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Abstract

To address the issue of unnecessary functional group transformations in synthesis, the direct
functionalization of carbon-hydrogen (C-H) bonds presents itself as an efficient and atom
economical process. In particular, palladium(ll)-catalyzed oxidative functionalization of arene
C—H bonds were investigated to yield intermolecular and intramolecular arylations. Kinetic
studies and characterization of bimetallic palladium(1l) complexes led to the discovery of two
other palladium(ll)-catalyzed processes: arene hydroxylation and selective chlorination of

anilides.

Realizing the potential of biocatalysis and of transition-metal catalysis, we marriaged these two
fundamentally different methods to access complex molecules in rapid and step economical ways
and chose popular synthetic target, 6-deoxyerythronolide B to showcase the efficiency of these
stereoselective reactions. To form the 14-membered lactone, we employed a transition-metal
catalyzed ring-closing metathesis. Two different fragments were assembled via traditional and

reliable aldols, oxidations and reductions, crotylations and protective group chemistry.
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Chapter 1
Pd(ll)-Catalyzed C—H Bond Functionalization With Arenes

1 Pd(ll)-Catalyzed Oxidative Cross-Coupling of Two
Arenes

1.1 Introduction to C—H Bond Functionalization

Organic synthesis is an ever-growing science with many challenges. Synthetic chemists aim to
make the most complex molecules with the least amount of steps and with the highest possible
yields. Synthesis involves the addition and transformation of functional groups to afford the
desired product in a completely selective manner. The major issues in selectivity in synthesis
include chemoselectivity, the control of reactivity towards a specific functional group,
regioselectivity, the control of direction of the breaking or making of a chemical bond, and

stereoselectivy, the control of the formation of a stereocenter.

To address the issue of addition and transformation of functional groups, the direct
functionalization of carbon-hydrogen (C—H) bonds presents itself as an efficient and atom
economical process. Since C—H bonds are ubiquitous in organic compounds, their
functionalization can save steps in total syntheses by avoiding unnecessary functional group
transformations and wasteful byproducts. The transition metal-catalyzed functionalization of
C—H bonds can lead to many different types of products depending on the nature of the coupling

partner (Scheme 1). The overall process involves the activation of a C—H bond via an oxidative

"X" \
————> —C—-X
/
\
M —/C—Y .
—\C—H _— —\C—M > —C—C/—
/ / \
\
—/C—H
L Nl
/ \

Scheme 1: C—H activation leading to a variety of products



addition onto a transition metal followed by transmetallation and finally by the reductive
elimination to yield the desired new C—X bond, where X can be a heteroatom, a halogen, a
carbon, etc. Furthermore, when X is carbon, the concomitant formation of a new C—C bond is
undeniably very useful in synthesis for the building of molecular scaffolds. More specifically
towards our research interest, when Y is hydrogen, then the process involves a tandem C—H
bond activation to yield a new C—C bond. The formation of C—C bonds is unquestionably

valuable in organic chemistry.

1.2 Literature Precedence

To address the issue of unnecessary functional group transformations in synthesis, the direct
functionalization of carbon-hydrogen (C—H) bonds presents itself as an efficient and green
alternative to traditional chemical reactions." In particular, palladium(l1)-catalyzed oxidative
functionalization of arene C—H bonds yield a wide variety of biaryl motifs. Intermolecular
reactions require two different coupling partners and must outcompete homocoupling reactions
of either starting material. One approach to this problem involves using two electronically
different arenes and heteroarenes which can intercept the catalytic cycle at different stages. The
use of a directing functional group on one of the coupling partners is an alternative solution. Our
lab has made contributions in this area by using amide-like directing groups. The work described
in this chapter is the application of the developed intermolecular oxidative C—H bond cross-
coupling to intramolecular systems where two tethered arenes generates relevant tricyclic

structures via a ring closing reaction.

1.2.1 Intermolecular Pd(ll)-Catalyzed Oxidative Cross-Coupling
1.2.1.1 Without a Directing Group

The examples listed in this section include oxidative palladium-catalyzed two-fold C—H bond
activation where the chemoselectivity is governed by the electronics of each coupling partner. As
such, no functional group is directing the catalyst to the C—H bond to be activated. Hence, we

will use the term “without directing group”.



Pioneering work in the field of two-fold C—H bond activation was accomplished by the group of
Prof. Keith Fagnou who developed a selective C3 arylation of N-acylated indoles (Scheme 2). 2
In the presence of copper salts as the terminal oxidant, N-acylated indoles react with simple
arenes under palladium catalysis. Following this work, the complimentary reaction, C2 arylation
of indoles was achieved using silver salts.** Then, N-alkyl indoles®, pyrroles® and benzofurans’

were also reported to be efficient substrates for the oxidative cross-coupling with inactivated

arenes.
10 mol% Pd(TFA),,
H 10 mol% 3-nitropyridine / N
H 40 mol% CsOPiv TR
RIL N . | A = 3 eq Cu(OAc), —
[ - >
=
N Z PivOH, 140 °C, pw N AN
Ac ! = N
\
Ac
9 examples

42-81% yield
Scheme 2: Fagnou's selective C3 arylation of N-acylated indoles

Azoles, such as xanthines, are a class of pharmaceutically relevant compounds containing a
number of reactive nitrogen atoms. These heterocycles possess an acidic proton and render
azoles amenable to C—H bond activation. Functionalization of xanthines can be accomplished
with a number of arenes and heteroarenes using palladium catalysts (Scheme 3).2°° The use of
copper and silver salts promotes these cross-couplings by acting as terminal oxidants themselves
or by catalyzing oxygen reduction. Method A uses acidic reaction conditions whereas Method B
required basic conditions, making both of these sets of conditions complimentary to each other.

Method C highlights the interesting use of a ligand in the catalytic system to promote reactivity.



o) R Q R
/
R N M R N
N ethod AorBor C N
)\)j: /: H + Ar-H > 2\ | />—Ar
o N N o) '}l N
|
R R

Method A: Method B: Method C:
20 mol% Pd(OAc), 2.5 mol% Pd(OAc), 2.5 mol% Pd(dppf)Cl,,
Ag,CO3, PivOH, O,, 130 °C Cu(OAc),'H,0, pyridine 5 mol% X-Phos, 20 mol% CuCl,
dioxane, 120 °C Cu(OAc)2-H20, pyridine,
dioxane/DMSO, 105 °C
13 examples 14 examples 18 examples
47-75% vyield 65-96% yield 49-93% vyield

Scheme 3: Pd-catalyzed C8 arylation of xanthenes

The selective cross-coupling of two different azoles bearing different heteroatoms can be
achieved in the presence of palladium(l1) acetate (Scheme 4).1**? Similarly to xanthine arylation,
the most acidic C—H bond undergoes catalytic functionalization. Despite the similarity of the two
C—H bonds present on both azole coupling partners, high levels of chemoselectivity are observed

for the cross-coupling process over competing homocoupling.

0
rf:’::\\ N | \
| S . AN
q}:y,,'[)? HW(EYB - L [)?_@)L

o 5-10 mol % Pd(OAc), 5 examples
X =0, NMe Y=8§,0 2.0 equiv. Cu(OAc), 10-75% yield
2.0 equiv. AgF
N Y. DMF, air, 120 °C N Y-
R1|—\ » o (AR, i R1©: < I
P, N~ Z =X N~
B _ 18 examples
X =S8, NR3 Y =0, S, NR4 65-95% ;/)ield

Scheme 4: Pd-catalyzed arylation of azoles

Pyridines represent a difficult class of substrates in cross-coupling chemistry due to its ability to
bind well with metals and hinder catalytic turnover. To circumvent this challenge, pyridine N-
oxides have been useful surrogates for pyridines. Consequently, substituted pyridine N-oxides

can be cross-coupled to a number of simple arenes and to a variety of heteroarenes in an efficient

4



fashion (Scheme 5).%2 Since pyridine N-oxides serve as protected pyridines, they can easily be

reduced using phosphorus trichloride in a short reaction time.

R? X cat [Pd] R2 X
Sy Cu or Ag ~Y
| o+ A-H > | ol
R’ l}l H pyridine or AcOH R ’T‘ Ar
0] 100-130 °C @]
S) S)

Scheme 5: Pd-catalyzed ortho-arylation of pyridine N-oxides with arenes and heteroarenes

The strong electron-withdrawing effect of perfluorinated aryl groups induces a significant
lowering of the HOMO and LUMO energy levels with respect to nonfluorinated arenes.
Differentiation between a perfluorinated arene and other inactivated arenes, thus, allows for
chemoselective cross-coupling between these two starting materials. Accordingly, palladium(l1)
acetate is an excellent catalyst for intermolecular double C—H activation for perfluorinated arene
substrates (Scheme 6). ***> A wide range of inactivated arenes and heteroarenes can undergo
oxidative coupling with perfluorinated arenes. In particular, Zhang and coworkers demonstrated
that molecules containing the perfluoroarene-thiophene structure play a primary role as active
materials in electronic devices, such as organic light-emitting diodes and field-effect

transistors.'*

™ 10 mol% Pd(OAc), 20 examples
| 33-86% yield
AN = 75 mol % N82CO3
Fo- ¥ 2 equiv. Cu(OAc), _
n _ or : o
e 1.5 equiv. PivOH
R1<<\/|[/ WR DMA, 110°7°C, 24n 26 examples
TiR2
X7 37-98% yield
X =0, S, NMe

Scheme 6: Pd-catalyzed arylation of perfluorinated arenes with simple arenes and

heteroarenes



1.2.1.2 With a Directing Group

By choosing a suitable directing group, selective catalytic ortho-C—H functionalization can occur
by chelating with the palladium catalyst. In two-fold C—H bond arylation, sp?> C—H bonds within
proximity of Lewis basic functionalities benefit from enhanced regio- and chemoselectivity as

well as improved reactivities.

Sanford and co-workers demonstrated in 2007 that a wide range of simple arenes undergo facile
arylation of benzo[h]quinoline selectively at the ortho position (Scheme 7).*° It is believed that
the silver carbonate acts as the sole oxidizing agent, while benzoquinone serves as an ancillary
ligand on palladium. As such, the observed regioselectivity of arylation on the unactivated arene
component is impacted by using methyl-substituted benzoquinone derivatives. In the same
account, the authors also reported the use of imines as efficient directing groups for oxidative

ortho-arylation.

R’ 10 mol% Pd(OAc),
2 eq. Ag,CO3, 4 eq. DMSO
+ H R2 0.5 eq. benzoquinone
130 °C
R3

11 examples
49-93% yield

Scheme 7: Sanford’s ortho-arylation of benzo[h]quinoline with simple arenes

Amides are very effective as directing groups for oxidative ortho-C—H bond arylation. In
particular, anilides are excellent substrates for cross-coupling in the presence of palladium(Il)
acetate and copper(l1) triflate as co-catalyst under aerobic conditions (Scheme 8). ' In Shi’s
2008 account, N-acyl-3,4-dihydroquinolines, a specific class of anilides, react with simple arenes
to give biologically relevant structures. The authors also applied their developed methodology to
N-acylanilides. The use of oxygen as the terminal electron acceptor is advantageous since the
only byproduct formed is water. A related account by Buchwald demonstrated that a copper-free
process could be realized in the presence of trifluoroacetic acid and a slight excess of the

unactivated arene coupling partner.



NHR cat. Pd(OAc),
H with or without Cu NHR = 'R
X NN DMSO, TFA S
R+ + | —R > R—I A
= Pz O, (1 atm), 90-120 °C >

Scheme 8: Oxidative ortho-arylation with anilides as directing groups by Shi and Buchwald

Following these report on anilide’s directing abilities, an intermolecular tandem C—H
functionalization was developed by Dr. Xiaodan Zhao and Charles Yeung in our lab and
involves the ortho-arylation of arenes directed by phenylacetamides, benzamides, O-
phenylcarbamates and anilides. The reaction conditions include the use of catalytic palladium(ll)
acetate and stoichiometric sodium persulfate as the oxidant. The reaction works efficiently with

the addition of trifluoroacetic acid at 70 °C.

DG 10 mol% Pd(OAc), DG
Nazszog, TFA, 70°C
O - OO0
o) O

o) o) f““WNHiPr o) o) R J§
DG = ﬁﬁ\O)kNMez ’Jﬁ\)J\NHiPr & ﬁ\HktBu ,ﬁ“\gJ\R f’H\Né \N\_/O

Scheme 9: Intermolecular C—H bond functionalization of arenes

After our group’s contributions were published, Yu and co-workers have extended the scope of
the oxidative palladium cross-coupling with the benzamide derivatives.'® As well, a cascade
double C-H activation/oxidative C—N bond formation to provide an expeditious route to

phenanthridinones from N-methoxybenzamides.*

1.2.2 Intramolecular Pd(ll)-Catalyzed oxidative cross-coupling

Ring closing reactions are powerful strategies for making heterocycles, and even more so if the
two coupling partners are brought together via double C—H bond activations. An advantage that

intramolecular Pd-catalyzed oxidative couplings have over their intermolecular counterparts is



that the second coupling partner is tethered to the molecule, thereby avoiding the use of excess
coupling partner. The application of this strategy has been demonstrated in one-pot sequences as
well as in natural product synthesis. The size of the forming ring in these types of reactions has a
large effect on reaction efficiency.

Carbazoles possess various pharmacological activities, including anti-HIV, anticancer,
antibacterial and antifungal activities and are used in pigment production. Their synthesis
traditionally calls for a Borsche-Drechsel cyclization or a Graebe-Ullmann reaction. The rapid
assembly of carbazoles through oxidative intramolecular cross-coupling is made possible by
palladium catalysis (Scheme 10). In this reaction, a double C—H activation occurs on adjacent
aromatic rings tethered together with a single nitrogen linker. Fagnou developed the acidic

reaction conditions and later Menendez improved the reaction time by using microwave

irradiation. 24?2
_ o)
3-5 mol % Pd(OAc), 4 examples
10 mol % K,CO;5 74-95%
PivOH, air
| N 110 °C, 14h I X
R1—| P R1_| /
H 40 mol% Pd(OAc), ”
2 equiv. Cu(OAc), 10 examples
DMF, uW (100 W) 83-91% vyield
130 °C, 1h

Scheme 10: Synthesis of carbazoles via an oxidative intramolecular cross-coupling by

Fagnou and Menendez

By changing the linker between the two aromatic rings from nitrogen to oxygen, intramolecular
oxidative C-C coupling of diphenyl ethers affords dibenzofuran products. The cyclization to
afford the five-membered ring product proceeds with high efficiencies, albeit limited scope
(Scheme 11). Indeed, Fagnou’s team was able to apply the same reaction conditions developed

for carbazoles to dibenzofurans. %


http://en.wikipedia.org/w/index.php?title=Graebe%E2%80%93Ullmann_reaction&action=edit&redlink=1

5 mol % Pd(OAc),

R1_:\ /@ 10 moI%K2003 - | AN
5 o PivOH, air R1—./ o

120 °C, 42-48h

2 examples
74-78%

Scheme 11: Synthesis of benzofurans via oxidative intramolecular cross-coupling

The C2 arylation chemistry previously described for intermolecular reactions of indole
derivatives can also be applied to intramolecular cross-couplings. By tethering an aromatic group
via an amide linker to the indole nitrogen atom, intramolecular cyclization affords a five-
membered ring indole derivative termed 6H-isoindolo[2,1-a]indol-6-ones (Scheme 12).%*

Regioselective coupling occurs at the C2 position of the indole ring.

A\ 5 mol % Pd(OAc), AN
N 10 mol % K,CO5 N ]| \_R1
= PivOH, air =
o\ 4 110-120 °C, 14-24h 0

2 examples
72-73% vyield

Scheme 12: Synthesis of 6H-isoindolo[2,1-a]indolones via oxidative intramolecular cross-

coupling

Among the examples of oxidative two fold C—H bond activation described up until now, the
scope of the reaction still suffers from functional group compatibility, regioselectivity and harsh
reaction conditions. Our group seized the opportunity to contribute to the field of oxidative
cross-coupling by exploring a variety of directing group functionalities. Our goal was to develop
broadly applicable reaction conditions by using milder reagents and reaction conditions and thus

extend the substrate scope of two fold C—H bond activation reactions.

The intramolecular oxidative cross-coupling strategy that our group published in Chemical
Science in 2010 was the first two-fold C—H bond activation method to make 6-membered rings.
Following our report, two new methods have been added to the synthetic chemist’s tool box to
address the synthesis of tricyclic structures. The first was the ring closing reaction between an

9
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arene and a heteroarene, namely a 1,2,3-triazole with the use of palladium as a catalyst and
copper as the oxidant (Scheme 13).°> A variety of heteroatom-containing six-membered rings
were synthesized via this methodology and highly substituted substrates, which are normally
difficult to access due to steric hindrance, were also prepared.

N x 5 mol% Pd(OAc), N N
N ]/\ 1 equiv. Cu(OAc), N\/ |
N PhMe/PivOH (6:1) N =
R R air, 140 °C, 20h R 2
X=C,0 13 examples

54-93% yield

Scheme 13: Synthesis of triazole-tricyclic structures via oxidative intramolecular cross-

coupling

An account by Greaney and coworkers described the intramolecular Pd-catalyzed C2 arylation of
indoles to medium-sized rings.? In analogy to five-membered annulations involving indole
derivatives, a palladium(I1)-catalyzed twofold C—H bond activation process generates seven- and
eight-membered rings with a wide range of heteroatom-containing cycles. The optimal substrate
requires an electron withdrawing group at the C3 position on the indole. In these reactions,

copper(Il) acetate is the sacrificial oxidant.

N 10 mol % Pd(OAc), A
R, ) A\ 3.0 equiv. Cu(OAc), R, I R
X N\\ P 1 equiv. K,CO;4 xZ N ’
Y DMA, 90 °C, 16h -z
, Y
12 examples

63-95% yield

Scheme 14: Synthesis of medium sized heterocycles via oxidative intramolecular cross-

coupling

10
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1.3 Development of an Intramolecular Pd(Il)-Catalyzed Oxidative
Arylation

1.3.1 Seven-membered lactams

Originally, we envisioned applying the intramolecular two-fold C—H bond activation to
synthesize 7-membered lactams which are biologically relevant scaffolds. With no known
methods to make medium sized rings with oxidative cross-coupling methodologies, we sought a
relevant application. Specifically, the LY-411575 y-secretase inhibitor drug candidate in

therapeutics to treat Alzheimer’s disease, appeared to be an attractive target (Scheme 15). There

APNY

presently exists no efficient way of reaching this dibenzoazepinone moiety.

