford an authentic sample of 64. Product 64 was obtained as a
pale yellow viscous oil (R = 0.15 in 65% hexanes/35% ethyl acetate). 'H NMR (CDCls):
0 7.89 (dd, J=5.2,3.3 Hz, 2H), 7.77 (dd, J = 5.3, 3.1 Hz, 2H), 5.58 (s, 1H), 5.30 (s, 1H),
3.66 (t, J= 5.8 Hz, 2H), 2.68 (t, J= 5.8 Hz, 2H), 2.22 (br s, 1H). °C {'"H} NMR (CDCl;):
0 167.65, 135.65, 134.41, 131.76, 123.76, 119.83, 59.26, 37.96.
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"H NMR (CDCls): & 7.37-7.34 (multiple peaks, 2H), 7.31-7.27 (multiple peaks, 3H), 4.42
(dd, J=9.0, 6.0 Hz, 1H), 4.24 (t, J= 8.0 Hz, 1H), 4.17 (q, J = 8.0 Hz, 1H), 4.10 (dd, J =
9.0, 8.0 Hz, 1H), 3.92 (dd, J=9.0, 7.0 Hz, 1H), 3.63 (q, J = 8.0 Hz, 1H). °C {'"H} NMR
(CDCl;): & 138.86, 128.90, 127.47, 127.24, 73.45, 56.57, 25.94.

)

The second addition of catalyst, oxidant, and alcohol was after 10 h. The product was
obtained as a 10:1 ratio of diastereomers (154 mg, 77% yield, R¢ = 0.12 in 70%
hexanes/30% ethyl acetate). The diastereomers were separated by HPLC (90%
hexanes/10% ethyl acetate, 20 mL/min, Waters u-porasil 19.1 mm). Major diastereomer
(126): white solid, mp = 105.4-108.2 °C. "H NMR (CDCl;): § 7.82 (dd, J = 5.4, 3.1 Hz,
2H), 7.71 (dd, J = 5.4, 3.1 Hz, 2H), 7.32-7.27 (multiple peaks, 4H), 7.22 (m, 1H), 5.07 (q,
J=8.3 Hz, 1H), 4.51 (dd, J = 8.6, 7.9 Hz, 1H), 4.26-4.17 (multiple peaks, 3H), 3.96 (dd,
J=8.7,7.7 Hz, 1H). C {'"H} NMR (CDCL): 5 167.94, 139.58, 134.15, 131.69, 128.88,
127.37, 127.19, 123.37, 75.04, 68.94, 56.95, 47.29. IR (thin film): 1713 cm'. HRMS
(ESI, m/z): [M + Na]" caled for Ci;sH;sNOs, 316.0950; found, 316.0948. Minor
diastereomer: "H NMR (CDCl3): 6 7.66 (dd, J = 5.4, 3.1 Hz, 2H), 7.61 (dd, J= 5.5, 3.2
Hz, 2H), 7.14-7.08 (multiple peaks, 4H), 7.02 (m, 1H), 5.24 (td, J = 8.8, 5.3 Hz, 1H),
4.63 (dd, J = 10.0, 8.3 1H), 4.57 (dd, J = 9.5, 5.3, 1H), 4.37-4.32 (multiple peaks, 2H),
3.80 (q, J = 9.4, 1H). °C {'"H} NMR (CDClL): & 168.22, 135.43, 133.88, 131.18, 128.33,
128.19, 126.96, 122.99, 71.37, 68.93, 54.00, 48.86.
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Structure Determination of 126.

Colorless, needle-like crystals of 126 were grown by diffusion of pentane into a
chlorobenzene solution at 22 deg. C. A crystal of dimensions 0.48 x 0.13 x 0.12 mm was
mounted on a standard Bruker SMART 1K
CCD-based X-ray diffractometer equipped
with a LT-2 low temperature device and
normal focus Mo-target X-ray tube (A =
0.71073 A) operated at 2000 W power (50
kV, 40 mA). The X-ray intensities were
measured at 108(2) K; the detector was
placed at a distance 4.969 cm from the
crystal. A total of 2450 frames were collected
with a scan width of 0.5° in w and 0.45° in
phi with an exposure time of 30 s/frame. The