Me cat. Pd(OAc), Me. H
N__O Na,S;0g NTN . N\_)kN N,
___________________ E M
©i > > o) Me H o e
H )
F LY-411575
H y-secretase inhibitor

dibenzoazepinone
Scheme 15: Synthesis of dibenzoazepinone moiety

Borrowing the reaction conditions developed by Xiaodan Zhao and Charles Yeung in our lab, a
summer student, Mengzhou Li had attempted the oxidative cross coupling (Scheme 15) and
noticed some reactivity. | pursued this initial hit and aimed to optimize the reaction conditions by

conducting a screen of all the reaction parameters.

To calculate the efficiency of the reaction, a calibration curve was obtained for N-methyl-N,2-
diphenylacetamide and for 5-methyl-5H,7H-dibenzo[b,d]azepin-6-one on a gas chromatography
flame ionization detector (GC-FID) using tetradecane as an internal standard. Some relevant
results are tabulated in Table 1 where conversions and yields were quantified by the mentioned

calibration curve.
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Table 1: Table of parameters explored while optimizing the reaction conditions
Me 10 mol% Pd(OAc), O

N 4 eq. K,SO, O
©/ m 5eq. TFA
23%

0.2 M DCE, 100°C

parameter reagent Conversion Yield®
oxidant K2S,04 Up to 97% Up to 23%
Na,S,04 64% 11%
Air ~6% ~2%
o) 13% 5%
AgOAc 0% 0%
Ag.CO; 0% 0%
oxone 70% 8%
benzoquinone 62% 0%
catalyst Pd(OAC), Up to 97% Up to 23%
Pd(dba), 97% 7%
PdCl, 3% 0%
Pd(TFA), 82% 16%
No catalyst 0% 0%
acid F3;CCO,H Up to 97% Up to 23%
Cl;CCOH Not quantified trace
BrsCCO,H 46% 0%
Me;CCO,H 52% 4%
Ph3CCO,H 21% 0%
No acid ~0% 0%
solvent DCE Up to 97% Up to 23%
DMF 0% 0%
DNP 0% 0%
DMSO 0% 0%
Acetic acid 99% 0%
p-Xylene Not quantified traces
1,4-dioxane 86% 3%
1,1,1-trichloroethane 97% 3%
1,1,2,2,- 80% 25%
tetrachloroethane
glyme 69% 0%
No solvent(after 13h) >99% ~15%

% GC yields, with tetradecane as an internal standard.

Potassium persulfate remains the most effective oxidant, but it also seems to consume the
starting material very quickly. It was important to verify whether the starting material was

reactive towards the oxidant in the absence of a catalyst. As such, a control experiment was
12



13

conducted without a catalyst and in the presence of four equivalents of potassium persulfate no
decomposition of the starting material was observed. This result suggests that the oxidant does
not consume the starting material and indeed a catalytic species activated by a persulfate salt is
present. As discussed earlier, previous examples of intramolecular tandem C—H bond
functionalization use molecular oxygen as the oxidant and this prompted us to try similar
conditions. Oxygen decreased the conversion and yielded unsatisfactory formation of the desired
product. Since the starting material appears to be stable under the oxidative reaction conditions,
the high conversion and low product yield may indicate decomposition under catalysis. Other
byproducts were also observed such as dimerization. Furthermore, it is also possible that the

product is unstable under oxidative palladium catalysis.

Different acids were screened using five equivalents to the substrate. Trifluoroacetic acid
remains the most effective acid for oxidative cross-coupling in analogy to the intermolecular
reaction conditions. A solvent screen was also performed and aromatic solvents appeared to be
reactive with the substrate. No byproduct was isolated to confirm this hypothesis but the quick
formation of numerous byproducts observed by GC-FID suggests reactivity with the solvent. 2-
Methylnaphthalene was also screened as an internal standard and its mass was found to decrease
over time, again supporting the fact that aromatics are reactive in the presence of the substrate to
yield an intermolecular functionalized product. This result is expected since intermolecular
oxidative C—H bond functionalization was developed under identical reaction conditions.

Interestingly, in this methodology inter- and intramolecular reactions are competitive.

Furthermore, in previously reported reaction conditions, the use of acetic acid as a solvent has
been fruitful. Our attempts to run the reaction under acidic conditions at low (room temperature)
and high (100 °C) temperatures resulted in a complex reaction mixture. 1,2-Dichloroethane is a
relatively good solvent, but higher temperatures were found to be more effective and thus the
boiling point of 1,2-dichloroethane (82.5-84.5 °C) became an issue. A similar solvent, 1,1,2,2,-
tetrachloroethane with a higher boiling point (147 °C) was screened and a slight increase in yield
was detected. It is also important to highlight the experiment conducted without solvent. The
reaction yielded ~15% of the desired product after only 13 hours, perhaps indicating that higher
concentrations are favorable to accelerate the rate of the reaction. On the other hand, this

observation may be counter-intuitive since intramolecular reactions are normally promoted by
13
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high dilutions. To address this concern, higher dilutions of the reaction mixture were investigated

in 1,2-dichloroethane but no improvement in yield was noticed.

In addition, the use of palladium(ll) trifluoroacetate as the catalyst yielded an unknown major
product. After isolation and characterization, the byproduct was found to be 2-(2-
hydroxyphenyl)-N-methyl-N-phenylacetamide and formed via a hydroxylation reaction (Scheme
16). By *H and *C NMR, the hydroxyl group was determined to be on the benzamide ring.

Me 10 mol% Pd(TFA), I\I/Ie OH
N 4 eqUiV K28208 ©/N\[(\©
©/ m 5 equiv TFA ©
0.2 M DCE, Ar atm. 100°C 20% by GCFID

Scheme 16: Major byproduct formed in the presence of Pd(TFA);

This experiment result is quite interesting since it implies the direct hydroxylation of aryls. The
palladium-catalyzed direct acetoxylation of arenes has been developed by Sanford and

27,28,29,30

coworkers and is more common than hydroxylation. However, there are only a few

reports of direct palladium-catalyzed C—H bond functionalization of arenes to form phenols.*"
The formation of this byproduct may be of significance and perhaps a methodology development

for hydroxylations directed by amides can ensue from this discovery (see Chapter 3).

Further optimization led us to try different additives like 20 mol% DMSO, Sc(OTf)s, Cu(OAc),
and AgOAc, which were unfortunately inactive in our system. Basic reaction mediums were also
tested but gave no conversion. Finally, the reactions were conducted under different
atmospheres, notably, argon, air and oxygen and a slight increase in yield was observed in the
presence of oxygen. Therefore, the reaction appears to be insensitive to anaerobic or anhydrous

conditions, but is sensitive to acidic versus basic conditions.

Using tetradecane as an internal standard, a reaction with the optimized conditions was
monitored over time by GC-FID. Taking aliquots at different intervals of time allowed us to gain
some insight into the progression of the reaction. The conversion of the starting material and the
yield of the desired product were plotted as a function of time (Graph 1). The graph is

14
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characterized by an induction time of 2 to 3 hours where an increase in conversion but no
formation of the final product is observed. Interestingly, no induction time was observed in the
absence of solvent. An induction time may be explained by the formation of the active catalytic
species. Notably, after 10 hours, the final product formation appears to stall. Possible causes
include the poisoning of the catalyst by either the formation of a byproduct or of palladium
black. The 7-membered lactam product is indeed stable under the reaction conditions and so no

product inhibition is expected in this methodology.

Graph 1: Conversion of starting material and yield of dibenzoazepinone as a function of

time.
Me
10 mol% Pd(OAc), NP
100% - 4eq. Kzso4 O
90% - ©/ % 5eq. TFA O L 2 L 2
80% - 0.2 M DCE, 100°C
70% - *
e 60% - L g ¢
g 50% - . @ conversion
g 40% - Myield
9]
o 30% - "
20% 1 & - - u
10% @ F. EE B -
0% i T T T T 1
0 20 40 60 80 100
hours

However, in the pursuit of optimizing the reaction conditions, we faced the inherent difficulty of
making 7-membered lactams. The best yield obtained was a mere 25%. Hence, we turned our
attention to similar substrates which would lead to 6-membered lactams.

1.3.2 Six-membered lactams

Phenanthridones are important structural cores in natural products and pharmaceutically relevant
compounds. Since palladium(ll) acetate, sodium persulfate, and TFA proved to be an excellent
combination for the functionalization of anilides and benzamides, the same reaction conditions
were successful when extended to an intramolecular version. Namely, N-arylbenzamides

undergo smooth cyclization to afford the six-membered phenanthridone products in synthetically
15
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useful yields, effectively extending the single atom tether by one in comparison to carbazole and
dibenzofuran synthesis. The electronics on the benzamide ring has an important effect on the

efficiency of the cyclization.

Numerous N-phenylbenzamides were synthesized via an amide bond coupling from an acyl
chloride (commercially available or synthesized from the corresponding carboxylic acid) and an
aniline. A table summarizing these results is shown below. The best substrates (Table 2, entry 1-

3,8) are published in the first issue of Chemical Science.*

16



Table 2: Scope of the oxidative intramolecular two fold C—H activation

=
Me 1R 10 mol% Pd(OAc),
| X N X 4 eq. Na28208
R
Pz (0]

5eq. TFA
DCE, 70 °C, 72h

entry substrate product yield
Me 0]
1 Me N
SR aW,
OMe Me\ O
2 Me N
N 33%
O O (66% recovered
(o) starting material)
Me o OMe
w e ™
(0]
OMe Me 0]
4 Me N
N OMe
oM 9
Oy o
Me O OMe
Me Miﬂ/@ Me N
N 38%
5 OMe
OoM
fj ] Q) )ome
Ph 0]
I\I/Ie N
6 Me N o,
G
(0]
Ph (@)
Me N
|
7 Me N
T e
(0]
M
© Me
'YIe Ph\N o
8 N 63%
OMe
! H-rom

17
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It became evident that the electronics of either arene of the phenanthridinone played an important
role in this reaction, affecting greatly the yield. An electron donating group like a methoxy
substituent on the anilide portion gave no reactivity; on the other hand the same group on the
benzamide side increased the yield significantly. Furthermore the position of this electron rich
substituent was crucial in promoting the reaction, where the meta- position was optimal.
Application of this twofold C—H bond intramolecular functionalization was extended to the total

synthesis of the natural product N-methylcrinasiadine.

10 mol% Pd(OAc),
O (0] 4 eqUiV. N828208 Me\ O

1. SOCl, Me [ I ) N
0] I > 5 equiv. TFA
<ﬂOH2N thyl '|'= " © ]
o . N-methylaniline o ')
Et,N, CH,Cl, (0] 70 °C, DCE J
@)

33% over 3 steps N-methylcrinasiadine
Scheme 17: Total synthesis of N-mehtylcrinasiadine via oxidative intramolecular cross-

couping

A list of failed/unpublished substrates was generated to highlight the limitations of the
methodology. First, certain substitution patterns decreased the yields of the 6-membered lactam
product or complicated their purifications (Table 3). A fluorine and an ethyl substitution on the
anilide portion of the molecular has a deactivating effect (entries 1, 4). When the benzamide ring
was substituted with a methyl in the ortho-position, the reaction was low yielding presumably
due to a 1,3-allylic strain (entry 2). Indeed, the *H NMR of the product indicated the presence of
two rotamers. Also, the substitution pattern on the nitrogen of the anilide affected the reactivity
of the system. The presence of a second phenyl group on the anilide may influence the
electronics of the carbonyl, hindering its coordination to the palladium catalyst (entry 3).

18
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Table 3: Substrates with purification issues and GC yields are reported

=
me 1R 10 mol% Pd(OAc),
| AN X 4 eq. Na28208
R
J 0

5eq. TFA
DCE, 70 °C, 72h

entry substrate product yield
M
Me EN
1 N 28% by GCFID
CCr 5o
e
0]
F
Me
e

8% by GCFID

50% by GCFID
difficult seperation

full conversion by GCFID
OMe but highly impure product

N
2
©/ O Me
Ph
N
3
o)
I\I/Ie
N
4 N
/@/ OMe
o)
, W,
t

Notably, only tertiary amides were effective under this chemistry and it is proposed that the
methyl group on the amide affects the cis/trans conformation of the molecule.®® The molecule
with a tertiary anilide will predominantly lie in a cis conformation bringing the two arenes closer
together. This hypothesis is further supported by the observation that mono-substituted anilides
are excellent substrates in intermolecular oxidative cross-coupling reactions thereby proving
their reactivity under the reaction conditions. Substrates which were completely unreactive under
the optimized reaction conditions include indoline and tetrahydroquinoline derivatives (Figure
1).
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Figure 1: Unreactive substrates under oxidative cross-coupling reaction conditions

The oxidative cross-coupling product of diphenylether was observed and isolated along with its
dimers (Scheme 18). However, this substrate has little relevance to our amide-type directing
group and was therefore omitted. It nonetheless remains an interesting result analogous to

Fagnou’s results.

(@] (0]
©/ \© - - +  dimers

commercially ~40% by GCFID
available

Scheme 18: Synthesis of dibenzofurans via oxidative intramolecular cross-coupling

1.3.3  Preliminary Kinetic Studies

Following the publication of our Pd-catalyzed dehydrogenative cross-coupling methodology*,
we wanted to further our mechanistic understanding of the process by undertaking a kinetic study
of the reaction parameters. The specific reaction conditions of the chosen system include N-(m-

tolyl)pivalamide as the key substrate since it generated the product in a linear fashion (ie without

20
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any byproducts originating from the starting material) and avoided diarylation, presumably due

to steric hindrance (Scheme 19).
10 mol% Pd(OAC), O
3 eq. N328208

H
N seaTFA H o s
0 O T
benzene, 70 °C o

Me
Me

Scheme 19: Optimized reaction conditions for the dehydrogenative cross-coupling of

anilides and benzene used for kinetic studies

With pure crystalline N-(m-tolyl)pivalamide in hand, a reaction profile was produced.
Calibration curves for response factors were calculated for the starting material, N-(m-
tolyl)pivalamide, for the product, N-(4-methyl-[1,1'-biphenyl]-2-yl)pivalamidebiphenyl and for
the byproduct of the reaction, biphenyl. All relationships with the internal standard on the GC-
FID were linear and indicated a linear response factor. The chosen internal standard was a simple
unreactive aliphatic alkane, dodecane. Three identical reactions were run side by side and
aliquots were sampled simultaneously to produce the reaction profile graph (Graph 2). Within
experimental error, the reaction conversions and yields are reproducible. Importantly, the
conversion of starting material and the yield of product appear to have linear dependencies on
time. Of note, biphenyl was noticed after 18h of reaction time and never occurred in more than

2% yield. For the rest of the analysis, biphenyl is omitted from the results.
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Graph 2: Reaction profile of 3 identical oxidative cross-coupling reactions

10 mol% Pd(OAc), ||
3 eq. Na,S,0g =

H
N\[(tB“ 5eq. TFA H s
?& benzene, 70 °C o
¢ Me
° . . Me
starting material final product

(SM) (FP)

time (h)

——SM-1
—m—FP-1
—%—SM-2
—%— FP-2
SM-3
FP-3
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Overall the reaction profile appears to be consistent. To obtain each time point, the reaction was

first taken off the reaction block (recorded time point) and left stirring while cooling for a timed

2 minutes. Then the cap was unscrewed and approximately 10 uL was taken out of the reaction
mixture and passed through a cotton-plugged pipette eluting with 1.5 mL of ethyl acetate into a
GC vial. An optimized 5-minute GC-FID method was used to maximize the time between each

analyzed sample. All three reactions were then placed back on the reaction block until the

subsequent time point.

The first variable to be analyzed was the effect of trifluoroacetic acid (TFA) on the reaction rate.

Six reactions were set up alongside each other, each with a different concentration of TFA: 1

equiv., 2 equiv., 3 equiv., 4 equiv., 5 equiv., and 6 equiv. (Graph 3). Of note, the volume was not

corrected with the solvent, benzene, which implies that reaction #6, with 6 eq. of TFA, had a

slightly larger volume, possibly affecting the concentration of acid.
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10 mol% Pd(OAc), O
. . H 3 eq. Na,S,0g
Graph 3: Effect of TFA on yield and conversion QNTBU 5 eq. TFA HTtBu
(@)
benzene, 70 °C O o

U
starting material N}ienal product
(SM) (FP)

=f—SM-1

WVie

——FP-1

= SM-2
== FP-2
—=¥e=SM-3
—0—FP-3
e SM-4

yield (%)

e P-4}
SM-5

—4—FP-5

={i=SM-6

-0.2 FP-6
time (h)

The effect of TFA on rate was determined by first obtaining the linear relationship of the yield of
N-(4-methyl-[1,1'-biphenyl]-2-yl)pivalamide as a function of time in the first 10-12 hours of the
reaction (Graph 3). The slope of each line then gives the rate of the reaction at that specific
concentration of acid. Hence, by having six reactions, and therefore six rates, six data points
were obtained and plotted as a function of the concentration of TFA to determine its effect on the
rate (Graph 4). Overall, the rate increases, but not necessarily in a linear fashion. An important
Pd(TFA), and that only 10% palladium is

used. In theory, we are using a large excess of TFA and this is only to push the equilibrium to the

equilibrium to keep in mind, is that Pd(OACc);

right and favour the formation of Pd(TFA),. Perhaps not much information can be drawn from an

experiment where the concentration of TFA is varying from large excess to larger excess.
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Graph 4: Effect of TFA on rate
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Next, the effect of the number of equivalent of palladium was investigated in an analogous
manner to the TFA experiment. A mother solution of Pd(OAc), in benzene was used to add
precisely the correct amount of palladium in each of the six reactions. Again, the volume of
benzene was not corrected, but later taken into account in calculating the concentration for the
rate graph (benzene volumes are additive). The six different equivalents probed were; 2.5 mol%;
5.0 mol%; 7.5 mol%; 10.0 mol%,; 12.5 mol%; 15.0 mol% (Graph 5). The rate of the reaction
with different equivalents of palladium as a function of its concentration generally increases as
the concentration increases (Graph 6). Important points missing on the curve are rates at even
lower concentrations of Pd. More data is required for a conclusion to be drawn from these

experiments. Nonetheless, it would be expected to have the catalyst participate in the rate law.
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10 mol% Pd(OAc), O
H Bu 3 eq. NayS,04 H
. . . \”/ 5eq. TFA N tBu
Graph 5: Effect of Pd(OACc), on yield and conversion Q 3 —_— O N

benzene, 70 °C
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Graph 6: Effect of Pd(OACc), on rate
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In summary, the kinetic information obtained through the listed experiments has helped gain
some insight into the mechanism, but warrant further studies. From the profile curve, we observe

a linear relationship between the conversion and the yield of the final product, suggesting a
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pseudo-zero order in substrate. This would be consistent with a rate limiting step involving a
catalyst precursor. The rate as a function of TFA increases over higher concentrations of TFA
presumably by favouring the equilibrium of the ligand on the metal centre. It is reasonable to say
that the more TFA there is in the reaction, the easier it will displace the acetate ligands to form
the reactive species. Some relevant experiments that would shine some more light on these
results include running the reaction using Pd(TFA), and adding some small amount of acetate
(since the reaction does not proceed with Pd(TFA), and hints towards an important role of the
catalytic acetate ligand). Interesting findings by the Fagnou groups also points towards an
important role of acetates in the concerted- metallation deprotonation mechanism.*® More
experiments with varying palladium concentration are required, especially at small catalyst
loadings. An interesting experiment to try would be to use a substrate-palladacycle as a catalyst.
Maybe this can aid in determining the active catalyst present in the catalytic cycle (see Chapter
2).

Finally, the reaction mixture is heterogeneous due to the insoluble sodium persulfate salt. It
would therefore be difficult to obtain any rate dependence on this reagent. A soluble source of
persulfate was indeed synthesized but revealed to be very reactive and therefore generated plenty
of byproducts (see Chapter 3). Could the reactivity be tamed by synthesizing a persulfate oxidant
with intermediate solubility? Modeling experiments are also ongoing with Peter Dornan and his

collaboration with Prof. Tom Woo at University of Ottawa.

1.4 Experimental Data

General procedure for the amide forming reaction: In a flame-dried flask, N-methylaniline
(1.08 mL, 5.00 mmol) was dissolved in dry dichloromethane (20 mL) at room temperature.
Triethylamine (2.09 mL, 7.50 mmol) was added followed by benzoyl chloride (1.32 mL, 6.00
mmol). A small quantity of gas was observed and was evacuated with argon. The reaction was
sealed and stirred at room temperature overnight. Then, the solvent was evaporated and the
reaction mixture was redissolved in ethyl acetate. The organic layer was washed with a 1N HCI
solution three times and then the aqueous layer was extracted three times with ethyl acetate. The
combined organic phases were then washed with a sodium carbonate saturated solution three

times and the aqueous layer was subsequently extracted with ethyl acetate three times. The
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combined organic phases were washed twice with brine, dried with magnesium sulfate, filtered
and concentrated. The crude reaction mixture was further purified by flash chromatography

eluting with a mixture of ethyl acetate and hexanes (1:3).

Me
N

SRAs

N-Methyl-N,2-diphenylacetamide: A light yellow oil (0.580 g, 52%) was obtained. All spectral
data are in agreement with reported literature data.*® *H NMR (400 MHz, CDCI3) & (ppm) 7.41-
7.34 (m, 3H), 7.25-7.18 (m, 3H) 7.13-7.11 (m, 2H) 7.06-7.04 (m, 2H) 3.46 (s, 2H), 3.27 (s, 3H).
3C NMR (100 MHz, CDCI3) & (ppm) 171.0, 144.0, 135.4, 129.7, 129.0, 128.3, 127.9, 127.6,
126.5, 40.9, 37.6. MS (m/z,) 225 (M), 134, 107, 91.

H

N
SRA®
N,2-Diphenylacetamide: A light brown solid (1.100 g, 99%) was obtained. All spectral data are
in agreement with reported literature data.*” mp 116-118°C. 'H NMR (400 MHz, CDCI3) &

(ppm) 7.42-7.24 (m, 9H), 7.08-7.06 (m, 1H), 3.70 (s, 2H). **C NMR (100 MHz, CDCI3) & (ppm)

169.2, 137.7, 134.5, 129.5, 129.2, 128.9, 127.6, 124.4, 119.9, 44.8. MS (m/z) 211 (M), 119, 93,
77.

N-Methyl-N-phenylbenzamide: An orange oil was obtained (99%). All spectral data are in
agreement with reported literature data.*®* *"H NMR (400 MHz, CDCI3) & 7.30-7.28 (m, 2H),
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7.23-7.19 (m, 3H), 7.17-7.11 (m, 3H), 7.04-7.02 (m, 2H), 3.50 (s, 3H). *C{*H} NMR (100
MHz, CDCI3) § 170.7, 144.9, 135.9, 129.6, 129.1, 128.7, 127.7, 126.9, 126.5. MS (ESI) m/z 212
(M+H), 234 (M+Na); HRMS (ESI) m/z calc’d for C14H13NO [M+H]*: 212.1069; found:
212.1080.

Me
©/N OMe

0O

3-Methoxy-N-methyl-N-phenylbenzamide: A light yellow oil was obtained (99%), which
became a white solid upon standing. All spectral data are in agreement with reported literature
data.*® 'H NMR (400 MHz, CDCI3) § 7.23 (t, J = 7.2 Hz, 2H), 7.14 (t, J = 7.3 Hz, 1H), 7.06-
7.03 (m, 3H), 6.87-6.83 (m, 2H), 6.77 (dd, J = 2.2 Hz, J = 8.2 Hz, 1H), 3.65 (s, 3H), 3.49 (s, 3H).
BC{*H} NMR (100 MHz, CDCI3)  170.4, 158.9, 145.0, 137.1, 129.2, 129.2, 128.8, 126.8,

126.5,121.2, 116.1, 113.7, 55.2, 38.4. MS (ESI) m/z 242 (M+H), 264 (M+Na); HRMS (ESI)
m/z calc’d for C15H1sNO, [M+H]": 242.1175; found: 242.1180.

OoM
Ve )
N
DR

4-Methoxy-N-methyl-N-phenylbenzamide: A light yellow oil was obtained (99%). This
compound has been reported in the literature.** *H NMR (400 MHz, CDCI3) § 7.28-7.22 (m,
4H), 7.16-7.12 (m, 1H), 7.05-7.03 (m, 2H), 6.67-6.65 (m, 2H), 3.73 (s, 3H), 3.48 (s, 3H).
BC{*H} NMR (100 MHz, CDCI3) 5 170.2, 160.6, 145.5, 130.9, 129.2, 128.0, 126.9, 126.3,

113.0, 55.2, 38.6. MS (ESI) m/z 242 (M+H), 264 (M+Na); HRMS (ESI) m/z calc’d for
C1sH1sNO, [M+H]": 242.1175; found: 242.1181.
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3,4-Dimethoxy-N-methyl-N-phenylbenzamide: A light yellow oil was obtained (99%). This
compound has been reported in the literature.** *H NMR (400 MHz, CDCI3) § 7.25 (t, J = 1.3
Hz, 1H), 7.23 (t, J = 2.0 Hz, 1H), 7.17-7.13 (m, 1H), 7.07-7.04 (m, 2H), 6.93 (dd, J = 2.0 Hz, J =
8.4 Hz, 1H), 6.85 (d, J = 2.0 Hz, 1H), 6.63 (d, J = 8.4 Hz, 1H), 3.81 (s, 3H), 3.64 (5, 3H), 3.49 (s,
3H). 2C{*H} NMR (100 MHz, CDCI3) & 170.0, 150.2, 147.9, 145.6, 129.2, 127.8, 126.8, 126.3,

122.8,112.4, 109.9, 5.8, 55.7, 38.6. MS (ESI) m/z 272 (M+H), 294 (M+Na); HRMS (ESI) m/z
calc’d for C16H17NO3 [M+H]": 272.1281; found: 272.1272.

e ¥ss

N-Methyl-N-phenylbenzo[d][1,3]dioxole-5-carboxamide: A light yellow oil was obtained
(99%). This compound has been reported in the literature.** 'H NMR (400 MHz, CDCI3)  7.27-
7.23 (m, 2H), 7.16 (t, J = 7.4 Hz, 1H), 7.04 (d, J = 7.7 Hz, 2H), 6.83-6.81 (m, 2H), 6.56 (d, J =
7.9 Hz, 1H), 5.90 (s, 2H), 3.47 (s, 3H). *C{*"H} NMR (100 MHz, CDCI3) & 170.0, 148.7, 147.0,

145.3, 129.7, 129.2, 126.7, 126.4, 124.0, 109.5, 107.5, 101.3, 38.6. MS (ESI) m/z 256 (M+H),
278 (M+Na); HRMS (ESI) m/z calc’d for C15H1sNOs [M+H]*: 256.0968; found: 256.0956.

o

N-Phenylbenzamide: A light gray solid was obtained (99%). All spectral data are in agreement
with reported literature data.** m.p. 159-161 °C. *H NMR (400 MHz, DMSO-d) 5 10.24 (s, 1H)
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7.97-7.95 (m, 2H), 7.80-7.78 (m, 2H), 7.61-7.51 (m, 3H), 7.35 (t, J = 8.0 Hz, 2H), 7.10 (t, J = 8.0
Hz, 1H). *C{*H} NMR (100 MHz, DMSO-dg) & 165.5, 139.1, 135.0, 131.5, 128.6, 128.4, 127.6,
123.6, 120.3. MS (ESI) m/z 198 (M+H), 220 (M+Na); HRMS (ESI) m/z calc’d for C13H1:NO
[M+H]": 198.0913; found: 198.0914.

I\Ifle
o
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N-(4-Methoxyphenyl)-N-methylbenzamide: A light orange solid was obtained (99%). All
spectral data are in agreement with reported literature data.** m.p. 77-79 °C. *H NMR (400 MHz,
CDCI3) 6 7.29 (d, J = 7.0 Hz, 2H), 7.24-7.14 (m, 3H), 6.95 (d, J = 8.7 Hz, 2H), 6.73 (d, J = 8.9
Hz, 2H), 3.73 (s, 3H), 3.45 (s, 3H). *C{*H} NMR (100 MHz, CDCI3) & 170.9, 170.9, 158.1,
138.0, 136.3, 129.6, 129.1, 129.0, 128.8, 128.4, 128.3, 127.9, 114.5, 55.6, 38.8.

0
av

(1H-Indol-1-y)(phenyl)methanone: A light yellow solid was obtained (88%). All spectral data
are in agreement with reported literature data.”> m.p. 58-60 °C. *"H NMR (400 MHz, CDCI3) &
8.40 (dd, 1H, J=0.8Hz, J=8.2Hz), 7.74 (m, 1H), 7.61 (m, 2H), 7.53 (tdd, 2H, J=1.5Hz, J=6.6Hz,
J=8.2Hz), 7.39 (m, 1H), 7.33 (dd, 1H, J=1.1Hz, J=7.6Hz), 7.30 (m, 1H). *C{*H} NMR (100
MHz, CDCI3) 6 136.3, 134.8, 132.1, 131.0, 129.4, 128.8, 127.8, 125.1, 124.2, 121.1, 116.6,
108.8. MS m/z 221 (M), 207, 130, 117, 105, 90, 77.
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N,N-Diphenylbenzamide: A white solid was obtained (92%) via trituration in hexanes. All
spectral data are in agreement with reported literature data.*® m.p. 179-181 °C. *H NMR (400
MHz, CDCI3) & 7.46-7.44 (m, 2H), 7.30-7.25 (m, 5H), 7.22-7.14 (m, 8H). *C{*H} NMR (100
MHz, CDCI3) 6 170.6, 143.9, 136.1, 130.2, 129.2, 129.1, 127.9, 127.5, 126.4. MS (ESI) m/z 274
(M+H), 296 (M+Na); HRMS (ESI) m/z calc’d for C1HisNO [M+H]": 274.1226; found:
274.1226.

Benzo[d][1,3]dioxol-5-yl(indolin-1-yl)methanone: A pink solid was obtained (58%) via a CDI
coupling procedure. All spectral data are in agreement with reported literature data.*’ m.p. 120-
122°C. '"H NMR (400 MHz, CDCI3) 6 7.20 (d, 1H, J = 7.4Hz), 7.10 (dd, 2H, J = 1.7Hz, J =
8.0Hz), 7.04 (d, 1H, J = 1.6Hz), 7.00 (t, 1H, J = 7.5Hz), 6.85 (d, 1H, J = 8.0Hz), 6.03 (s, 2H),
4.10 (t, 2H, J = 8.3Hz), 3.11 (t, 2H, J = 8.2Hz). *C{*H} NMR (100 MHz, CDCI3) & 168.5,
149.6, 147.9, 143.0, 132.6, 130.8, 127.4, 125.1, 124.0, 122.2, 117.1, 108.5, 108.3, 101.7, 50.9,
28.4. MS m/z 267 (M), 251, 149, 135, 117, 90, 65.

va s

O Me

N,2-Dimethyl-N-phenylbenzamide: A light yellow oil was obtained (99%). *"H NMR (400
MHz, CDCI3) & 7.13 (m, 9H), 3.48 (s, 3H), 2.33 (s, 3H). *C{*H} NMR (100 MHz, CDCI3) 5
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171.4,144.1,136.8, 135.0, 134.9, 130.4, 129.1, 128.8, 127.8, 127.7, 127.1, 126.8, 126.7, 125.3,
37.5,19.7. MS (ESI) m/z 226 (M+H), 248 (M+Na); HRMS (ESI) m/z calc’d for C1sH1sNO
[M+H]*: 226.1226; found: 226.1223.

R

N-Benzyl-N-methyl-2-phenylacetamide: A white solid was obtained (99%). All spectral data
are in agreement with reported literature data.*® m.p. 61-63°C. Characterized as a mixture of
rotamers: "H NMR (400 MHz, CDCI3) Major rotamer: & 7.34-7.21 (m, 9H, overlap), 7.10 (s,

1H), 4.61 (s, 2H), 3.79 (s, 2H), 2.90 (s, 3H). Minor rotamer: & 7.34-7.21 (m, 9H, overlap), 7.09
(s, 1H), 4.53 (s, 2H), 3.75 (s, 2H), 2.95 (s, 3H). Assignment of the *C NMR to the each rotamer
could not be accomplished: *C{*H} NMR (100 MHz, CDCI3) & 171.5, 171.1, 137.3, 136.5,

135.1, 135.0, 128.9, 128.8, 128.8, 128.7, 128.6, 128.1, 127.6, 127.3, 126.8, 126.8, 126.4, 53.7,
51.0, 41.2,40.9, 35.2, 34.0. MS m/z 239 (M), 167, 120, 104, 91.

OYMe
o0
N,N-Diphenylacetamide: A white solid was obtained (99%). Spectral data has been
reported.***° m.p. 97-98 °C. *H NMR (400 MHz, CDCI3) & 7.45-7.15 (m, 5H), 7.28-7.26 (m,

5H), 2.06 (s, 3H). *C{*H} NMR (100 MHz, CDCI3) § 170.7, 130.0-126.7 (broad peak), 24.1

Me I\I/Ie
N
©/ OMe

0]
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3-Methoxy-N-methyl-N-(o-tolyl)benzamide: A yellow oil was obtained (99%). *H NMR (400
MHz, CDCI3) § 7.13-7.07 (m, 3H), 7.04-7.00 (m, 2H), 6.85-6.83 (m, 2H), 6.75 (dd, 1H, J = 2.1
Hz, J = 8.2 Hz), 3.63 (s, 3H), 3.38 (5, 3H), 2.22 (s, 3H). *C{*H} NMR (100 MHz, CDCI3) §
170.4, 158.7, 143.6, 137.0, 134.8, 131.3, 128.6, 128.5, 127.7, 127.0, 120.8, 116.2, 113.3, 55.1,
37.6, 17.8. MS (ESI) m/z 256 (M+H), 278 (M+Na); HRMS (ESI) m/z calc’d for C14H13NO
[M+H]": 256.1332; found: 256.1320.

F I\I/Ie
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N-(2-Fluorophenyl)-3-methoxy-N-methylbenzamide: A yellow oil was obtained (99%). 'H
NMR (400 MHz, CDCI3)  7.17 (dd, 1H, J = 6.1 Hz, J = 12.7 Hz), 7.08-6.97 (m, 4H), 6.90 (s,
1H), 6.86 (d, 1H, J = 7.2 Hz), 6.79 (d, 1H, J = 7.8 Hz), 3.68 (s, 3H), 3.42 (s, 3H). “C{‘H}
NMR (100 MHz, CDCI3) 6 170.9, 159.0, 158.6, 156.2, 136.8, 129.6, 129.0, 128.9, 128.8, 124.7,
124.6,120.4, 116.7, 116.5, 116.3, 112.9, 55.2, 37.5 (broad). MS (ES+) m/z 259 (M); HRMS
(ES+) m/z calc’d for C1sH14FNO, [M]*: 259.1009; found: 259.1009.

L)
O)\©/0Me

(3,4-Dihydroquinolin-1(2H)-yl)(3-methoxyphenyl)methanone: White crystals were obtained
(99%). Mp 71-73°C. *H NMR (400 MHz, CDCI3) & 7.15 (t, 2H, J = 7.8 Hz), 6.99 (t, 1H, J = 7.5
Hz), 6.95 (s, 1H), 6.90-6.86 (m, 3H), 6.77 (d, 1H, J = 6.9 Hz), 3.90 (t, 2H, J = 6.5 Hz), 3.73 (s,
3H), 2.84 (t, 2H, J = 6.6 Hz), 2.05 ( p, 2H, J = 6.6 Hz). *C{*H} NMR (100 MHz, CDCI3) 5
170.0, 159.3, 139.3, 137.6, 131.5, 129.1, 128.3, 125.8, 125.3, 124.6, 120.9, 116.3, 113.7, 55.3,
445, 26.9, 24.1. MS (ESI) m/z 268 (M+H), 290 (M+Na); HRMS (ESI) m/z calc’d for

C17H17NO, [M+H]": 268.1332; found: 268.1332.
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General procedure for the intramolecular tandem C—H functionalization reaction: In a one-
dram vial equipped with a Teflon cap was added N-methyl-N-phenylbenzamide (42.2 mg, 0.20
mmol), Pd(OACc);, (4.5 mg, 0.02 mmol, 10 mol%), Na,S,0g (190.0 mg, 0.8 mmol), and 1,2-
dichloroethane (1 mL). Subsequently, trifluoroacetic acid (76 puL, 1 mmol) was added. The vial
was sealed with a Teflon cap and stirred on a heating block at 70 °C for 96 h. After cooling to
ambient temperature, the resulting mixture was diluted in EtOAc and washed with 2 mL sat’d
NaHCOg3. The aqueous phase was extracted with EtOAc. The combined organic extracts were
concentrated in vacuo and the resulting residue was purified by preparative thin-layer
chromatography (eluent: MeOH/CH,CI, = 2:98, v/v) to afford the target product as an off-white
solid (25.1 mg, 60%).

5-Methyl-5H,7H-dibenzo[b,d]azepin-6-one: A white solid (11.1 mg, 25%) was obtained. mp
144-146°C. *H NMR (400 MHz, CDCI3) & (ppm) 7.59-7.57 (m, 2H), 7.46-7.28 (m, 2H), 3.58 (d,
1H, J =12.8 Hz), 3.42 (d, 1H, J = 12.4 Hz), 3.32 (s, 3H). *C{*H} NMR (100 MHz, CDCI3) &
(ppm) 171.6, 141.8, 136.4, 135.5, 133.9, 130.0, 128.7, 128.4, 128.0, 127.8, 127.6, 125.2, 122.5,
42.1, 36.1. IR (neat) v (cm™) 2924, 1653 (s), 1422 (m), 1364 (m), 1105 (m). MS (m/z) 197 (M),
105, 93, 77.