integration of the data yielded a total of 28419

reflections to a maximum 20 value of 56.60°
of which 2053 were independent and 1780 were greater than 20(I). The final cell
constants (Table 1) were based on the xyz centroids of 7712 reflections above 100(I).
Analysis of the data showed negligible decay during data collection; the data were
processed with SADABS and corrected for absorption. The structure was solved and
refined with the Bruker SHELXTL (version 6.12) software package, using the space
group P2(1)2(1)2(1) with Z = 4 for the formula C;gH;5sNO3. All non-hydrogen atoms
were refined anisotropically with the hydrogen atoms placed in idealized positions. Full
matrix least-squares refinement based on F2 converged at R1 = 0.0297 and wR2 = 0.0689
[based on I > 2sigma(I)], R1 = 0.0402 and wR2 = 0.0742 for all data.
Sheldrick, G.M. SHELXTL, v. 6.12; Bruker Analytical X-ray, Madison, WI, 2001.
Sheldrick, G.M. SADABS, v. 2.10. Program for Empirical Absorption Correction of
Area Detector Data, University of Gottingen: Gottingen, Germany, 2003.
Saint Plus, v. 7.01, Bruker Analytical X-ray, Madison, WI, 2003
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The second addition of catalyst, oxidant, and alcohol was after 30 min. The product was
obtained as a 15:1 ratio of diastereomers (136 mg, 62% yield, R = 0.08 in 70%
hexanes/30% ethyl acetate). The diastereomers were separated by HPLC (90%
hexanes/10% ethyl acetate, 20 mL/min, Waters u-porasil 19.1 mm). Major diastereomer
(127): white solid, mp = 129.2-130.8 °C. '"H NMR (CDCl;): § 7.81 (dd, J = 5.4, 3.1 Hz,
2H), 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 7.20 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H),
5.02 (q, J = 8.4 Hz, 1H), 4.46 (t, J = 8.0 Hz, 1H), 4.23-4.14 (multiple peaks, 3H), 3.90
(dd, J = 8.7, 8.1 Hz, 1H), 3.75 (s, 3H). °C {'"H} NMR (CDCL): & 167.91, 158.65,
134.08, 131.65, 131.11, 128.36, 123.30, 114.23, 74.98, 68.71, 56.97, 55.18, 46.42. IR
(thin film): 1712 cm™'. HRMS (ESL m/z): [M + Na]" caled for C1oH;7NO,, 346.1055;
found, 346.1051. Minor diastereomer: "H NMR (CDCL3): & 7.68 (dd, J = 5.0, 3.3 Hz,
2H), 7.62 (dd, J = 5.1, 3.2 Hz, 2H), 7.04 (d, J = 8.8 Hz, 2H), 6.64 (d, J = 8.7 Hz, 2H),
5.18 (td, J=8.7, 5.2 Hz, 1H), 4.59-4.53 (multiple peaks, 2H), 4.36-4.29 (multiple peaks,
2H), 3.76 (m, 1H), 3.63 (s, 3H). °C {'H} NMR (CDCL): & 168.31, 158.31, 133.91,
131.26, 129.37, 127.27, 123.05, 113.62, 71.63, 69.01, 55.09, 54.01, 48.24.

The second addition of catalyst, oxidant, and alcohol was after 3.5 h. The product was
obtained as a 5.4:1 ratio of diasterecomers (121 mg, 55% yield, Ry = 0.07 in 70%
hexanes/30% ethyl acetate). The diastereomers were separated by HPLC (90%
hexanes/10% ethyl acetate, 20 mL/min, Waters u-porasil 19.1 mm). Major diastereomer
(128): white solid, mp = 95.8-100.8 °C. "H NMR (CDCl;): § 7.81 (dd, J = 5.4, 3.1 Hz,
2H), 7.70 (dd, J = 5.6, 3.1 Hz, 2H), 7.21 (t, J = 7.8 Hz, 1H), 6.87 (d, J = 7.7 Hz, 1H),
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6.82 (t,J=2.2 Hz, 1H), 6.76 (dd, J= 8.2, 2.6 Hz, 1H), 5.07 (q, /= 8.3 Hz, 1H), 4.49 (t, J
= 8.2 Hz, 1H), 4.25-4.14 (multiple peaks, 3H), 3.95 (dd, J = 8.6, 7.7 Hz, 1H), 3.77 (s,
3H). °C {'"H} NMR (CDCls): § 167.88, 159.86, 141.25, 134.11, 131.66, 129.85, 123.32,
119.56, 113.08, 112.43, 74.91, 68.88, 56.76, 55.14, 47.26. IR (thin film): 1712 cm .
HRMS (ESL m/z): [M + Na]" caled for C9H;7NO,, 346.1055; found, 346.1056. Minor
diastereomer: "H NMR (CDCl3): 6 7.81 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.6, 3.1
Hz, 2H), 7.22-7.19 (multiple peaks, 2H), 6.84-6.82 (multiple peaks, 2H), 5.02 (q, J = 8.4
Hz, 1H), 4.46 (t, J= 8.3 Hz, 1H), 4.18-4.13 (multiple peaks, 3H), 3.90 (t, /= 8.4 Hz, 1H),
3.75 (s, 3H). °C {'"H} NMR (CDCl): & 167.93, 158.65, 141.25, 134.13, 131.11, 128.37,
123.31, 119.57, 114.23, 74.99, 68.72, 56.97, 55.19, 46.43. The minor diastereomer was
isolated in a mixture with the major diastercomer (128); one ’C resonance of this

compound appears to overlap with a resonance associated with 128.