5-Methylphenanthridin-6(5H)-one: An off-white crystal was obtained (60%). mp 95-98°C. *H
NMR (400 MHz, CDCI3) 6 (ppm) 8.56 (d, 1H, J = 7.8 Hz), 8.30-8.28 (m, 2H), 7.76, (t, 1H, J =
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7.3 Hz), 7.61-7.54 (m, 2H), 7.43 (d, 1H, J = 8.2 Hz), 7.33 (t, 1H, J = 7.3 Hz), 3.83 (s, 3H).
BC{*H} NMR (100 MHz, CDCI3) & (ppm) 161.7, 138.1, 133.6, 132.4, 129.6, 128.9, 128.0,
125.6, 123.2, 122.5, 121.6, 119.3, 115.1, 30.00. MS (m/z) 209 (M), 178, 152.

I\I/Ie
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8-Methoxy-5-methylphenanthridin-6(5H)-one: An off-white solid was obtained (77%). m.p.
135-137 °C. All spectral data are in agreement with reported literature data.* *H NMR (400
MHz, CDCI3) & 8.16-8.13 (m, 2H), 7.94 (d, 1H, J = 2.8 Hz), 7.47 (ddd, 1H, J = 1.4 Hz, J = 7.3
Hz, J = 8.4 Hz), 7.37 (d, 1H, J = 7.9 Hz), 7.33-7.26 (m, 2H), 3.95 (s, 3H), 3.80 (m, 3H). *C{*H}
NMR (100 MHz, CDCI3) 6 161.4, 159.5, 137.0, 128.4, 127.1, 126.8, 123.4, 122.6, 122.5, 122.2,
119.4, 114.9, 109.2, 55.7, 30.1. MS (EI) m/z 239 (M); HRMS (EI) m/z calc’d for Cy5H13NO;
[M]": 239.0946; found: 239.0942.
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8-Methoxy-5-methylbenzo[c]phenanthridin-6(5H)-one/7-methylbenzo[e]naphtho[1,8-
bclazepin-8(7H)-one: An orange solid was obtained (63%). m.p. 111-115 °C. This compound
was isolated as an inseparable mixture of two isomers in a 2.4:1 ratio (phenanthridin-6(5H)-
one:azepin-8(7H)-one). The characterization of the major isomer is as follows: *H NMR (400
MHz, CDCI3) 6 8.35-8.30 (m, 1H), 8.20 (d, J = 9.0 Hz, 1H), 8.16 (d, J = 8.8 Hz, 1H), 7.97 (d, J
= 2.8 Hz, 1H), 7.90-7.87 (m, 1H, overlap), 7.71 (d, J = 8.6 Hz, 1H), 7.52-7.49 (m, 2H, overlaps

with minor isomer), 7.38-7.36 (m, 1H, overlaps with minor isomer), 4.06 (s, 3H), 3.98 (s, 3H).
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Minor isomer: 3 8.73 (d, J = 8.6 Hz, 1H), 8.59 (d, J = 9.0 Hz, 1H), 8.05 (d, J = 2.9 Hz, 1H), 7.90-

7.87 (m, 1H, overlaps with major isomer), 7.62-7.59 (m, 2H), 7.52-7.49 (m, 2H, overlaps with
major isomer), 7.38-7.36 (m, 1H, overlaps with major isomer), 4.00 (s, 3H), 3.92 (s, 3H).

Assignment of the **C NMR to the different isomers could not be accomplished: **C{*"H} NMR
(100 MHz, CDCI3) 6 164.3, 161.5, 159.6, 158.8, 135.2, 134.9, 134.3, 130.4, 129.6, 129.2, 128.8,

128.6, 128.5, 128.1, 127.5, 127.0, 126.7, 126.1, 125.3, 125.0, 124.7, 124.1, 123.9, 122.6, 121.2,
119.8, 117.3, 114.9, 114.2, 109.1, 108.7, 55.7, 55.7, 41.2, 30.8. MS (EI) m/z 289 (M); HRMS
(E1) m/z cale’d for C1gHisNO, [M]*: 289.1103; found: 289.1110.
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8,9-Dimethoxy-5-methylphenanthridin-6(5H)-one: An off-white solid was obtained (60%).
m.p. 219-220 °C. All spectral data are in agreement with reported literature data.* *H NMR (400
MHz, CDCI3) & 8.10 (dd, J = 1.2 Hz, J = 8.1 Hz, 1H), 7.88 (s, 1H), 7.53 (s, 1H), 7.51-7.47 (m,
1H), 7.38-7.36 (m, 1H), 7.31-7.26 (m, 1H), 4.07 (m, 3H), 4.02 (m, 3H), 3.79 (m, 3H). *C{*H}
NMR (100 MHz, CDCI3) 6 161.3, 153.4, 150.0, 137.7, 128.8, 128.4, 122.8, 122.4, 119.8, 119.3,
115.2, 109.2, 102.7, 56.4, 56.3, 30.1. MS (EI) m/z 269 (M); HRMS (EI) m/z calc’d for
C16H15NOs [M]": 269.1052; found: 269.1057.
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9-Methoxy-5-methylphenanthridin-6(5H)-one: A pale yellow solid was obtained (33%). m.p.
135-137 °C. All spectral data are in agreement with reported literature data.>* *H NMR (400
MHz, CDCI3) & 8.49 (d, J = 8.9 Hz, 1H), 8.22 (d, J = 8.0 Hz, 1H), 7.66 (d, J = 2.2 Hz, 1H), 7.56
(t,J=7.8 Hz, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.32 (t, J = 7.6 Hz, 1H), 7.16 (dd, J = 2.2 Hz, J =
8.9 Hz, 1H), 4.00 (s, 3H), 3.80 (s, 3H). *C{*H} NMR (100 MHz, CDCI3) 5 163.0, 161.5, 138.6,
135.5,131.1, 129.7, 123.3, 122.2, 119.4, 119.2, 115.9, 115.1, 104.5, 55.6, 29.7. MS (ESI) m/z
240 (M+H), 262 (M+Na); HRMS (ESI) m/z calc’d for C1sH1,NO; [M+H]": 240.1019; found:
240.1019.

5-Methyl-[1,3]dioxolo[4,5-j]phenanthridin-6(5H)-one: A pale yellow solid was obtained
(30%). m.p. 239-241 °C. All spectral data are in agreement with reported literature data.>* *H
NMR (400 MHz, CDCI3) & 8.09 (dd, J = 1.3 Hz, J = 8.1 Hz, 1H), 7.91 (s, 1H), 7.61 (s, 1H), 7.51
(ddd, J= 1.4 Hz, J= 7.2 Hz, J = 8.5 Hz, 1H), 7.40 (d, J = 7.8 Hz, 1H), 7.32-7.28 (m, 1H), 6.12
(s, 2H), 3.80 (s, 3H). *C{*H} NMR (100 MHz, CDCI3) § 161.0, 152.2, 148.4, 137.5, 130.4,
128.9,122.9, 122.4,121.4, 119.3, 115.0, 107.1, 102.0, 100.4, 30.0. MS (ESI) m/z 254 (M+H),
276 (M+Na); HRMS (ESI) m/z calc’d for C15H1:NO3 [M+H]*: 254.0811; found: 254.0799.
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8-Methoxy-2,3,5-trimethylphenanthridin-6(5H)-one/ 8-methoxy-1,2,5-
trimethylphenanthridin-6(5H)-one: A yellow solid was obtained (42%). m.p. 239-241 °C. This
compound was isolated as an inseparable mixture of two isomers in a 3:1 ratio (2,3,5-
trimethyl/1,2,5-trimethyl). The characterization of the major isomer is as follows: *H NMR (400
M Hz, CDCI3) & 8.13 (d, 1H, J = 8.9 Hz), 7.94 (d, 1H, J = 2.8 Hz), 7.90 (s, 1H), 7.30 (d, 1H, J =
2.9 Hz), 7.16 (s, 1H), 3.95 (s, 3H), 3.79 (s, 3H), 2.40 (s, 3H), 2.38 (s, 3H). characterization of the
minor isomer: & 8.21 (d, 1H, J = 9.1 Hz), 8.08 (d, 1H, J = 8.9 Hz), 8.03 (d, 1H, J = 3.0 Hz), 7.32
(d, 1H, J = 2.8 Hz), 7.19 (s, 1H), 3.97 (s, 3H), 3.78 (s, 3H), 2.74 (s, 3H), 2.41 (s, 3H).
Assignment of the 3C NMR to the different isomers could not be accomplished: *C{*H} NMR
(100 M Hz, CDCI3) 6 161.4, 159.1, 158.5, 137.6, 135.2, 131.0, 129.1, 127.2, 126.5, 125.2,
123.3,123.3,123.2,122.2, 122.2,120.1, 119.4, 117.2, 115.9, 112.1, 109.4, 109.2, 108.8, 55.7,
40.1, 30.6, 30.1, 20.9, 20.4, 19.4, 19.1. MS (EI) m/z 267 (M); HRMS (ESI) m/z calc’d for
C17H17NO, [M]": 267.1259; found: 267.1256.

Me Me Me

|
Me N_ _O N_ _O Me N._O
@ - O N
CJ L g
OMe © OMe

8-Methoxy-3,5-dimethylphenanthridin-6(5H)-one/ 8-methoxy-1,5-dimethylphenanthridin-
6(5H)-one/ 9-methoxy-3,5-dimethylphenanthridin-6(5H)-one: An orange solid was obtained
(46%). m.p. 239-241 °C. This compound was isolated as an inseparable mixture of three isomers
in a 3:2:2 ratio. The characterization of the major isomer is as follows: *H NMR (400 M Hz,
CDCI3) 6 8.11 (d, 1H, J =8.9 Hz), 8.03 (d, 1H, J =8.1 Hz), 7.93 (d, 1H, J = 2.8 Hz), 7.32-7.29

(m, 2H, overlap with other isomers), 7.18 (s, 1H), 3.95 (s, 3H), 3.79 (s, 3H), 2.49 (s, 3H).
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Combined characterization of the two minor isomers: 6 8.36 (d, 1H, J =9.2 Hz), 8.15 (d, 1H, J =
8.9 Hz), 8.11 (d, 1H, J = 9.0 Hz), 8.06 (d, 1H, J = 3.0 Hz), 8.00 (d, 1H, J = 8.1 Hz), 7.95-7.94
(m, 2H, overlap), 7.90 (d, 1H, J = 2.8 Hz), 7.38-7.29 (m, 3H), 7.14 (d, 1H, J = 7.2 Hz), 7.10 (d,
1H, J = 8.2 Hz), 3.97 (s, 3H), 3.94 (s, 3H), 3.81 (s, 3H), 3.79 (s, 3H), 2.90 (s, 3H), 2.46 (s, 3H).
Assignment of the *C NMR to the different isomers could not be accomplished: *C{*H} NMR
(100 MHz, CDCIl3) 6 161.6, 161.4, 161.3, 159.4, 159.2, 158.6, 138.7, 138.1, 137.0, 135.4, 134.9,

132.8,131.9, 129.4, 128.3, 128.2, 128.1, 127.5, 127.3, 127.0, 126.9, 126.7, 126.4, 126.1, 123.7,
123.7,123.4, 123.2, 122.9, 122.8, 122.5, 122.3, 122.2, 122.1, 120.6, 120.5, 119.3, 119.2, 117.0,
115.3, 114.9, 113.3, 109.7, 109.2, 109.2, 108.8, 55.7, 55.6, 38.5, 31.0, 30.1, 26.5, 23.6, 21.9, 21.0.
MS (ES+) m/z 253 (M); HRMS (ES+) m/z calc’d for C1gH1sNO, [M]*: 253.1103; found:
253.1100.

] OMe MeO ]

8-Methoxy-4,5-dimethylphenanthridin-6(5H)-one/ 10-methoxy-4,5-dimethylphenanthridin-
6(5H)-one: An orange solid was obtained (38%). m.p. 239-241 °C. This compound was isolated
as an inseparable mixture of two isomers in a 5:1 ratio. The characterization of the major isomer
is as follows: "H NMR (400 M Hz, CDCI3) § 8.13 (d, 1H, J = 9.0 Hz), 8.01 (d, 1H, J = 7.2 Hz),
7.91 (d, 1H, J = 2.8 Hz), 7.41-7.33 (m, 1H), 7.27-7.25 (m, 1H, overlap), 7.19 (t, 1H, J = 7.6 Hz),
3.95 (s, 3H), 3.82 (s, 3H), 2.66 (s, 3H). Characterization of the minor isomer: 6 8.38 (d, 1H, J =
9.2 Hz), 8.08 (d, 1H, J = 3.0 Hz), 7.96 (d, 1H, J = 2.8 Hz), 7.37 (m, 1H), 7.27-7.25 (m, 1H,
overlap), 7.15 (d, 1H, J = 7.2 Hz), 3.97 (s, 3H), 3.82 (s, 3H), 2.92 (s, 3H). Assignment of the 3C
NMR to the different isomers could not be accomplished: **C{*H} NMR (100 M Hz, CDCI3) &
164.0, 159.4, 138.5, 135.4, 132.8, 128.4, 127.6, 127.3, 127.3, 126.7, 126.1, 123.7, 122.9, 122.3,
121.4,120.7, 120.5, 113.3, 109.8, 108.9, 55.7, 55.6, 38.5, 31.0, 26.5, 23.6. MS (ES+) m/z 253
(M); HRMS (ES+) m/z calc’d for C1gH1sNO, [M]": 253.1103; found: 253.1104.
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2-(2-Hydroxyphenyl)-N-methyl-N-phenylacetamide: A colourless oil (3.1 mg, 6%) was
obtained. 'H NMR (400 MHz, CDCI3) & (ppm) 10.24 (s, 1H), 7.54-7.44 (m, 3H), 7.26-7.22 (m,
2H), 7.15 (td, 1H, J = 8.0, 1.6 Hz), 6.98 (dd, 1H, J = 8.1 Hz, 1.0 Hz), 6.73 (td, 1H, J = 7.4 Hz,
1.1 Hz), 6.50 (dd, 1H, J = 7.5 Hz, 1.3 Hz). **C NMR (100 MHz, CDCI3) & (ppm) 172.5, 156.2,
142.3,129.4, 129.0, 128.0, 127.7, 126.3, 120.1, 118.9, 117.2, 36.8, 36.5. IR (neat) v (cm™) 2931,
1732 (m), 1630 (m), 1591 (s), 1244 (s), 1114 (m). MS (m/z) 241 (M), 134, 107, 91, 77.

41



42

Chapter 2
Synthesis, Characterization and Reactivity of Pd-Bimetallic
Complexes

2 Cyclopalladation of N-Phenylbenzamides

2.1 Introduction

Intramolecular oxidative cross-coupling has emerged as an attractive strategy for generating
cyclic architectures from relatively simple precursors (see Chap 1). This transition metal-
catalyzed ring-closure involves C—C bond formation by the oxidation of two C—H bonds. Our
group reported the palladium-catalyzed lactam synthesis by oxidative cyclization of N-

phenylbenzamides using sodium persulfate (Na,S,0s) as a convenient oxidant (Scheme 20).

H 10 mol% Pd(OAc), Me
I\I/le = :_R 4 eq. NGQSZOS | AN N O
N ™ 5eq. TFA R—+
| N a > S =
H CICH,CH,CI, 70 °C, 72 h P
6 examples

30-77% yield
Scheme 20: Reported Pd(l1)-catalyzed intramolecular oxidative cross-coupling

To further study this process, we sought to isolate a Pd(I1)-complex from the analogous
stoichiometric reaction. N-methyl-N-phenylbenzamide could undergo initial ortho C—H bond

activation by cyclopalladation to generate either a Pd(I1) six-membered palladacycle or a Pd(l1)
five-membered palladacycle (Scheme 21).

OMe
H H
Me I\I/Ie I\I/Ie
N [Pd] N [Pd] N
E:[ | OMe =--------- OMe --------- - @ |
0] 0] O-[Pd]
[Pa] H H
6-membered 5-membered
anilide palladacycle benzamide palladacycle

Scheme 21: Possible palladacycles from N-phenylbenzamide.
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2.2 Synthesis of Palladium Complexes

Pd(I1)-dimers have attracted interest due to their proposed role as precursors to Pd(I111)-Pd(l11) or
Pd(I1)-Pd(1V) intermediates in C—H bond functionalization.*® For C—H bond activation of N-
phenylbenzamides, either the six- or five-membered palladacycle could be possible (Scheme 21).
To investigate the regioselectivity of the ortho-palladation, we submitted 3-methoxy-N-methyl-
N-phenylbenzamide (1a) to stoichiometric Pd(OAc), and trifluoroacetic acid (TFA) (Table 5,
entry 1). Pd-complexes could also be obtained from the reaction of 1 equivalent of Pd(TFA), and
3-methoxy-N-methyl-N-phenylbenzamide in 67% yield. The Pd(11)-dimer synthesized with
Pd(TFA), gave identical NMR data but was a greenish yellow solid. Recrystallization of the
yellow solid followed by X-ray analysis of a single crystal allowed confirmation of a TFA-
bridged dimeric Pd-complex (2a). Complexes 2b and 2c were obtained via an analogous method
(Table 5, entries 2 and 3). In all three cases, we observed clean and smooth conversion to the
kinetically favored five-membered palladacycle, presumably by C—H bond activation on the
benzamide ring. In previous studies on intermolecular oxidative cross-couplings, six-membered
palladacycles from the C—H bond activation of anilides were isolated. Attempts to isolate related

five-membered palladacycles derived from N-alkyl-benzamides had been unsuccessful.

Table 4: Synthesis and characterization of the Pd-complexes

Pd0,
15 Me éé" N 5-membered
\{p{ + Pd(OAc), 2 R R ! OX—CFs benzamide
CICH,CH,cl ~ MeO e CF3  palladacycles
40°C,25h _or 40
NMe

R2
Entry Substrate R*, R Pd-complex Yield 'HNMR () *FNMR (5)
fOf Hortho
1 la R'=H,R*°=H 2a 58%  5.31 ppm —74.78 ppm
2 1b R'=H,R?*=Me 2b 65%  5.29 ppm —74.96 ppm
3 1c R'=0OMe,R°=H 2c 47%  5.28 ppm —75.04 ppm
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By *H NMR analysis of Pd-complexes 2a, 2b, and 2c, the ortho-benzamide protons have a
chemical shift around 5.30 ppm, which is significantly more upfield than the benzamide protons
in comparison to their respective starting material (chemical shifts between approximately 6.75-
7.0 ppm). This characteristic upfield shift is indicative of an anionic arene and is in agreement
with the X-ray crystal structure of the complexes which show a Pd—C single bond in the solid
state. °F NMR studies show that each complex possesses a single peak at slightly different

chemical shifts.

The low solubility of the Pd-complexes 2a, 2b and 2c in the majority of solvents prevented us
from acquiring reliable photophysical data. These Pd(I1)-dimers have some solubility in N,N-
dimethylformamide and dimethylsulfoxide. All three palladacycles are bench-stable for months
provided that they are kept away from light. Other substrates known to undergo oxidative cross-
coupling under Pd(11) catalysis were tested, but failed to generate an isolable Pd-complex.
Furthermore, these complexes were not observed to form in significant amounts within the
reaction mixture based on in situ NMR studies. The substitution pattern on the arene rings of the
benzamide appears to impact the stability of the corresponding palladacycle.

2.3 Characterization of the Palladium Complexes

Recrystallization from N,N-dimethylformamide and ether by diffusion technique gave a single
crystal suitable for X-ray analysis. A perspective views of each complex 2a, 2b and 2c with the
pertinent atom-labeling scheme is shown in Figures 2, 3 and 4 respectively. Crystal data and
refinement information for each structure is given in Table 6. Selected bond distances and angles
are given in Table 7 for Pd-complexes 2a, 2b and 2c.

In all cases, the palladium atom is coordinated in a slightly distorted square plane (i.e, clamshell
geometry).”” This geometry is further observed through the difference in bond angles between
the Openzamide-Pd(1)-Pd(2) and O1ra-Pd(1)-Pd(2) where an increase in 14-22° is observed for the
open-end of the clamshell. Of note, the two arenes of the ligand are perpendicular to each other
and the two ligands are head to tail to one another. Furthermore, we observe that each
palladacycle is a Pd(I1)-bimetallic complex. The internuclear distance between the two palladium
atoms in 2a, 2b and 2c were determined to be 2.8945(6) A, 2.8859(6) A and 2.8959(6) A
respectively. In comparison to other Pd-complexes bearing bridging trifluoroacetate ligands, the
bimetallic Pd-complex 2a exhibits slightly shorter Pd—Pd bonds.®

44



45

Table 5: Crystal data and structure refinement for crystal structures of Pd-complexes 2a,

2b and 2c.

2a

2b

2C

Empirical formula

Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

a(A)

b (A)

c (A)

o (°)

)

v (%)

Volume (A3)

Z

Density (calculated)
(Mg/m3)
Absorption coefficient
(mm-1)

F(000)

Crystal size (mm)

6 range for data collection

)

Index ranges

Reflections collected
Independent reflections

Completeness to 6 =
27.50°

Absorption correction
Max. and min.
transmission
Refinement method

Data / restraints /
parameters

Goodness-of-fit on F2
Final R indices
[1>2sigma(l)]

R indices (all data)

C34 H28 F6 N2 O8
Pd2

919.38
150(1)
0.71073
Monoclinic
C2lc
20.7156(8)
13.0752(5)
15.1485(4)
90
124.5460(17)
90

3379.6(2)

4
1.807

1.152

1824
0.18 x 0.06 x 0.06
2.74 10 27.50

-26 <h <26

-16 <k <16

-16 <1<19

11009

3847 [R(int) = 0.0710]

99.2 %

0.937 and 0.750

3847/01/237

1.061

R1=0.0471
wR2 =0.1021
R1 =0.0954

C36 H32 F6 N2 010
Pd2

979.44
150(1)
0.71073 A
Monoclinic
P 21/n
12.4030(5)
14.8379(3)
20.6358(8)
90
97.2140(14)
90
3767.6(2)

4
1.727

1.043

1952
0.22x0.12 x 0.08
2.75t0 27.55

-16 <h<16
-16 <k <19
21<1<26
25472

8586 [R(int) =
0.0777]

98.8 %

C36 H32 F6 N2 O8
Pd2

947.44
150(1) K
0.71073 A
Monoclinic
C2lc
19.6309(5)
12.8287(5)
17.0792(6)
90
124.0120(15)
90

3565.4(2)

4
1.765

1.095

1888
0.16 x 0.16 x 0.10
2.86 10 27.53

-25<h <23
-16 <k <16
21<1<22
15737

4067 [R(int) =
0.0490]

98.9 %

Semi-empirical from equivalents

0.925 and 0.831

0.901 and 0.827

Full-matrix least-squares on F2

8586 /0/511

1.048

R1 = 0.0604
WR2 = 0.1246
R1 = 0.1407

4067/ 0/ 247

1.075

R1=0.0459
wR2 =0.1104
R1=0.0754
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wR2 =0.1252 wR2 =0.1621 wR2 =0.1281
Largest diff. peak and 2.065 and -1.092 2.132 and -0.973 1.876 and -0.911

hole (e.A-3)

Figure 2: ORTEP plot of [(3-methoxy-N-methyl-N-phenylbenzamide)Pd(un-TFA)], (2a). All
H atoms have been omitted for clarity. Anisotropic displacement ellipsoids are shown at the
50% probability level.

Figure 3: ORTEP plot of [(3-methoxy-N-methyl-N-(o-tolyl)benzamide)Pd(u-TFA)], (2b).
All H atoms have been omitted for clarity. Anisotropic displacement ellipsoids are shown at
the 50% probability level.
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Figure 4: ORTEP plot of [(3,4-dimethoxy-N-methyl-N-phenylbenzamide)Pd(p-TFA)], (2¢).

All H atoms have been omitted for clarity. Anisotropic displacement ellipsoids are shown at

the 50% probability level.

Table 6: Selected bond lengths [A] and bond angles [°] for 2a, 2b and 2c.

Bond lengths 2a 2b 2C
Pd(1)-Pd 2.8945(6) 2.8859(6) 2.8959(6)
Pd(1)-C 1.949(5) 1.931(6) 1.945(4)
Pd(1)-Obenzamide 2.017(3) 2.008(4) 2.024(3)
Pd(1)-Orratrans to carbony 2.053(3) 2.040(4) 2.047(3)
PA(L)-OrrA. trans to arene 2.181(3) 2.179(4) 2.192(3)
Ocarbonyl-Ccarbonyl 1.288(5) 1.294(7) 1.272(5)
Cearbonyi-Carene 1.481(6) 1.450(8) 1.487(6)
Carene-Cd 1.396(6) 1.411(8) 1.408(6)
C-Pd(1)-Pd 100.80(12) 102.37(17) 102.78(12)
Ocarbonyi-Pd(1)-Pd 102.55(8) 99.57(12) 98.41(9)
Ovea, trans to carbonyi-Pd(1)-Pd 80.83(8) 83.35(12) 84.16(8)
Orra. trans to arene-Pd(1)-Pd 79.92(8) 78.12(11) 77.51(8)
Ocarbonyi-Pd(1)- Ota, trans to carbonyl 175.16(12) 175.86(16) 175.73(11)
Ocarbonyi-PA(1)- O7ea, trans to arene 92.81(12) 90.38(17) 93.34(11)
C-Pd(1)-Ocarbonyi 82.06(16) 81.9(2) 81.78(15)
OTFA, trans to carbonyl -Crra- Otra 130-3(4) 130.6(6) 130.5(4)
C-Pd(1)- Orea, trans to carbonyl 93.95(16) 94.6(2) 94.35(15)
OTFA, trans to carbonyl 'Pd(l)' OTFA, trans to arene 91-18(12) 93.10(17) 90.54(12)
Carene-Cpa-Pd(1) 114.1(3) 114.5(4) 114.7(3)

To further the study of these complexes and their possible role as catalysts in the studied cross-

coupling reaction, cyclic voltammetry measurements were attempted. The Seferos Group kindly
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let me use their cv instrument. Oxidation potentials were obtained for the three Pd-complexes
described above. However this oxidation was irreversible in every case. This result is in contrast
to Bercaw and coworkers’ 2010 report on the synthesis and characterization of similar TFA-
bridged Pd-complexes obtained via C—H bond insertion where they observed reductive potentials
for every oxidation.*® There can be multiple interpretations for this discrepancy. First, our Pd-
complexes could be less stable under oxidation and simply decompose following a one-electron
oxidation. Second, there could be an issue relating to the electrodes, the electrolyte, the solvent
and the concentration of each sample. A control experiment was therefore performed with
Bercaw’s phenylpyridine complexes and unfortunately, the same irreversible spectrum was
obtained. This lack of reproducibility may indicate a problem with the instrument and the

experimental.

We found that the Pd-complexes are unstable in solution in the presence of electrolytes, since the
complexes decompose in coordinating solvents in the presence of the electrolyte
tetrabutylammonium hexafluorophosphate (TBAPFg) used in the cyclic voltammetry
experiments. Dissolving the complexes in acetonitrile, for example, followed by the addition of
TBAPF; resulted in decomposition to form Pd-black. The *H NMR of this solution indicated a
complex mixture of products. The complex in acetonitrile-d3 is stable as confirmed by repeated
'H NMR.

2.4 Stoichiometric Experiments of the Palladium Complexes

With the dimeric palladium complex 2a in hand, we sought to investigate its viability as an
intermediate in the catalytic cycle. Previous work in our group has demonstrated that the
mechanism of oxidative cross-coupling depends on the directing group and the oxidant (see
Chapter 1). For instance, in the ortho-arylation of O-phenylcarbamates, reductive elimination
from the Pd(I1) dimers was observed at 70 °C in benzene without additives, while for anilides,
the isolated palladacycles underwent reductive elimination solely in the presence of TFA and
Na,S,0s. In the case of our intramolecular reaction, the coupling partner is part of the ligand.
Therefore, for the anilide portion of the ligand to undergo C-H bond activation followed by
reductive elimination, a rearrangement of the ligand, which perhaps involves dissociation of the

TFA or of the carbonyl of the amide, is required.
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In an attempt to observe reductive elimination directly from palladacycle 2a, we heated a
stoichiometric amount of this Pd-complex in 1,2-dichloroethane at 70 °C. The experiment
generated none of the desired cross-coupled product within the time-frame of the corresponding
catalytic process (24 hours) (Table 8, entry 1). On the other hand, if the reaction was stirred for 4
days at the same temperature, phenanthridinone 3a could be detected by GC-FID (Table 8, entry
3). When both TFA and Na,S,0g were added to the reaction mixture, the reductive elimination
product was detected within 24 hours, but in low yield (Table 8, entry 2). Product 3a appears to
be unstable under the reaction conditions over prolonged times (Table 8, entry 4). Therefore,
reductive elimination is a viable process from complex 2a and the efficiency varies depending on

the reaction conditions.

Table 7: Stoichiometric reductive elimination reactions

| X NMOe I\|/Ie
~Pd—O it N.__O
Z A additives
Me ; O\—0F3 CICH,CH,CI, 70°C O
% MeO | o))—CFs -
Pd<G
@ =0" OMe
NMe
Pd-complex 2a phenanthridinone 3a

Entry Additive Time Yield®
1 None 24 h -
2 TFA, Na,S,0s 24 h 21%
3 none 4 days 17%
4 TFA, Na,S,0g 4 days 9%

® The yield was determined by GC-FID analysis with C;4H3, as an internal standard.

2.5 Catalytic Reactivity of the Palladium Complexes

Next, Pd-complex 2a was tested as a catalyst in oxidative cross-coupling reactions. When the
palladacycle 2a is used to catalyze the cyclization of substrate 1a, (i.e, the substrate and ligand
are of the same source), the reaction is complete within 24 h, whereas with Pd(OAc),, the
reaction progresses to only 54% vyield (Table 9, entries 1 and 2). Complex 2a also catalyzed the
oxidative cross-coupling of other N-methyl-N-phenylbenzamide substrates. Of note, substrate 1c
yields 64% of the desired phenanthridinone in the presence of catalytic Pd(OAc),, in contrast to

yielding 99% with Pd-complex 2a. (Table 9, entries 3 and 4). Pd-complex 2a also catalyzed the
49



50

reaction with substrate 1d faster than Pd(OAc), (Table 9, entries 5 and 6). These results suggest
that Pd-complex 2a is a more reactive precatalyst than Pd(OAc), and it appears that PA(OAc),
requires a longer induction period than Pd-complex 2a. Palladacycles 2b and 2c gave similar
results as catalysts; they catalyze the intramolecular oxidative arylation more efficiently than
Pd(OAC),.

Table 8: Comparison of Pd(I1) catalysts in the oxidative intramolecular cross-coupling

reaction.

H R?
Me . Me\ o
| 10 mol% Pd(ll) N
@N R2 4 eq. N328208 o
W Wai

H o) 5eq. TFA
1 DCE, 70 °C 3 -
Entry R' R° Substrate Catalyst ~ Time  Yield®
1 R'=H,R’=0OMe 1la 2a 24 h 90%
2 R'=H,R’=0OMe 1a Pd(OAc), 24h 54%
3 R', R*= OMe 1c 2a 24 h 99%
4 R' R?= OMe 1c Pd(OAc), 24h 64%
5 R, R*=H 1d 2a 24 h 60%
6 R' R°=H 1d Pd(OAc), 24h 33%

® The yield was determined by GC-FID analysis with C,,Hs, as an internal standard.

In summary, three novel dimeric TFA-bridged palladium(Il) complexes were isolated from an
ortho-palladation reaction. Single crystal X-ray structures were obtained for Pd-complexes 2a,
2b and 2c and these structures establish a regioselective C-H bond activation to form five-
membered palladacycles. Pd-complex 2a undergoes reductive elimination at 70°C to give
phenanthridinone with low efficiency. Nonetheless, Pd-complex 2a is an effective precatalyst

for oxidative cross-coupling reactions.

2.6 Experimental

2.6.1 Crystallographic Data

Data were collected on a Bruker-Nonius Kappa-CCD diffractometer using monochromated Mo-
Ko radiation and were measured using a combination of ¢ scans and o scans with k offsets, to
fill the Ewald sphere. The data were processed using the Denzo-SMN package.®® Absorption
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corrections were carried out using SORTAV.®" The structure was solved and refined using
SHELXTL V6.1% for full-matrix least-squares refinement that was based on F>. All H atoms
were included in calculated positions and allowed to refine in riding-motion approximation with

U~iso~ tied to the carrier atom.

2.6.2  Synthesis of Complexes

General procedure A:

In a one-dram vial was added 3-methoxy-N-methyl-N-phenylbenzamide (1a) (48 mg, 0.20
mmol), Pd(OAc); (45 mg, 0.20 mmol) and 1,2-dichloroethane (1 mL). The reaction mixture was
stirred for 2 minutes and trifluoroacetic acid (16 uL, 0.21 mmol) was subsequently added. The
resulting solution was heated to 40 °C for 2.5 h under air. After cooling to ambient temperature,
the reaction mixture was left to stand for several minutes until a yellow precipitate was observed.
The mixture was filtered through a cotton-plugged pipette and the resulting yellow residue was
washed (4 x 1 mL) with dichloromethane. The filtrate was then discarded. The yellow residue
was suspended in dichloromethane and subsequently transferred into a tared vial and

concentrated in vacuo to afford the bimetallic palladacycle 2a as a yellow solid (53 mg, 58%).

| N NMOe
~Pd—0O
= FN
Me | O%-—C%
MeO | CF
s pal ° ’
] o °
.
NMe

[(3-Methoxy-N-methyl-N-phenylbenzamide)Pd(u-TFA)], (2a): A yellow solid (53 mg, 58%)
was obtained. *H NMR (400 MHz, DMF-d;) & 7.68-7.60 (m, 5H), 6.73 (d, 1H, J = 7.3 Hz), 6.62
(d, 1H, J = 8.1 Hz), 5.31 (d, 1H, J = 1.9 Hz), 3.51 (s, 3H), 3.24 (s, 3H). *C{*H} NMR (100
MHz, DMF-d;) & 178.4, 156.2, 143.0, 139.1, 135.8, 132.2, 131.1, 130.0, 127.9, 118.2, 114.2,
54.7, 41.0. F NMR (376 MHz, DMF-d;) 5 —74.78.
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Me
X NMOe
| _=57Pa<0
Me E o) CF,
MeO :/O CF3
/O,Pd\o
NMe
Me

[(3-Methoxy-N-methyl-N-(o-tolyl)benzamide)Pd(x-TFA)], (2b): Prepared according to
general procedure A, using 3-methoxy-N-methyl-N-(o-tolyl)benzamide (51 mg, 0.20 mmol) to
afford the bimetallic palladacycle 2b as a yellow solid (62 mg, 65%). ‘H NMR (400 MHz,
DMF-d;) & 7.55-7.48 (m, 4H), 6.75 (dd, 1H, J = 2.2 Hz, J = 8.4 Hz), 6.64 (d, 1H, J = 7.8 Hz),
5.29 (d, 1H, J = 2.8 Hz), 3.46 (s, 3H), 3.23 (s, 3H), 2.23 (s, 3H). *C{*H} NMR (100 MHz,
DMF-d;) & 178.4, 156.5, 141.5, 139.1, 135.8, 135.6, 132.5, 132.2, 130.4, 128.9, 128.2, 118.5,
113.0, 54.8, 39.8, 16.8. *°F NMR (376 MHz, DMF-d;) & -74.96.

[(3,4-Dimethoxy-N-methyl-N-phenylbenzamide)Pd(u-TFA)], (2c): Prepared according to
general procedure A, using 3,4-dimethoxy-N-methyl-N-phenylbenzamide (54 mg, 0.20 mmol) to
afford the bimetallic palladacycle 2c as a yellow solid (46 mg, 47%). *"H NMR (400 MHz, DMF-
d;) § 7.68-7.64 (m, 2H), 7.60-7.56 (m, 3H), 6.24 (s, 1H), 5.28 (s, 1H), 3.71 (s, 3H), 3.48 (s, 3H),
3.06 (s, 3H). “C{*H} NMR (100 MHz, DMF-d;) & 178.2, 150.6, 145.7, 143.1, 131.1, 129.9,
128.2,112.7, 112.6, 112.5, 55.3, 54.8, 40.5 (one C peak overlapping). *°F NMR (376 MHz,
DMF-d;) 6 -75.04.