0]
MeO

The second addition of catalyst, oxidant, and alcohol was after 3 h. The product was
obtained as a 7.8:1 ratio of diasterecomers (139 mg, 63% yield, Ry = 0.09 in 70%
hexanes/30% ethyl acetate). The diastereomers were separated by HPLC (90%
hexanes/10% ethyl acetate, 20 mL/min, Waters u-porasil 19.1 mm). Major diastereomer
(129): white solid, mp = 115.8-120.7 °C. "H NMR (CDCl;): § 7.82 (dd, J = 5.6, 3.0 Hz,
2H), 7.70 (dd, J = 5.4, 3.0 Hz, 2H), 7.31 (d, J = 7.6 Hz, 1H), 7.19 (t, J = 8.1 Hz, 1H),
6.91 (t,J=8.3 Hz, 1H), 6.80 (d, /= 8.2 Hz, 1H), 5.14 (q, J = 8.1 Hz, 1H), 4.51 (t, J=8.2
Hz, 1H), 4.44 (q, J= 7.6 Hz, 1H), 4.21 (d, J = 8.3 Hz, 2H), 4.01 (t, J = 8.4 Hz, 1H), 3.67
(s, 3H). °C {'H} NMR (CDCl): & 167.99, 157.56, 133.97, 131.80, 128.03, 127.66,
127.18, 123.19, 120.75, 110.42, 72.94, 68.93, 55.18, 55.17, 41.97. IR (thin film): 1712
cm . HRMS (ESI, m/z): [M + Na]" calcd for CjoH;7NOs, 346.1055; found, 346.1054.
Minor diastereomer: "H NMR (CDCL): § 7.64 (dd, J = 5.3, 3.1 Hz, 2H), 7.59 (dd, J =
5.6, 3.1 Hz, 2H), 7.12 (d, J = 8.5 Hz, 1H), 7.02 (t, J = 8.1 Hz, 1H), 6.73 (t, J = 7.8 Hz,
1H), 6.62 (d, J = 8.2 Hz, 1H), 5.41 (q, J = 8.1 Hz, 1H), 4.75 (dd, J = 10.6, 8.0 Hz, 1H),
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4.36-4.35 (multiple peaks, 2H), 4.29 (t, J = 7.3 Hz, 1H), 3.96 (q, J = 9.3 Hz, 1H), 3.70 (s,
3H). °C {'H} NMR (CDCl): & 167.78, 157.06, 133.61, 131.24, 127.91, 127.86, 123.68,
122.67, 119.83, 109.32, 70.53, 69.20, 54.97, 52.34, 42.86.

FsC

The second addition of catalyst, oxidant, and alcohol was after 4.5 h. The product 130
was obtained as white solid as a single diastereomer (133 mg, 54% yield, Rf = 0.18 in
70% hexanes/30% ethyl acetate). mp = 87.1-89.4 °C. '"H NMR (CDCls): & 7.83 (dd, J =
5.6, 3.3 Hz, 2H), 7.73 (dd, J = 5.5, 3.3 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H), 7.41 (d, /= 8.5
Hz, 2H), 5.04 (q, J = 8.2 Hz, 1H), 4.53 (dd, J = 8.6, 8.0 Hz, 1H), 4.28-4.17 (multiple
peaks, 3H), 3.97 (dd, J = 8.8, 6.9 Hz, 1H). °C {'"H} NMR (CDCl): & 167.83, 144.29,
134.30, 131.57, 129.47 (q, *Jer = 32.3 Hz), 127.70, 125.86 (q, *Je.r = 3.9 Hz), 124.01 (q,
Jer =271 Hz), 123.46, 74.85, 68.97, 56.98, 47.37. "F NMR (CDCls): 8 —62.59. IR (thin
film): 1715 cm™'. HRMS (ESL m/z): [M + Na]" calcd for C1oHsNOsF3, 384.0823; found,
384.0823.

(0]

O
CF3

The second addition of catalyst, oxidant and alcohol was after 12 h. The product was
obtained as a 16:1 ratio of diastereomers (147 mg, 60% yield, R = 0.17 in 70%
hexanes/20% ethyl acetate). The diastereomers were separated by HPLC (90%
hexanes/10% ethyl acetate, 20 mL/min, Waters u-porasil 19.1 mm). Major diastereomer
(131): white solid, mp = 117.9-120.7 °C. "H NMR (CDCl;): § 7.83 (dd, J = 5.3, 3.0 Hz,
2H), 7.72 (dd, J = 5.3, 3.0 Hz, 2H), 7.51-7.41 (multiple peaks, 4H), 5.03 (q, J = 8.2 Hz,
1H), 4.54 (q, J = 8.4 Hz, 1H), 4.27 (t, J = 8.4 Hz, 1H), 4.22-4.16 (multiple peaks, 2H),
3.97 (dd, J = 8.8, 6.7 Hz, 1H). °C {'H} NMR (CDCl): & 167.83, 141.45, 134.27,
131.59, 131.14 (q, *Jer = 32.2 Hz), 130.55 (q, “Jer = 1.3 Hz), 129.46, 123.92 (q, 'Jer =
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272.6 Hz), 124.30 (q, 'Jor = 3.7 Hz), 124.10 (q, 'Jer = 3.7 Hz), 123.45, 75.00, 69.05,
57.11, 47.46. "F NMR (CDCl3): 8 —62.64. IR (thin film): 1713 cm™'. HRMS (ESL m/z):
[M + Na]" calcd for C1oH;4NOsF3, 384.0823; found, 384.0824. Minor diastereomer- '"H
NMR (CDCl): & 7.67 (dd, J = 5.6, 3.1 Hz, 2H), 7.63 (dd, J = 5.5, 3.3 Hz, 2H), 7.37-7.35
(multiple peaks, 2H), 7.30-7.24 (multiple peaks, 2H), 5.26 (m, 1H), 4.64-4.60 (multiple
peaks, 2H), 4.38-4.33 (multiple peaks, 2H), 3.84 (q, J = 9.6 Hz, 1H). °C {'H} NMR
(CDCls): & 168.14, 147.00, 136.86, 134.08, 131.91, 131.01, 128.72, 125.13 (q, *Je.r = 3.8
Hz), 123.79 (q, *Jer = 4.0 Hz), 123.06, 71.27, 68.68, 53.96, 48.64. '’F NMR (CDCl;): &
—63.01.

Br

The second addition of catalyst, oxidant, and alcohol was after 12 h. The product 132 was
obtained as a white solid as a single diastereomer (142 mg, 56% yield, R¢= 0.19 in 70%
hexanes/30% ethyl acetate). mp = 40.7-45.3 °C. '"H NMR (CDCl;): § 7.82 (dd, J = 5.3,
3.1 Hz, 2H), 7.71 (dd, J = 5.5, 3.1 Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 7.15 (d, J = 8.3 Hz,
2H), 4.99 (q, J = 8.2 Hz, 1H), 4.48 (t, J = 8.35 Hz, 1H), 4.24-4.10 (multiple peaks, 3H),
3.92 (dd, J = 8.7, 7.4 Hz, 1H). °C {'H} NMR (CDCl): & 167.84, 138.85, 134.21,
131.86, 131.58, 129.06, 123.40, 121.02, 74.78, 68.81, 56.96, 46.89. IR (thin film): 1713
cm . HRMS (ESL m/z): [M + Na]" calcd for CisHi4BrNO3, 394.0055; found, 394.0055.

)

o

The second addition of catalyst, oxidant, and alcohol was after 3 h. The product was

obtained as a 12:1 ratio of diastereomers (187 mg, 80% yield, R = 0.20 in 70%

hexanes/30% ethyl acetate). The diastereomers were separated by HPLC (90%
hexanes/10% ethyl acetate, 20 mL/min, Waters u-porasil 19.1 mm). Major diastereomer

(133): white solid, mp = 105.6-108.6 °C. '"H NMR (CDCls): & 7.83-7.75 (multiple peaks,
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5H), 7.71-7.68 (multiple peaks, 3H), 7.46-7.42 (multiple peaks, 3H), 5.18 (q, J = 8.3 Hz,
1H), 4.58 (dd, J = 8.6, 8.0 Hz, 1H), 4.37 (q, J = 7.8 Hz, 1H), 4.32-4.23 (multiple peaks,
2H), 4.07 (dd, J = 8.7, 7.4 Hz, 1H). °C {'"H} NMR (CDCl): & 167.92, 137.02, 134.12,
133.38, 132.55, 131.66, 128.83, 127.62, 127.60, 126.33, 126.21, 125.77, 125.16, 123.35,
75.01, 68.97, 57.01, 47.50. IR (thin film): 1711 cm™'. HRMS (ESI, m/z): [M + Na]" calcd
for C2,H17NO;, 366.1106; found, 366.1103. Minor diastereomer: "H NMR (CDCl): o
8.05 (d, J=9.3 Hz, 1H), 7.80 (dd, J = 5.5, 3.1 Hz, 2H), 7.74 (d, J = 8.2 Hz, 1H), 7.69
(dd, J=5.5, 3.1 Hz, 2H), 7.65 (d, J = 6.8 Hz, 1H), 7.49-7.44 (multiple peaks, 4H), 5.38
(q, /= 8.4 Hz, 1H), 5.09 (q, J = 8.0 Hz, 1H), 4.73 (dd, /= 8.7, 8.1, 1H), 4.33 (d, /= 8.3
Hz, 2H), 4.00 (dd, J = 8.8, 7.4 Hz, 1H). °C {'H} NMR (CDCl): & 168.05, 135.37,
134.15, 133.91, 132.16, 131.64, 128.92, 127.65, 126.34, 125.75, 125.70, 123.37, 123.20,
122.98, 74.81, 68.71, 55.28, 42.46.