General Procedure B:
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Phenanthridinones 3a-d were prepared based on a modified literature procedure.®® In a one-dram
vial was added 3-methoxy-N-methyl-N-phenylbenzamide (1a) (48 mg, 0.20 mmol), [(3-
methoxy-N-methyl-N-phenylbenzamide)Pd(«.-TFA)] (2a) (9.2 mg, 0.01 mmol) or Pd(OAc), (4.5
mg, 0.02 mmol), Na,S,0g (190 mg, 0.80 mmol), and 1,2-dichloroethane (1 mL). The mixture
was stirred at room temperature for 2 minutes and subsequently, tetradecane (52 pL, 0.20 mmol)
and trifluoroacetic acid (77 pL, 1.0 mmol) were added. The vial was sealed under air with a
Teflon cap and stirred on a heating block at 70 °C for the indicated amount of time. The

reactions were monitored by GC-FID.
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Chapter 3
Pd(ll)-Catalyzed C—H Bond Functionalization With Peroxides

3 New Reactivities with Tetrabutylammonium Persulfate

3.1 The Uses of Tetrabutyammonium Persulate

In the context of the Kinetic studies on our oxidative palladium-catalyzed intermolecular cross-
coupling reaction (see chapter 1), we aimed to determine the rate of reaction of the oxidant.
Because the reaction mixture is heterogeneous due to the sodium persulfate salt, we couldn’t
obtain the rate of oxidant as a function of its concentration. Therefore, it was necessary to find a
soluble alternative: a soluble source of persulfate. Tetrabutylammonium persulfate (TBAPS) had
previously been reported in the literature and seemed like a promising oxidant for homogeneous
kinetic studies.

Of interest, TBAPS is an uncommon reagent and only five articles report its use as an oxidant. In
1985, Kottman reported the use of TBAPS for the first time in the oxidative phosphonylation of
arene C—H bonds (Scheme 22).°* The optimized process required stoichiometric amounts of
sodium persulfate and silver nitrate. Within the optimization process, TBAPS was shown to be

effective and evidence for a radical mechanism was presented.

O
Nazszog Il
A o} X P(OEt),
RI_ Tl AgNO3 |
i + A9 . RIE
— H,P(OEt)z 25 0C P

Scheme 22: Oxidative phosphonylation of arene C—H bonds

Following Kottman’s initial report, Wan and coworkers employed TBAPS to cleave
tosylhydrazones under mild conditions (Scheme 23).%° Its use was stoichiometric in converting

tosylhydrazones into the corresponding carbonyl compound in high yield.
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Scheme 23: Cleavage of tosylhydrazones with TBAPS

The radical nature of TBAPS was also investigated by Choi in 1997 and his team applied the
reagent for a p-masked formylation of cyclic o, B-unsaturated ketones (Scheme 24).% The
conjugate addition of acetals to cyclic ketones was observed in high yield in the presence of
TBAPS, acting here as a radical initiator. Subsequent deprotection of the acetal reveals the

corresponding aldehyde.

O (nBugN)>S204 @) 0]
1,3-dioxolane H*
( n AI’, 25°C ( n 0 ( n H
90-95%
(@) (@]
n=1,23 Q

Scheme 24: B-masked formylation of cyclic a,B-unsaturated ketones
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Shortly afterwards, TBAPS was also found to mediate the a-iodination of functionalized ketones

with iodine (Scheme 25).%” TBAPS in this reaction mechanism oxidizes iodine to an iodonium

radical which is thought to be the active species. The reactive iodonium radical then forms a

iodonium three-membered ring with the electron deficient olefin. This iodonium then rearranges,

loses a proton and generates the a-iodo product.

o) o)
|2, (nBU4N)S208 |
X)j MeCN, 25 °C _ X)j/
(Y%, (Y
n

X

n

X =CH,, NH(R)
n=0,1

Scheme 25: TBAPS-initiated a-iodination of ketones
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Most recently, Kim and coworkers applied TBAPS to the epoxidation of o,f-unsaturated
ketones.®® In this reaction, TBAPS is itself oxidized by hydrogen peroxide under basic conditions
to yield the reactive peroxo species (Scheme 26). The radical then reacts efficiently with

electron-deficient olefins.

X
H,0,, NaOH - 0\9/0\ R1/\)J\ R, o}

- o)
(nBugN),S,04 - 2 |mByN" S0 - . /Q)LR
CH4CN, 25 °C !

Scheme 26: Epoxidation of electron-deficient olefins with TBAPS and hydrogen peroxide

In all, TBAPS is an unexplored reagent in cross-coupling reactions. Its application to other

oxidative transformations suggests TBAPS operates under radical conditions.

3.2 Reaction Discovery

TBAPS presented itself as an alternative to sodium persulfate, allowing the oxidant to be soluble
and amenable to kinetic experiments. The synthesis of TBAPS is straightforward and high

yielding (Scheme 27).

K;S,0g +  BuyN*HSO, water [BusN]>S20g
2049
92% yield

Scheme 27: Synthesis of a soluble persulfate salt, TBAPS

With our soluble source of oxidant in hand, we replaced NaS,0g by TBAPS in our standard
reaction condition for the Pd-catalyzed dehydrogenative cross-coupling of anilides. To our
surprise, the reaction with TBAPS was very fast; the cross-coupling was complete within 10
minutes (as opposed to 25-30h with NaS,0g)! With this interesting result in hand, we decided to
move away from the kinetic studies and further explore the uncommon reactivity of this new

oxidant.

By taking a closer look at the reaction mixture, the rate of the reaction was not the only factor to
be affected by the soluble oxidant. In fact, the desired cross-coupling product with benzene was
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observed as the major product, but at least four other byproducts were detected and subsequently
identified by NMR and mass spectroscopy (Scheme 28). Running the reaction without benzene
eliminated the possibility for cross-coupling reactions and allowed for a better understanding of

the nature of the reaction mixture.

Me
y 10 mol% Pd(OAC),
N tBu (nBU4N)28208

hig 5eq. TFA _
o DCE, 70-100 °C

M
¢ 9

Scheme 28: High reactivity of TBAPS in palladium-catalyzed cross-coupling reaction

After reaction optimization and purification, four distinct products were characterized:
homocoupled product 2, hydroxylated product 3, C-O reductive elimination product 4 and
carboxylated product 5. Homocoupled product 2 had been observed in other oxidative Pd-
catalyzed cross-coupling systems and thus is not uncommon. However, in the presence of
sodium persulfate, homocoupling was never detected, highlighting the difference with TBAPS.
No more than 10% of the homocoupled product was ever observed. The other three byproducts

generated in the presence of TBPAS are of interest and optimization was pursued to better

understand their formation.

3.3 Literature Relevance for Observed Byproducts

Hydroxylated product 3 is quite interesting since direct hydroxylation from a C-H bond is
uncommon in the literature. A seminal example includes Jin Quan Yu’s Pd-catalyzed and
carboxylic acid directed ortho-hydroxylation (Scheme 29).%° Hydroxylation of arenes can also be
obtained through transition metal catalyzed acetoxylation and subsequent hydrolysis. A recent

review by Alonso and Pastor thoroughly reviews arene hydroxylations and outlines the
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challenges with this reaction.”” This review also highlights methodologies for converting
arylhalides to phenols. In the first reaction ran with TBAPS, 22 % of the hydroxylated product
was isolated. By GC-FID, up to 50% hydroxylation occurs under oxidative reaction conditions
and further investigation is discussed further.

o) o)
10 mol% Pd(OAc),
I OH _2eqKOAc 1eq.BQ _ i Y OH
N 1 atm O,, DMA, 115 °C, 15 h N

Scheme 29: Yu's carboxylic acid directed and Pd-catalyzed ortho-hydroxylation

A C-O forming reaction has previously been reported by Nagasawa’s group in two separate
accounts.” The reaction conditions require 20 mol% of Cu(OTf), in dichlorobenzene at 140 °C
(Scheme 30). For t-butyl substrate, only 22% vyield was reported. The structure of this product
was confirmed by independent synthesis via Nagasawa’s reported method and then comparing
the two GCMS traces. *H NMR shifts did not correspond exactly and so the GCMS spectra were
a definite piece of evidence for this byproduct.

H 20 mol% Cu(OTf),
N tBu N
\[( o-xylene, O, . \> {Bu
@) 140°C, 28 h e}

16 examples
51-93% vyield

Scheme 30: Nagasawa's C-O forming reaction

Carboxylated product 5 is intriguing since its generation is completely unexpected. To try and
understand its formation, we needed to identify the origin of the carbon atom on the carboxylic
group. An extensive acid screen revealed no definite trends in respect to the formation of this
product (where it was proposed that the COOH, may be originating from TFA with CF; as a
leaving group). Experiments ran under different atmospheres were also inconclusive. The
carboxylated product is difficult to monitor, and can be seen only by LCMS (unfortunately it
doesn’t fly on the GC-FID).
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3.4 Reaction Optimization

First, we sought to optimize the published reaction conditions to try to obtain quick reaction
times with high selectivity for the biphenyl cross-coupling product. Different equivalents of
oxidant and palladium were investigated (Table 10). As such, starting material 1 was consumed
in 5 mins with 3 or 2 equivalents of (BusN),S,0g (Table 10, entries 2,3). With 1 equivalent of
(BugN)2S,0s, 1 was still present after 44 h but with the absence of other byproducts (Table 10,
entry 4). It was also observed by GC-FID that the yield of the cross-coupled product 6 decreases
overtime (Table 10, entry 2) indicating that the desired product is unstable under the reaction
conditions. Biphenyl was also detected in the reaction mixture and originates from the cross-
coupling of two benzene rings. This pathway doesn’t contribute to the mass balance but may
play a role in consuming the catalyst and the oxidant. Pd(OAc); is a more efficient catalyst than

Pd(TFA),, requiring less time to reach maximum conversion (Table 10, entries 8 and 9).

Table 9: Cross-coupling reaction optimization with TBAPS

Me
tBu O
H
N.__tBu x mol% Pd(OAc)2 H
hd NYtBu
©/ O y €q. (NBuyN),S,04 ©/ O o)
Me 5 equw TFA
Me
1 2
Entry X y T°C Conversion Yield® 6 Yield 3 Yield 2
1 10 3 70 >99% (1h) 62% - Trace
(5mins)®
2 10 2 70 >99% (5mins) 88% 3% Trace
(5mins)®  (5mins)”
3 10 1.2 70 74% (5mins)®  67% (5 5% (1h) Traces
mins)°
4 10 1 70 79% (1h)® 53% (1h) 9% (15.5h)  Trace
5 10 2 25 >99% (~7h) 39% IY - -
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6 1 2 70 >99% (~7h)  49% 1Y - -

7 100 2,noTFA 40  ~20% (48) ~15% - -

g 57 2,2eq. TFA 40  ~70% (48h) ~40% traces traces
9? 5 2,2eq. TFA 40 ~70% (19h) ~40% traces traces
10° 5 2,n0 TFA 40 >99% Complete decomposition

20.5mL benzene. ® The reaction stalls after the mentioned time. © but the yield decreases over time to 69% after
15.5h. ¢ The reaction reaches 84% conversion after 15.5h. ¢ 1Y indicated isolated yields, otherwise all yields all

calculated by GCFID with a calibration curve. " Pd(TFA),. ¢ starting material was still present after 44h.

According to the results in Table 10, the reaction reached maximum conversion very rapidly, i.e,
within minutes. Lower temperatures were therefore investigated to slow the reaction down in the
hope of observing better selectivity (Table 11). Surprisingly, the oxidative cross-coupling
proceeded smoothly at room temperature. This is an important result since few mild conditions
exist in the literature for oxidative two fold C—H bond activation. Interestingly, reaction mixtures
with different catalyst loadings all went to full conversion but in different time frames. The
observation that the reaction was still progressing after more than week with only 1 mol% of
Pd(OAC); is indicative of a long life cycle of the catalyst system. The long reaction time also

highlights the robustness of the catalyst system developed and high turnover frequencies.

Table 10: Cross-coupling reaction optimization at room temperature with TBAPS

) O
H tB H
u 1% Pd(OACc)
T x mol% Pd(OAc), _ N\n/tBu
o 2 eq. (nBu4N)28208 O @)

Me 5eq. TFA
1 o5 0C Me 6
Entry Catalyst loading Conversion of 1 Time Isolated yield 6
1 10 mol % Pd(OACc); >99% 16h 20%°
2 5 mol % Pd(OAc); >99% 24h 23%
3 2.5 mol % Pd(OACc), >99% 10 days 24%
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4 1 mol % Pd(OAc), >99% 16 days 24%

5 0.5 mol % Pd(OAC), >999% 18days 22%

& 15% of hydroxylated product was also isolated.

Next, we aimed to optimize the reaction conditions in favour of the hydroxylated product 3.
Contributing to the field of arene C—H bond hydroxylation would be beneficial. To better probe
the byproduct reactions and in particular the hydroxylation reaction, reactions were run without

benzene thereby eliminating possible cross-coupling reactions (Table 12).

Table 11: Reaction optimization without benzene for hydroxylation and carboxylation

10 mol% Pd(OAc), HO__O
y equiv. (NnBuyN),S,04

H
NYtBu 5 eq. TFA - \ﬂ/ . \[(tBu
o) DCE, T °C - o) o)

ZT
o
c
ZT

Me 4 Me 3 Me 5
Entry vy T°C Conversion Time Yield 3 Yield 5%
1 2 70 >99% 7h <20% NA
2 2 100 >99% 4h <20% 2%
3 3 70 >99% 4h <20% NA
4 2 100 >99% 6h 5%° 5%
5 2 40 95% 7days <20% NA
6 15 70 95% 7days <20% 6%
7 2 25 90% 7days <20% NA
g° 2 100, CO, atm >99% 16h 4% NA
9° 2 50, CO, atm 92% 16h 2% NA
10° 2 100, Aratm >99% 16h 5% NA

2 Not detected by GC methods, only observed after purification. °5mol% Pd(OAc),. © Isolated yield

Of note, most reactions generate an appreciable amount of the C—O bond formation product 4.
However, 4 was difficult to isolate but could be easily detected by GC-FID. Furthermore, after
some method development, these reactions were monitored by GC-FID where an internal

standard (adamantane) indicating the relative yield. An undergraduate student, Sylvia Maule
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worked on optimizing this reaction during a semester in our group. She was able to achieve a
36% isolated yield of the hydroxylated product 3 using chloroform as the solvent. The
optimization of the hydroxylated reaction with TBAPS as the terminal oxidant requires further

investigation.

3.5 Stoichiometric Experiments

Stoichiometric experiments were undertaken to try and understand the origin of the hydroxylated
3 and carboxylated 5 byproducts observed in the oxidative cross-coupling reaction with TBAPS.

The dimeric palladacycle of N-(m-tolyl)pivalamide was obtained in 94% yield (Scheme 31).

'Bu HN—<0

o)
HNAO TFA M,©—Pd<o%ju:3

e i
+ 1 |
H Pd(OAC)2 — Me ! o CF3
CH2C|2 Pd<
° ] 0]
Me 40 °C HNe=d
u

1 B

Scheme 31: Synthesis of the dimeric palladacycle of N-(m-tolyl)pivalamide

Pd(I1)-dimer 7 was first submitted to TBAPS, TFA in dichloroethane at 60 °C with the intent of
observing reductive elimination products. The major product detected from this reaction mixture
was the hydroxylated product 3 (Scheme 32). In the absence of TBAPS, no hydroxylated product
3 was detected. It is therefore likely that the oxygen originates from the persulfate oxidant.
Furthermore, under the same stoichiometric reaction conditions, benzoxazole 4 and homo-
coupled product 2 were also observed, but none of the carboxylated product 5 was seen by GC or
LCMS. Benzoxazole product 4 was detected in the presence of acid, however it appears to be
consumed overtime (this observation is consistent with most reactions, where benzoxazole 4 GC-
FID peak decreases over time). Is it possible benzoxazole 4 is an intermediate towards the
generation of hydroxylated product 3?
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b
—%:?\Dd/o (NBUsN)>S20s
~
., Me ‘o) o, TFA
7 Me ! CF
pg=° 3 DCE
Nzl O 60°C HN
w
u
7
major product
observed by GCFID N/ traces
and LCMS @]
Me
4

Scheme 32: Reductive elimination with TBAPS and acid

Next, stoichiometric reactions were conducted in the absence of acid (Scheme 33). This time,
only trace amounts of hydroxylated product 3 were observed, and conversely carboxylated
product 5 was unambiguously detected from the reaction mixture and then isolated. Earlier in
this study, it was proposed that the carboxylic functional group was derived from the acid, but
this hypothesis must be rejected. Indeed, carboxylated product 5 is strictly formed in the absence

of TFA in the schoichiometric experiments.

t
HN/J\E;u O O
Q40 (NBU4N),8,05
y Me*©' ! \O%CF;; no acids
2 Me i
i CF
\©\P 4=© 3 DCE /@)J\
HN /d o 60 °C HN
Bl
L 4
traces by traces by LCMS traces
GCFID and LCMS with ESI-

Scheme 33: Reductive elimination with TBAPS without acid

3.6 Outlook

In conclusion, TBAPS displays unprecedented reactivity in oxidative cross-coupling reactions.
First, this persulfate oxidant is very reactive and generates two fold C—H bond activation cross-
coupling products within minutes in comparison to days with sodium or potassium persulfate

oxidants. At room temperature, TBAPS allows for palladium loadings as low as 1 mol% and for
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high turnover numbers. Due to the high reactivity of the homogeneous oxidant, interesting
byproducts were observed and characterized. As such, an ortho-hydroxylation methodology and
an ortho-carboxylation reaction were briefly investigated. Furthermore, benzoxazoles were also
generated under TBAPS conditions and is complimentary to the Cu-catalyzed reaction
previously published by Nagasawa. Lastly, further investigations are warranted for the
development of a room temperature and low catalyst loading oxidative two fold C—H bond

activation cross-coupling as well as for the ortho-hydroxylation of anilides.

3.7 Experimental Data

Tetrabutylammonium  persulfate  (TBAPS):  Following a known procedure’,
tetrabutylammonium hydrogen sulfate (21.73 g, 64.0 mmol) and potassium persulfate (8.65 g,
32.0 mmol) were dissolved in 140 mL of deionized water. The solution was stirred for 30
minutes at room temperature. The solution was then extracted with dichloromethane three times.
The combined organic phases were washed with deionized water three times, dried over Na,SQy,
filtered and evaporated. The colourless oil was dried under vacuum at room temperature for
several hours. (Note: do not heat this compound, as it is heat sensitive.) A white solid (20.03 g,
92%) was obtained. *H NMR (400 MHz, CDCI3) & (ppm) 3.34-3.30 (m, 2H), 1.68-1.60 (m, 2H),

1.49-1.42 (m, 2H), 0.98 (t, 3H, J = 7.3 Hz).