The second addition of catalyst, oxidant, and alcohol was after 2.5 h. The product was
obtained as a 1.4:1 mixture of diastereomers (164 mg, 72% yield, R = 0.24 in 70%
hexanes/30% ethyl acetate). The diastereomers were separated by HPLC (90%
hexanes/10% ethyl acetate, 20 mL/min, Waters u-porasil 19.1 mm). Major diastereomer
(134): white solid, mp = 111.3-115.3 °C. "H NMR (CDCl;): § 7.81 (dd, J = 5.3, 3.1 Hz,
2H), 7.70 (dd, J= 5.4, 3.1 Hz, 2H), 6.79 (s, 2H), 5.37 (q, J=9.5 Hz, 1H), 4.83 (q, /= 9.5
Hz, 1H), 4.42 (t, /= 9.8 Hz, 1H), 4.25 (d, /= 7.6 Hz, 2H), 4.11 (t, J = 8.6 Hz, 1H), 2.36
(s, 6H), 2.19 (s, 3H). °C {'H} NMR (CDCl): & 168.06, 137.02, 136.02, 134.09, 131.95,
131.61, 130.28, 123.30, 72.12, 68.68, 54.89, 41.08, 20.91, 20.61. IR (thin film): 1714 cm
! HRMS (ESI, m/z): [M + Na]" calcd for C;1H,NOs, 358.1419; found, 358.1414. Minor
diastereomer: white solid, mp = 130.6-134.2 °C. '"H NMR (CDCl): & 7.68 (dd, J = 5.4,
3.0 Hz, 2H), 7.62 (dd, J = 5.5, 3.0 Hz, 2H), 6.64 (s, 2H), 5.33 (td, J = 8.4, 4.6 Hz, 1H),
4.89 (dd, J=9.7, 8.3 Hz, 1H), 4.61 (dd, J = 9.6, 4.5 Hz, 1H), 4.29-4.20 (multiple peaks,
2H), 3.99 (q, J = 9.2 Hz, 1H), 2.35 (s, 3H), 2.07 (s, 6H). "C{'H} NMR (CDCL): &
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168.06, 137.85, 135.95, 133.83, 131.30, 130.18, 129.03, 122.99, 70.86, 67.93, 53.06,
48.13, 21.91, 20.41. IR (thin film): 1710 cm™'. HRMS (ESI, m/z): [M + Na]" calcd for
C,1H21NOs3, 358.1419; found, 358.1419.

oy

N
O

Five reactions, each carried out on a 20 mg scale with respect to phthalimide, were
combined for this substrate. The product was obtained as 1.4:1 mixture of diastereomers
(47 mg, 30% yield, Ry = 0.28 in 70% hexanes/30% ethyl acetate). The diastereomers were
separated by HPLC (90% hexanes/10% ethyl acetate, 20 mL/min, Waters u-porasil 19.1
mm). Major diastereomer (135): viscous oil. "H NMR (CDCl;): & 7.84 (dd, J = 5.6, 3.1
Hz, 2H), 7.73 (dd, J = 5.6, 3.1 Hz, 2H), 4.92 (td, J = 8.6, 5.2 Hz, 1H), 4.32 (dd, J = 9.5,
5.1 Hz, 1H), 4.21 (dd, J = 9.5, 8.4 Hz, 1H), 4.08 (t, /= 7.8 Hz, 1H), 3.80 (dd, J = 10.1,
8.1 Hz, 1H), 2.58 (m, 1H), 0.88 (d, J = 7.0 Hz, 3H). "C{'H} NMR (CDCl): & 168.64,
134.12, 131.55, 123.29, 74.56, 69.15, 53.19, 37.56, 10.53. IR (thin film): 1713 cm .
Minor diastereomer: white solid, mp = 85.9-87.9 °C. '"H NMR (CDCLs): & 7.84 (dd, J =
5.4, 3.1 Hz, 2H), 7.72 (dd, J = 5.6, 3.0 Hz, 2H), 4.47 (q, J = 7.6 Hz, 1H), 4.28 (t, J = 8.1
Hz, 1H), 4.10-4.02 (multiple peaks, 2H), 3.51 (t, /= 7.4 Hz, 1H), 2.92 (m, 1H), 1.09 (d, J
= 6.8 Hz, 3H). °C {'"H} NMR (CDCls): & 168.08, 134.08, 131.75, 123.26, 74.85, 68.57,
57.22, 36.83, 16.32. IR (thin film): 1713 cm'. HRMS (ESIL, m/z): [M + Na]" calcd for
Ci3Hi3NOs, 254.0793; found, 254.0798.

)

The second addition of catalyst, oxidant, and alcohol was after 5 h. The product was
obtained as 1.5:1 mixture of diastereomers (56 mg, 27% yield, R = 0.25 in 70%
hexanes/30% ethyl acetate). The diastereomers were separated by HPLC (90%

hexanes/10% ethyl acetate, 20 mL/min, Waters u-porasil 19.1 mm). Major diastereomer
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(136): off-white viscous oil. "H NMR (CDCl3):  7.74 (dd, J = 5.5, 3.1 Hz, 2H), 7.68 (dd,
J=5.4,3.1 Hz, 2H), 7.12-7.08 (multiple peaks, 4H), 6.95 (m, 1H), 4.62 (q, J = 8.3 Hz,
1H), 4.25 (dd, J = 8.6, 7.6 Hz, 1H), 4.08-4.00 (multiple peaks, 2H), 3.68 (dd, J = 8.76,
7.35 Hz, 1H), 3.34 (m, 1H), 2.84 (dd, J = 13.8, 7.6 Hz, 1H), 2.72 (dd, J = 13.79, 7.9, 1H).
BC {'"H} NMR (CDClL): & 167.84, 138.89, 133.91, 131.61, 128.53, 128.32, 126.05,
123.06, 72.98, 68.74, 55.26, 42.28, 37.98. IR (thin film): 1712 cm™'. HRMS (ESI, m/z):
[M + Na]" calcd for C19H;7NO3, 330.1106; found, 330.1100. Minor diastereomer: white
solid, mp = 81.1-84.8 °C. "H NMR (CDCl;): 5 7.84 (dd, J = 5.4, 3.1 Hz, 2H), 7.74 (dd, J
= 5.5, 3.1 Hz, 2H), 7.19-7.10 (multiple peaks, 3H), 7.05-7.03 (multiple peaks, 2H), 5.01
(td, J= 8.8, 5.5 Hz, 1H), 4.33 (dd, J = 9.4, 5.5 Hz, 1H), 4.23 (dd, J = 9.4, 8.5 Hz, 1H),
4.05-3.98 (multiple peaks, 2H), 2.86 (m, 1H), 2.67 (dd, J = 13.9, 6.2 Hz, 1H), 2.56 (dd, J
=13.8, 9.7 Hz, 1H). "C{'H} NMR (CDCl;): & 168.53, 139.40, 134.18, 131.58, 128.47,
128.22, 126.21, 123.34, 73.36, 69.50, 52.00, 44.16, 32.99. IR (thin film): 1712 cm .
HRMS (ESI, m/z): [M + Na]" calcd for C1oH;7NO3, 330.1106; found, 330.1098.

The second addition of catalyst, oxidant, and alcohol was after 1 h. The product 138 was
obtained as a white solid (78 mg, 47% yield, R¢ = 0.20 in 70% hexanes/30% ethyl
acetate). mp = 93.8-94.6 °C. "H NMR (CDCls): & 7.82 (dd, J = 5.4, 3.1 Hz, 2H), 7.71 (dd,
J=5.4,3.1 Hz, 2H), 4.99 (m, 1H), 4.20 (t, J=9.2 Hz, 1H), 4.04 (t, J = 8.3 Hz, 1H), 2.45
(dd, J=12.1, 9.6 Hz, 1H), 2.06 (dd, J = 12.1, 9.4 Hz, 1H), 1.48 (s, 3H), 1.31 (s, 3H). °C
{'H} NMR (CDCl3):  168.06, 134.06, 131.79, 123.21, 81.14, 66.86, 50.15, 40.40, 28.26,
28.15. IR (thin film): 1710 cm™'. HRMS (ESI, m/z): [M + Na]" calcd for C14H;sNOs3,
268.0950; found, 268.0934.
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A
cO OPh

D

The product 158 was obtained as a yellow oil. 'H NMR (CDCl;): & 7.88-7.83 (multiple
peaks, 4H), 7.73-7.72 (multiple peaks, 4H), 7.23 (t, J = 7.5 Hz, 2H), 7.18 (t, J = 7.5 Hz,
2H), 6.93-6.84 (multiple peaks, 4 H), 6.70 (d, J = 8.5 Hz, 2H), 4.81-4.78 (multiple peaks,
2H), 4.50 (dd, J = 9.5, 4.5 Hz, 1H), 4.22 (d, J = 6.0 Hz, 1H), 4.17-4.09 (multiple peaks,
2H), 3.99 (m, 1H), 3.95 (m, 1H), 2.61 (m, 1H), 2.52 (m, 1H), 2.25 (m, 2H), 1.98 (s, 3H),
1.92 (s, 3H).