N-m-Tolylpivalamide (1): According to a known procedure,” in a flame-dried flask, 3-
methylaniline (3.25 mL, 30.0 mmol) was dissolved in dry dichloromethane (120 mL) at room
temperature. At 0 °C, triethylamine (6.27 mL, 45.0 mmol) was added followed by acetyl chloride

(4.43 mL, 36.0 mmol). A small quantity of gas was observed and was evacuated with argon. The
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reaction was sealed and stirred at room temperature overnight. The reaction was quenched with
1M HCI and washed two more times with 1M HCI. The aqueous layer was extracted three times
with dichloromethane. The combined organic phases were washed twice with brine, dried with
magnesium sulfate, filtered and concentrated. The crude reaction mixture was further purified by
recrystallization in hot ethylacetate and hexanes (1:1). The filtrate was recrystallized two more
times to obtain 5.25 g (92%) of a white solid. *H NMR (400 MHz, CDCls) & 7.43 (s, 1H), 7.28
(d, J=8.2 Hz, 1H), 7.19 (t, J = 7.8 Hz, 1H), 6.91 (d, J = 7.4 Hz, 1H), 2.33 (s, 3H), 1.31 (s, 9H).
BC{*H} NMR (100 MHz, CDCl5) § 176.7, 139.0, 138.1, 128.9, 125.1, 120.8, 117.1, 39.7, 27.8,
21.6.

General procedure for the intermolecular tandem C—H functionalization reaction: In a one-
dram vial equipped with a Teflon cap was added N-(m-tolyl)pivalamide (48.2 mg, 0.20 mmol),
Pd(OACc); (4.5 mg, 0.02 mmol), (nBusN),S,0g (271 mg, 0.40 mmol), and 1,2-dichloroethane (1
mL). Subsequently, trifluoroacetic acid (76 uL, 1.00 mmol) was added. The vial was sealed with
a Teflon cap and stirred on a heating block at 70 °C. After cooling to ambient temperature, the
resulting mixture was diluted in EtOAc and washed with 2 mL sat’d NaHCO3. The aqueous
phase was extracted with EtOAc. The combined organic extracts were concentrated in vacuo and
the resulting residue was purified by preparative thin-layer chromatography (eluent:

EtOAc/hexanes = 3:7, v/v) to afford the target compound.

0
tBu)LNH O Me
e O HNTtBu

O
N,N’-(4,4'-Dimethyl-[1,1'-biphenyl]-2,2'-diyl)bis(2,2-dimethylpropanamide) (2): An off-

white solid was obtained. *H NMR (400 MHz, CDCI3) & (ppm) 8.22 (s, 2H), 7.18 (s, 2H), 7.08
(d, 2H, J = 7.6 Hz), 7.03-7.01 (m, 2H), 2.42 (s, 6H), 1.01 (s, 18H). **C{*H} NMR (100 MHz,
CDCls) & (ppm) 176.7, 139.7, 136.0, 129.8, 125.2, 124.6, 121.9, 39.7, 27.2, 21.6. MS (ESI) m/z
381 (M+H), 403 (M+Na); HRMS (ESI) m/z calc’d for CasH3N20, [M+H]*: 381.2536; found:

381.2521.
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O
tBu)kNH

/©/OH
Me

N-(2-Hydroxy-5-methylphenyl)pivalamide (3): An off-white solid was obtained. 'H NMR
(400 MHz, CDCI3) & (ppm) 8.52 (s, 1H), 7.53 (br, 1H), 6.92 (d, 2H, J = 2.6 Hz), 6.81 (s, 1H),
2.26 (s, 3H), 1.35 (s, 9H). C{*H} NMR (100 MHz, CDCl;) & 179.0, 146.7, 130.0, 127.9,
125.3, 122.7, 119.8, 39.7, 27.9, 20.6. MS (ESI) m/z 208 (M+H), 230 (M+Na); HRMS (ESI) m/z
calc’d for C1oHi17NO, [M+H]": 208.1332; found: 208.1330.

tBu
N
0]

o

2-(tert-butyl)benzo[d]oxazole (4): An off-white solid was obtained. MS (ES) m/z 175 (M) with

identical retention time of an authentic sample.

O

tBu)J\NH O

@AOH
Me

4-Methyl-2-pivalamidobenzoic acid (5): An beige solid was obtained. *H NMR (400 MHz,
CDCI3) & (ppm) 11.14 (s, 1H), 8.67 (s, 1H), 8.01 (d, 1H, J = 8.2 Hz), 6.92 (dd, 1H, J = 0.9 Hz, J
= 8.1 Hz), 2.41 (s, 3H), 1.34 (s, 9H). *C{*H} NMR (100 MHz, CDCls) & 178.1, 171.7, 147.1,
142.5, 131.7, 123.4, 120.8, 111.2, 40.4, 27.6, 22.2. MS (ESI) m/z 236 (M+H), 258 (M+Na);
HRMS (ESI) m/z calc’d for C13Hi7NO3 [M+H]": 236.1281; found: 236.1289.
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O

tBu)kNH ‘
pe

N-(4-Methyl-[1,1'-biphenyl]-2-yl)pivalamide (6): An off-white solid was obtained. Spectra are
in accordance with the literature.” *H NMR (400 MHz, CDCI3) & (ppm) 8.24 (s, 1H), 7.48 (t,
3H, J = 7.3 Hz), 7.40 (t, J = 7.4 Hz, 1H), 7.35 (d, J = 6.8 Hz, 2H), 7.14 (d, J = 7.7 Hz, 1H), 6.98
(dd, J = 0.9 Hz, J = 7.7 Hz, 1H), 2.40 (s, 3H), 1.10 (s, 9H). *C{*H} NMR (100 MHz, CDCl5) &
176.4, 138.6, 138.2, 135.0, 129.6, 129.5, 129.1, 128.0, 124.8, 121.5, 39.9, 27.5, 21.6.

Bimetallic palladium complex (7): In a one-dram vial was added N-(m-tolyl)pivalamide (19.1
mg, 0.1 mmol), Pd(OAc); (22.4 mg, 0.1 mmol), and dichloromethane (1 mL). Trifluoroacetic
acid (7.7 uL, 0.105 mmol) was subsequently added into the vial and the resulting solution was
heated to 40 °C for 3 h. After cooling to ambient temperature, the reaction mixture was
concentrated in vacuo and the resulting residue was suspended in a mixture of hexanes and
CHCI; (hexanes:CHCI3 = 9:1, v/v, 2 mL). The suspension was filtered through Celite and
washed with 4 x 0.3 mL hexanes. The residue was washed with dichloromethane and the wash
solution was subsequently collected and concentrated in vacuo to afford the bimetallic
palladacycle as a yellow solid (38.6 mg, 94%). *H NMR (400 MHz, CDCl3) & 7.58 (s, 1H), 7.03
(d, J = 8.1 Hz, 1H), 6.72 (d, J = 8.0 Hz, 1H), 6.33 (s, 1H), 2.24 (s, 3H), 0.89 (s, 9H). *C{*H}
NMR (100 MHz, CDCl3) & 174.1, 135.3, 134.0, 130.1, 125.1, 115.8, 112.0, 38.9, 27.2, 20.6. *°F
NMR (376 MHz, CDCl3) —73.6. MS (ESI) m/z 296 (C1,H16NOPd, i.e., monomer-TFA); HRMS
(ESI) m/z calc’d for C1oH16NOPd: 296.0261; found: 296.0255.
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Chapter 4

Pd(ll)-Catalyzed C—H Bond Functionalization With Sodium

Chlorite

4  Pd(ll)-Catalyzed Benzamide Chlorination

4.1 Introduction

Halogenated compounds are important pharmaceutical agents and hence can have enhanced
biological activity.”* In particular, aryl halides have also found application in cross-coupling

methodologies and are therefore useful starting materials.” As such, direct halogenations of

68

arenes are important synthetic reactions to diversify aromatic scaffolds which find application in

materials science, pharmaceutical industry and agrochemical sector. As a result, the development

of new regioselective, chemoselective and functional group tolerant approaches to the synthesis

of halogenated molecules remains an important challenge.

4.2 Literature Precedence

Commonly used methods for the construction of aryl halides include electrophilic aromatic
substitution (EAS) " and directed ortho-lithiation (DoL)"’. Direct halogenation is a relatively

new field for the construction of C—X bonds by C—H bond activation under palladium catalysis.

Pioneering work by Prof. Melanie Sanford and coworkers has shown that reductive elimination
reactions from Pd" have very different electronic requirements than those from Pd" (Scheme

34). " This electronic difference indicates that the desired carbon—halogen coupling can be

achieved via the higher oxidation state paving the way for catalytic methods.”

H R Pd(OAc), H R
X \ﬂ/ 1 NXS, PTSA _ X T 1
Rom tol - Roym
_ 'e) oluene, RT _ o)
air, 1-4h X
X =Br, CI

Scheme 34: Sanford'’s Pd-catalyzed arene C—H bond halogenation reaction
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There is precedence in the literature for chlorinating aromatic rings with sodium chlorite. Over a
decade ago, Hirano published the chlorination of a number of different anisoles while observing
exclusively para-chlorination with NaO,Cl, moist kaolin and Mn(acac); in dichloromethane.®
As for Pd-catalyzed chlorination’s of C-H bonds, Shi demonstrated in 2006 the highly ortho-
selective chlorination of anilides.®* Previous to this report, Sanford had shown a single example
of the chlorination of benzoquinoline with NCS.%* Following these reports, Sanford published a
detailed study of the scope and selectivity of Pd-catalyzed directed C-H bond halogenations
reactions observing that the presence of Pd affected the regioselectivity.®® The difference in
regioselectivity stems from an ortho-C-H bond palladium-catalyzed activation versus a Friedel-
Crafts mechanism (which explains any para-selectivity). However, in Sanford’s extensive
oxidant screen, sodium chlorite was not reported. Furthermore, the scope remains limited to
phenylpyridines. More recently, Bedford and co-workers have demonstrated the possibility of
effecting C-H functionalization under solvent free-conditions.?* They show chlorination with
NCS or CuCl,/Cu(OAc), of phenylpyridines, anilides, pyrrolidones and O-carbamates. The
anilide substrates give 90% yields whereas the other substrates range from 35% to 60% with
dichlorination as the major byproduct. Note that these are types of substrates similar to our

methodology.

4.3 Reaction Condition Optimization

While optimizing the hydroxylation reactions (see chapter 3), an oxidant screen was preformed
to test different peroxides. Bleach (5% sodium hypochlorite) and sodium chlorite were tested and
found to have completely different reactivities to TBAPS. In fact, instead of cross-coupling or
hydroxylation products, chlorination of the anilide substrate was observed. Because of the
importance of chlorination reactions, further optimization was pursued to develop a selective and
complimentary method to Sanford's N-chlorosuccinamide. To the best of our knowledge, the
cheap and user friendly oxidant, sodium chloride, has never been employed as a chlorinating

agent before this project.

Investigation of the reaction conditions led to the discovery of a selective method with
palladium. In the presence of a Pd-catalyst, ortho-chlorination is predominant due to the

directing ability of the anilide functionality (Scheme 35). As expected, in the absence of

69



70

palladium, para-chlorination predominates through a Friedel-Crafts mechanism. Further
screening allowed for the detection of the dichlorinatinated product, predominant after prolonged

reaction times.

i 0] O O
cat. Pd(OAc),
HN tBu HthBu HthBu HthBu
NaOZCl
TFA . C . . ¢
DCM, 40 °C

Cl Cl

Scheme 35: Chlorination of anilides with sodium chlorite as an unprecedented chlorinating
agent.

The same substrate, N-(m-tolyl)pivalamide, used for the kinetic studies (see Chap 1) was
employed in the optimization of the chlorination reaction. Two types of chlorites were identified
as potential oxidants, sodium hypochlorite (bleach) and sodium chlorite (Table 13). Bleach is
actually a 5% aqueous solution of sodium hypochlorite, and despite the biphasic mixture, the
selective chlorination reaction proceeds in the presence of dichloromethane as the co-solvent.
However, a difference in the ortho- para-selectivity is not observed in the absence or presence of
palladium (Table 13, entries 1,2,4), despite higher yields of the product. When bleach is used as
the chlorinating agent, phase transfer compounds like nBusNHSO3 appear to be necessary to
obtain directed chlorination. With a phase transfer compound, high conversion was observed
(Table 13, entry 2). On the other hand, most reactions suffered from a decreasing reactivity and
eventually stalled after only 24 h. Sodium chlorite gave the best selectivity of 1 : 1.1 ortho- to
para-selectivity albeit with 28% yield (Table 13, entry 3). Furthermore, the ortho-chlorinated
product was isolated as a mixture of two isomers due to the presence of the meta-methyl which
desymmetrizes the molecule. For further optimization, a symmetrical substrate, such as N-

phenylpivalamide was chosen.
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Table 12: Reaction optimization for the ortho-chlorination of 3-methylanilides

o) o] o] o)
catalyst
HthBu oxidaynt HNJ\tBu HN)J\tBu HNJ\tBu
/@ 5 equiv. TFA CI;@ /@/g
- + +
DCE, 50 °C
Me Me Me Me
Cl
Entry  oxidant additive Conversion® Yield of ortho->  ortho-: para-°
1 NaOCI (bleach) 1% Pd(OAc), 22% - 12
2 NaOCI (bleach) nBusNHSO3;,  98% 50% 1:35
1% Pd(OAC),

3 NaO,Cl 1% Pd(OAC), 71% 28% 1:1.1
4 NaOCI (bleach) no Pd 72% - 1:1.4
5 NaO,Cl no Pd 66% - 1:1.3

272h.? a mixture of two ortho-Cl isomers was detected. © ratios are reported.

After more screening with a symmetrical substrate, sodium chlorite was found to be more
effective than bleach (even in the presence of a phase transfer catalyst). The equivalents of
sodium chlorite are important and selecting for mono-chlorination and enhancing reactivity
(Table 14). It is noteworthy that the addition of 2 eq. of sodium chlorite after 1 h of reaction time
at 40 °C resulted in the reaction catching fire. Three more identical reactions were set up to
attempt to reproduce the fire and understand its origin, but without success. Nonetheless there is
a definite build up of pressure within the reaction mixture and if the reaction is sealed for
prolonged reaction times (i.e, 24h) then the reaction finally goes to completion with high
selectivity. It appears that higher temperature and higher catalyst loadings favour the non-

directed para-chlorination.
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Table 13: Reaction optimization for the ortho-chlorination of anilides

72

0] O 0]
Nt mobe PA(OAS): N B .
5 equiv. TFA _ C|\©
DCE
Cl
Isolated ortho-Cl :

Entry oxidant X additive T°C Conversion Time  vyieldof para-Cl
ortho-Cl (ratios)
1 NaO,Cl 5 40 ~70% 5 days 53% 10:1
2 NaO,Cl 0 40 ~40% 5 days 14% 1:15
3 5% NaOCI 5 40 ~80% 5days - 1:17
4 5% NaOCI 0 40 ~90% 5days - 1:13
5 5% NaOClI 5 nBuNHSO; 70 ~53% 6.5h - 1:27
6 5% NaOClI 5 nBusNHSO; 100 ~75% 6.5h - 1:25
7 Ca(OCl), 5 - 70 ~12% 6.5h - 1:15
8 10% NaOClI 5 nBus;NHSO3; 70 ~96% 6.5h - 1:16
9 5% NaOCI 0 nBu;NHSO; 70 ~72% 6.5h - 1:25
10* 5% NaOCl 5 nBuNHSO; 70 N/A - 1:19
11 NaO,Cl 5 - 70 ~25% 6.5h - 11:1

12° 5% NaOCl 5 nBuNHSO; 70 0% 24h

2 No solvent. ? acetone as solvent.

Finally, the best result was obtained with 10 mol% Pd and room temperature yielding up to 95%

ortho-chlorination product by GC-FID in 25:1 regioselectivity! Control experiments with sodium

chlorite in the absence of acid reveal no reactivity, thereby indicating the importance of acid in

the reaction mixture.
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4.4 Reaction Scope

The scope of this chlorination was investigated and the reactions were monitored by GC-FID and
GCMS. A hurtle in screening the scope of the chlorination was differentiating the ortho- and
para-chloroanilide products, since the distinction between ortho-chlorination and para-

chlorination can only be done by NMR.

A benzamide and a phenylacetamide were unreactive under the optimized reaction conditions
(Figure 6). Some tertiary anilides showed no selectivity between ortho- and para-chlorination,
displaying the Friedel-Crafts reaction as a competitive mechanism. N-Benzylamides also showed
no selectivity in the absence or presence of a palladium catalyst. Compounds which gave
encouraging reactivity and selectivity included differentially substituted anilides as well as O-
carbamates. Finally, dichlorination was an issue with a phenylacetamide substrate and so the

selectivity could not be determined.

unreactive substrates towards chioronation:

YMe H
JNORNe

reactive, but no difference in apparent selectivity in the presence/absence of Pd:

oL .
LS o

H
O~_N

O~ Me

reactive and sensitive to the regioselectivity in the presence of Pd:
O 0] (0]

o
PN

u)J\NH Me\N e} N Me tBu)LNH tBu NH
sER R cal &
MeO
. . . Me

dichloronation occurs rapidly
in the absence of Pd

Figure 5: Preliminary scope of the chlorination reaction
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4.5 Outlook

The project of the amide-directed and palladium-catalyzed chlorination with sodium chlorite is
still in an early stage. Further reaction conditions need to be screened to optimize the
chlorinating process. Different directing groups known to form ortho-complexes with palladium
were somewhat successful under sodium chlorite conditions. Up to now, only a qualitative scope

has been identified and further investigation is still warranted.

Shortly after we moved on from the palladium-catalyzed ortho-C—H bond chlorination of

anilide, a relevant methodology was published by Bedford and coworkers (Scheme 36).2°

O O

N Pd(OAC), Nk
NXS, PTSA X
R - Rl X = Br, Cl
O toluene, 25 °C = el
air, 1-4 h

16 examples
43-94% yields

Scheme 36: Bedford's N-halogen succinimide method for mild halogenation of anilides

4.6 Experimental Data

General procedure for the chlorination of anilides: In a vial equipped with a stir bar, N-
phenylpivalamide (35.4 mg, 0.20 mmol), sodium chlorite 80% (45.2 mg, 0.40 mmol) and
Pd(OACc), were dissolved in 1 mL of dry DCM. TFA (77 mL, 1.00 mmol) was quickly added and
the reaction was capped under air and stirred at 40 °C. It is important not to open the vial during
the course of the reaction. The reaction is monitored by GC-FID. When complete, the reaction
mixture was diluted in EtOAc and washed 3x with a saturated solution of NaHCOj3. The aqueous
layers were extracted three times with EtOAc and the combined organic phases were washed
with brine, dried over Na,SO,, filtered and evaporated. The crude product was purified by Prep

TLC eluting several times with 20% EtOAc/hexanes.
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O
tBu)J\NH

Me
Cl
N-(4-Chloro-3-methylphenyl)pivalamide: Bleach was used as the oxidant and a white solid (26

mg, 58%) was obtained. *H NMR (400 MHz, CDCI3) & (ppm) 7.48 (s, 1H), 7.27-7.25 (m, 2H),

2.34 (s, 3H), 1.31 (s, 9H). **C{*H} NMR (100 MHz, CDCl5) & 176.6, 136.6, 136.5, 129.4, 129.3,
122.4,118.7, 39.6, 27.6, 20.2.