NPhth

= OPh
D

The product 159 was obtained as a white solid (78 mg, 47% yield, R¢ = 0.20 in 70%
hexanes/30% ethyl acetate). mp = 93.8-94.6 °C. '"H NMR (CDCl;): & 7.88 (dd, J = 5.0,
2.5 Hz, 4H), 7.75 (dd, J = 5.0, 3.0 Hz, 4H), 7.19 (t, J = 7.5 Hz, 4H), 6.88 (t, /= 7.5 Hz,
2H), 6.72 (d, J = 8.0 Hz, 4H), 5.51 (s, 1H), 5.28 (s, 1H), 4.11 (t, J = 6.0 Hz, 4H), 2.98 (t,
J=6.5Hz, 4H).

N

(0]

The second addition of catalyst, oxidant, and alcohol was after 7.5 h. The product 160
was obtained as a white solid as a single diastereomer (120 mg, 60% yield, R = 0.12 in
70% hexanes/30% ethyl acetate). mp = 125.6-128.4 °C. "H NMR (CDCls): & 7.83 (dd, J =
5.5,3.0 Hz, 2H), 7.72 (dd, J = 5.5, 3.5 Hz, 2H), 7.34-7.25 (multiple peaks, SH), 5.23 (d, J
= 8.0 Hz, 1H), 4.76 (m, 1H), 4.40 (q, J = 8.5 Hz, 1H), 4.29 (td, /= 8.0, 5.0 Hz, 1H), 2.59
(m, 1H), 2.41 (m, 1H). ®C {'"H} NMR (CDCL): & 167.94, 139.31, 134.14, 131.71,
128.56, 128.09, 126.01, 123.36, 80.68, 67.82, 56.82, 29.58. IR (thin film): 1712 cm .
HRMS (ESI, m/z): [M + Na]" calcd for CsH;sNOs, 316.095; found, 316.0941.
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Structure Determination of 160.

Colorless, needle-like crystals of 160 were grown by diffusion of pentane into a
dichloromethane solution at 22 deg. C. A crystal of dimensions 0.40 x 0.08 x 0.04 mm
was mounted on a standard Bruker SMART 1K
CCD-based X-ray diffractometer equipped with a
LT-2 low temperature device and normal focus Mo-
target X-ray tube (A = 0.71073 A) operated at 2000
W power (50 kV, 40 mA). The X-ray intensities
were measured at 108(2) K; the detector was placed
at a distance 4.969 cm from the crystal. A total of
2640 frames were collected with a scan width of 0.6°
in o and 0.45°in phi with an exposure time of 75
s/frame. The integration of the data yielded a total of

10058 reflections to a maximum 20 value of 45.32°

of which 1947 were independent and 1198 were
greater than 20(I). The final cell constants (Table 1)
were based on the xyz centroids of 2032 reflections above 100(I). Analysis of the data
showed negligible decay during data collection; the data were processed with SADABS
and corrected for absorption. The structure was solved and refined with the Bruker
SHELXTL (version 6.12) software package, using the space group Plbar with Z = 2 for
the formula C;5H1gNO3. All non-hydrogen atoms were refined anisotropically with the
hydrogen atoms placed in idealized positions. Full matrix least-squares refinement based
on F2 converged at R1 = 0.0546 and wR2 = 0.1212 [based on I > 2sigma(I)], R1 = 0.1094
and wR2 = 0.1415 for all data.

Sheldrick, G.M. SHELXTL, v. 6.12; Bruker Analytical X-ray, Madison, WI, 2001.
Sheldrick, G.M. SADABS, v. 2.10. Program for Empirical Absorption Correction of
Area Detector Data, University of Gottingen: Gottingen, Germany, 2003.

Saint Plus, v. 7.01, Bruker Analytical X-ray, Madison, WI, 2003.
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Phthalimide (100 mg, 0.68 mmol, 1 equiv), AgBF4 (13 mg, 0.07 mmol, 0.10 equiv), and
Pd(OAc); (8 mg, 0.034 mmol, 0.05 equiv) were combined in CH;CN (1.4 mL) in a 20
mL vial. cis-1-Phenyl-buten-4-ol (0.202 g, 1.36 mmol, 2.0 equiv) was added to the
reaction. The vial was purged with O, and sealed with a Teflon-lined cap, and the
reaction was heated at 60 °C for 12 h. The resulting mixture was cooled to room
temperature and evaporated to dryness, then taken up in ether (10 mL). The ether layer
washed with 10% aqueous Et;:N (10 mL), H,O (2 x 20 mL), saturated aqueous NaHCO;
(20 mL), and saturated aqueous NaCl (20 mL). The ether layer was then dried over
MgSOQ,, filtered, and concentrated to afford a red oil, which was purified by
chromatography on silica gel. The product Z-163 was obtained as a major isomer (>10:1
as determined by HPLC analysis of the crude reaction mixture), (6 mg, 3% yield, R =
0.21 in 55% hexanes/45% ethyl acetate). An authentic sample of the E-isomer (165) was
obtained by repeating the reaction above in DCE without AgBF,. These conditions led to
a 2:1 mixture of the Z and E-isomers, which could be separated by HPLC (65%
hexanes/35% ethyl acetate, 20 mL/min, Waters u-porasil 19.1 mm). Z-isomer (163):
viscous oil. "H NMR (CDCl;): & 7.85 (dd, J = 5.3, 3.6 Hz, 2H), 7.75 (dd, J= 5.3, 3.6 Hz,
2H), 7.20-7.15 (multiple peaks, SH), 6.94 (s, 1H), 3.69 (t, /= 5.1 Hz, 2H), 2.73 (t,J=5.5
Hz, 2H), 2.56 (br s, 1H). °C {'H} NMR (CDCL): & 167.79, 134.45, 134.43, 134.32,
131.69, 128.55, 127.95, 127.50, 127.42, 123.86, 58.85, 39.62. IR (thin film): 3461, 1712
cm . HRMS (ESI, m/z): [M + Na]" calcd for CisH;sNO3, 316.0950; found, 317.0977. E-
isomer (165): 'H NMR (CDCls): § 7.92 (dd, J = 5.6, 3.1 Hz, 2H), 7.79 (dd, J = 5.6, 3.1
Hz, 2H), 7.53 (d, J= 7.5 Hz, 2H), 7.39 (t, /= 7.3 Hz, 2H), 7.38 (d, /= 7.2 Hz, 1H), 6.78
(s, 1H), 3.71 (t, J= 5.4 Hz, 2H), 2.86 (t,J = 5.7 Hz, 2H), 2.55 (br s, 1H).

Discussion of low yield of 163. "H NMR studies (with 1,3,5-trimethoxybenzene as an
internal standard) were carried out in order to determine the reasons for the low yield of

163 in these transformations. The low yield of 163 appears to be due to several factors.
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First, in all of these reactions, the precipitation of Pd black was observed almost
immediately (approximately 2 min) after heating was commenced, suggesting that
catalyst decomposition is extremely fast (and/or reoxidation of Pd(0) to Pd(II) is very
slow) under these conditions). Second, the cis-starting material 155 exhibited low
reactivity under these conditions, and significant quantities of unreacted 155 are
recovered. In addition, significant isomerization of 155 to the corresponding trans isomer
(which is unreactive towards aminopalladation) was observed, particularly at higher
catalyst loadings. Finally, '"H NMR spectroscopy of the crude mixture showed the
presence of a significant quantity of a resonance at 10.03 ppm, consistent with an
aldehyde functionality. This suggests that one mode of catalyst decomposition under
these conditions likely involves oxidation of the alcohol substrate with concomitant

reduction of the Pd catalyst.

NPhth

Ph

The product 171 was obtained as a yellow oil (10% yield). '"H NMR (CDCls): § 7.76 (m,
2H), 7.67 (m, 2H), 7.42-7.26 (multiple peaks, SH), 5.53 (br s, 1H), 5.27 (br s, 1H), 3.83
(m, 1H), 1.33 (m, 2H), 0.85 (t, J= 7.2 Hz, 3H).

NPhth
AcO

Ph

The product 172 was obtained as a viscous oil (25% yield, 4.5:1). Major Isomer: 'H
NMR (CDCl): 6 7.65 (dd, J =5.5, 3.0 Hz, 2H), 7.59 (dd, J = 5.5, 3.0 Hz, 2H), 7.12-7.08
(m, 4H), 7.01 (m, 1H), 4.75 (dd, J = 10.5, 2.5 Hz, 1H), 4.66-4.59 (multiple peaks, 2H),
3.40 (td, J =10.5, 3.0 Hz, 1H), 1.68 (m, 2H), 0.75 (t, /= 7.0 Hz, 3H).
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