0] 0]
tBu)J\NH HthBu

Cl . CI;©
Me/©/ Me
N-(2-Chloro-5-methylphenyl)pivalamide and  N-(2-chloro-3-methylphenyl)pivalamide:
Isolated as a mixture of regioisomers (~3:1), a yellow solid (12.4 mg, 28%) was obtained. *H
NMR (400 MHz, CDCI3) & (ppm) 8.27 (s, 1H), 8.26 (s, 1H), 8.09 (s, 1H), 7.97 (s, 1H), 7.23 (d,

1H, J = 8.2 Hz), 7.17 (¢, 1H, J = 7.9 Hz), 6.98 (dd, 1H, J = 0.7 Hz, J = 7.6 Hz), 6.84 (ddd, 1H, J
= 0.5 Hz, J=2.0 Hz, J = 8.1 Hz), 2.39 (s, 3H), 2.33 (s, 3H), 1.35 (s, 9H), 1.34 (s, 9H).

o
PN

tBu NH
o

N-(2-Chlorophenyl)pivalamide: Spectra are in agreement with the literature.®® *H NMR (400
MHz, CDCI3) 6 (ppm) 8.41 (dd, 1H, J =1.5 Hz, J = 8.3 Hz), 8.02 (s, 1H), 7.36 (dd, 1H,J =14
Hz, J=8.0 Hz), 7.29-7.25 (m, 1H), 7.02 (dt, 1H, J = 1.5 Hz, J = 7.8 Hz), 1.35 (s, 9H).
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Chapter 5
Towards the Total Synthesis of 6-Deoxyerythronolide B

5 Biocatalysis and Transition-Metal Catalysis for
Polyketide Synthesis

5.1 Introduction to Erythromycin

Polyketides are natural products derived from acetate and/or propionate units assembled in a
linear fashion by the polyketide synthase. Their biosynthesis involves an iteration of
decarboxylative condensations to form the polyketide backbone. Erythromycin A is a cyclic
polyketide produced by the bacteria Saccharopolyspora
erythraea and is a commonly prescribed macrolide antibiotic.
In particular, it is often administered to patients allergic to
penicillin. Erythromycin and its prodrug (erythromycin
ethylsuccinate for example) are also effective against skin

infections, pneumonias, chlamydial infections and pharyngitis.

Bacteria are becoming resistant to this drug and much
ongoing research involves developing potent analogues of Figure 6: Erythromycin A

erythromycin.

Erythromycin has a 14-membered lactone with ten stereocenters surrounding its backbone
(Figure 7). It also has two appended sugars: L-cladinose and D-desosamine. Due to the presence
of an amine on one of the deoxy-sugars, erythromycin is a basic molecule and has a pKa of 8.8.
Novel derivatives have been synthesized to avoid bitterness upon oral administration of the drug.

It is also a white solid and will readily form salts with acids.

Erythromycin is an unusually popular synthetic target, and has attracted the efforts of organic
chemists for decades. Prof. Johann Mulzer at the University of Vienna summarizes this
phenomenon, “The synthesis of the macrolide antibiotics, erythromycin A and B [...] is probably

the most extensive single project in the history of synthetic organic chemistry.”®’
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5.2 Biosynthesis of Erythromycin
5.2.1 The Polyketide Synthase

The erythromycin polyketide synthase (PKS) is a catalytic machinery
capable of assembling 6-deoxyerythronolide B in a processive and
linear fashion (Figure 8 and 9).%3%° The PKS includes three

megaproteins abbreviated DEBS1, DEBS2 and DEBS3, where DEBS

stands for 6-deoxyerythronolide B synthase. These Figure 7: 6-deoxyerythronolide B
megaproteins possess independent modules which hold

different catalytic domains. One module is responsible for one iteration of the decarboxylative
condensation and subsequent appropriate functional group modification. Furthermore, at the start

of the PKS, a loading didomain (LDD) acts as a gateway for selectively introducing the primer

unit, propionyl CoA. A thioesterase (TE) is present at the end of the polyketide synthase and

catalyzes the macrolactonization of the seco acid attached to module 6 (Mod6).

| DEBS1 I DEBS2 I DEBS3 |
LDD Module 1 Module 2 Module 3 Module 4 Module 5 Module 6 TE

TE

Figure 8: Erythromycin's polyketide synthase

Each DEBS megaprotein has two modules and consequently is responsible for adding two
extending units to the growing polyketide chain. The catalytic domains which are present in
every module include the acylcarrier protein (ACP), the ketosynthase (KS) and the acyl
transferase (AT). There are also three optional tailoring domains, the NADH dependant
ketoreductase (KR), the dehydratase (DH) and the NADH dependant enoylreductase (ER). Of
note, Mod3 has an inactive KR which generates the C9 ketone functional group in 6-
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deoxyerythronolide B. Also, Mod4 is the only module in the PKS to possess all three tailoring
domains, closely resembling a fatty acid synthase (FAS) module. The presence of a KR, a DH
and an ER generates the methylene group at the C7 position in 6-deoxyerythronolide B. Finally,
the TE domain catalyses the macrocyclization of the lactone and subsequent cleavage from the
PKS yields 6-deoxyerythronolide B. In all, the erythromycin polyketide synthase is a linear

assembly line efficiently utilizing decarboxylative condensation reactions.

5.2.2 Post Polyketide Synthase Modifications

6-Deoxyerythronolide B is the first isolable intermediate of the erythromycin PKS. Indeed,
previous to the cyclization, the growing seco acid is always bound to the enzyme. Nonetheless,
post PKS modifications are required to transform 6-deoxyerythronolide B into erythromycin A
(Scheme 37).%

mycarose
glycosyl transferase

desosamine

glycosyl transferase

0]

cytochrome P450
R
“#oH C6 hydroxylase

"OH

Me

Me/,,'

Me O-methyl
transferase Me M%H
wMe / © Me

NM [O] at C12 OH .
€ . o HO NMe, erythromycin D
Me | © O—LMe
Me
O ‘O OMe
Me Me
OH
(0]
erythromycin A Me erythromycinB ~ Me

Scheme 37: Post-PKS biosynthesis of erythromycin A
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First, 6-deoxyerythronolide B is hydroxylated at the C6 position by a cytochrome P450
hydroxylase yielding erythronolide B. The L-mycarose and D-desosamine sugars are then
appended by glycosyl transferases. This compound is called erythromycin D and leads to
erythromycin B via an O-methyl transferase which methylates the axial hydroxyl group on the L-
mycarose sugar to give the L-cladinose deoxy-sugar. Lastly, erythromycin B is converted into

erythromycin A by a C12 hydroxylation.

5.3 Total Synthesis of 6-Deoxyerythronolide B

53.1 Mission

Setting multiple stereocenters asymmetrically in a single step is an unmet challenge.

Nonetheless, it offers important advantages such as the rapid assembly of scaffolds and the
generation of enantioselective product from achiral starting material. Perceived as elegant,
transformations which generate more than one stereocenter in a single asymmetric step are
extremely useful in total synthesis. Transition-metal catalysis with chiral ligands, organocatalysis
and chiral auxiliary chemistry are amenable to multi-stereocenter single-step reactions. However,
a powerful method which is somewhat underrepresented in total synthesis is biocatalysis.
Although enzymes are often substrate specific, they can yield highly elaborated substrates by

generating multiple stereocenters enantiomerically.

Our group has been active in exploring transition-metal-catalyzed asymmetric reactions.
Realizing the potential biocatalysts can offer, we aim to marriage these two fundamentally
different methods to access complex molecules in rapid and step economical ways. To showcase
the efficiency of these stereoselective reactions, we envision their application to the total
synthesis of a popular synthetic target, 6-deoxyerythronolide B. To date there are four reported
total syntheses of 6-deoxyerythronolide B accomplished by Masamune in 1981,% by
Danishefsky in 1990,% by Evans in 1998% and recently by White in 2009.%* (Crimmins also
published a formal synthesis of 6-deoxyerythronolide B in 2006.)*

Aware of over 20 total syntheses of erythromycin and its derivatives, we tried to disconnect this
molecule in a completely novel manner. A unifying theme in the synthesis of erythronolide cores

is the use of a macrolactonizations to form the 14-membered cycle. Conversely, we thought to
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employ a transition-metal catalyzed ring-closing metathesis. To assemble the different
fragments, we envisioned taking advantage of biocatalysts capable of setting multiple (three!)

stereocenters simultaneously.

5.3.2  Retrosynthetic Approach to 6-Deoxyerythronolide B

The key disconnection envisioned in our retrosynthetic approach to 6-deoxyerythronolide B
involves a ring-closing metathesis (RCM). This approach has never been explored for the
erythronolide core. Indeed, previous syntheses have exclusively relied on macrolactonization to

build the 14-membered lactone, including a late stage C—H oxidation by White.*

o (@) OR (:)H

Me Me :
Me wMe : -
“ RCM Me Yamaguchi y
. () 9 Me Me
Me. Me " hydrogenation " " esterification
€y, e
Me ) E . AN 2 Western fragment
N “OH M +
e "y
N "OR @) OR OR |
O “OH
Me 0 "OR HO :
6-deoxyerythronolide B Me Me Me Me
(natural precursor to Eastern fragment

the erythromycins)
Scheme 38: Retrosynthetic approach to 6-deoxyerythronolide B

A RCM disconnection yields an ester intermediate with two terminal olefins, one of the olefins
being an enone (Scheme 38). Ultimately, our goal is to access both fragments which have similar
complexity with high efficiency via biocatalysis in collaboration with Prof. Adrian Keatinge-
Clay at UT Austin. In the mean time, we want to test our late-stage RCM reaction and thus want
to access the two polyol fragments in a most reliable way: Evans’ well established aldol

chemistry.

The RCM approach allows for a divergent and step economical synthesis of 6-
deoxyerythronolide B. The long term goal is to go back and explore more efficient and elegant
synthetic routes to the western and eastern fragments, including biosynthetic routes. The
synthesis of the western fragment was allocated to Peter Dornan and me whereas the eastern
fragment was assigned to Tom Hsieh and Kevin Kou.
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5.3.3  Biocatalysis — Amphotericin’s Ketoreductase

Exploiting biocatalysis as a means of setting numerous stereocenters simultaneously appears to
be an efficient and attractive option towards generating polyols. In the context of our synthetic
efforts towards 6-deoxyerythronolide B, we would like to use biocatalysis to reduce the ketone
of a tricarbonyl substrate and set the 3-hydroxyl and the o- and y-methyl stereocenters in one
reaction. The target transformation is illustrated below (Scheme 39).

O O O O OH O

enzyme
RO S RO

Me Me Me Me I\E/Ie Me

target polyol fragment

Scheme 39: Envisioned biocatalytic approach to polyketide fragments

After extensive literature searching, Peter Dornan found a potential candidate for our required
stereoselective reduction: the ketoreductase of Mod2 of amphotericin (AmpKR-2). AmpKR-2
catalyzes the formation of a B-hydroxyl group of “S” stereochemistry at C-35 and a methyl
group of “R” stereochemistry at C-34 in the complex polyketide amphotericin B (Scheme 40).
Prof. Keatinge-Clay’s group at UT Austin was the first to publish the crystal structure of this
enzyme and they combined their report with the scope of AmpKR-2 including different -
ketoesters with NAC derivatives. ¥’ It is important to highlight that the stereochemistry obtained
after reduction with AmpKR-2 gives the exact stereochemistry required for the western fragment

of 6-deoxyerythronolide B.
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Modules 3-18, then
J tailoring enzymes

Amphotericin B

Scheme 40: Enzymatic reduction by AmpKR2, an isolated enzyme from amphotericin B's
PKS

In light of Prof. Keatinge-Clay’s result with AmpKR-2, we proposed that with a slightly
modified substrate, a 3,3-dicarbonyl compound instead of a 3-carbonyl-5-hydroxy, we would
achieve high selectivity for the desired transformation. A collaboration was established with the
Keatinge-Clay group in order to test 5-keto-p-keto-esters as substrates with their isolated

ketoreducatase enzyme.

5.4 Synthetic Efforts Towards 6-Deoxyerythronolide B
5.4.1  Synthesis of 1,3,5-Tricarbonyl Compounds

To get the biocatalytic route underway, four different 1,3,5-tricarbonyl substrates with different
ester and thioester alkyl groups (-OEt, -OMe, —OtBu, —SMe) were sent to the collaborating
student working on this project, Constance Bailey. After submitting the tricarbonyl substrates to
the AmpKR2 enzyme, she obtained a promising hit with the ethyl ester tricarbonyl 3.
Decarboxylative Claisen reactions and aldol/oxidation reactions were employed to make the o-
keto-[B-keto-esters, but after optimization, larger quantities of the ethyl ester tricarbonyl 3
compound were synthesized via a cross-Claisen condensation. Careful purification of the Claisen
reaction mixture yields between 10-30% of the desired 1,3,5-tricarbonyl ethyl ester 3 as a
mixture of two diastereomers and one tautomer as determined by multiple NMR studuies

(Scheme 41).
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Scheme 41: Synthesis of 1,3,5-tricarbonyl ethyl ester 3 via a Claisen condensation

Following Peter Dornan’s computer modeling experiments at UCLA with Prof. Ken Houk of the
native substrate in the enzyme pocket, he found that the N-acetylcysteamine (SNAC) derivative
binds in a more selective fashion and may in part be responsible for the observed stereochemical
outcome. If the tricarbonyl compound also had these specific binding properties, then
enhancement of stereoselectivity may be observed. To address this hypothesis, a two step
synthesis of SNAC tricarbonyl 8 was undertaken. The major issue encountered in this synthesis
was the opening of methyl-Meldrum’s acid 4 with SNAC 5. To overcome the reactivity issue,
SNAC 5 needed to be silylated, thereby generating a more nucleophilic thiol (Scheme 42).% The
second synthetic step required the synthesis of freshly distilled methyl-diketene dimer 7 which

was submitted to a decarboxylative Claisen condensation induced by magnesium ethoxide.

Me Me ,
o o 1.IPc:'2EtN,TMSC| o Me . Mg(OEY, THE o Me Me Me
0 °C, 30 mins - Mg 2,
_—l S OoOH = = S
o o 2ZNACS Me)LH/\/ W 0 Me)kﬂ/\/ i
45°C, 12h o o =2 O OH OH
Me
(e}
4 6 N 8
7 33% yield over two steps

75% yield
oyl 2 diastereomers

Scheme 42: Synthesis of 1,3,5-tricarbonyl SNAC thioester 8

The &-keto-B-keto-ethyl ester 3 and the 5-keto-p-keto-SNAC thioester 8 are cuurently under
investigation by Connie Bailey at UT Austin. She is encountering problems in her experiments
relating to incomplete conversion and is having difficulty observing the desired product by NMR
(but sees the reduced product by LCMS and TLC). She is currently considering evaluating the
SNAC tricarbonyl 8 in more detail.
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5.4.2  Synthesis of the Western Fragment

Our retrosynthetic plan for the western fragment involves a key aldol disconnection which
renders the synthesis convergent. Teamed up with Peter Dornan, we considered an established
approach to access the B-hydroxy aldehyde via Evans’ aldol chemistry. The convergent aldol
reaction would require optimizing but then protecting group manipulation would lead us to the
western fragment in an efficient and reliable manner (Scheme 43).

(0] O

o OR OH syn Aldol e OR
Ve f anti-Felkin control H syn aldol )\\N
. — HM :> 0]
Me Me Me o Q \/S Me

I\é/le Me
Western fragment Me% HJK/Me Ph
Me

Scheme 43: Retrosynthetic approach to the western fragment

5.4.2.1 Synthesis of the B-Hydroxy Aldehyde

The synthesis of Evans’ auxiliary 11 is straightforward and well documented in the literature
(Scheme 44). L-phenylalanine 9 is reduced to the alcohol using NaBH,4 and I, presumably
forming the reactive reducing agent, BHl, in situ. The alcohol 10 was obtained in quantitative
yield and then cyclized to the oxazolidinone 11 using dimethylcarbonate. Alternatively,

oxazolidinone 11 can be purchased from Aldrich albeit at high cost.

0 0
Ph NaBH, Ph
[ MeO)J\OMe )kNH
OH Trcood OH —— O
HoN THF,0°C N K,COs, neat \/K/ph
& 100% 79%

9 10 1
L-phenylalanine

Scheme 44: Synthesis of Evans' oxazolidinone auxiliary 11

The oxazolidinone 11 is then carried through to the B-hydroxy aldehyde 16 in 5 steps and 44%
overall yield (Scheme 45). The oxazolidinone auxiliary 11 is acylated using a strong base and

freshly distilled propionyl chloride. The acylated oxazolidinone 12 is subjected to Evans’ aldol
reaction conditions involving dibutylboron triflate and triethylamine to generate the desired syn
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aldol product 13. This reaction is highly stereospecific and is amenable to large scale with good
yield. The tert-butyl dimethylsilyl (TBDMS) protection of the 3-hydroxyl group is easier once
the oxazolidinone has been converted into the Weinreb amide 14. The protected Weinred amide

15 avoids over reduction with DIBAL-H reduction and generates aldehyde 16.

o) o Bu,BOTf O O OH  Me(MeONHHCI
\H nBuLi O)LN Et;N )kN : AlMe
B —_— > —  AVE3 .
Q H Q CH,Cl,, -20 °C
\/S Me/\[(CI \/S Me \/S Me Me 2v2
Ph 85% Fh 2% Ph 74%
11 13
TBDSMOTf
O OH ELN o orteoms _DIBALH O OTBDMS
MeO. = CHClL -157C e, _THF, -78°C_
’Tj z ’Tj B H B
Me Me Me 99% Me Me Me 86% Me Me
14 15 16

Scheme 45: Synthesis of the chiral aldehyde 16, the acceptor in the key aldol reaction

This synthetic sequence has been attempt numerous times (each reaction performed 3-5 times) at
different scales. Some problems encountered during the sequence include the coelution of the -
hydroxyl oxazolidinone 13 and the B-hydroxyl Weinreb amide 14. Also, aldehyde 16 is unstable
to preparative TLC purification but can be quickly chromatographed using basified silica gel. A
recurring contaminant in the aldehyde intermediate 16 is the Weinreb amine analogue obtained
via the imine (formed by the elimination of an Al-bound hydroxyl group after the first hydride
addition). However this impurity was exclusively observed on scales larger than 2.00 mmol and
was carried forward through the subsequent aldol reactions without any problems. Of note, the
aldehyde 16 must be stored in the freezer and thus remains stable for at least two months. Over

3.00 g of compound 16 was synthesized.

5.4.2.2 Optimizing the Aldol Reaction

With large quantities of TBDMS-protected 3-hydroxyl aldehyde 16 in hand; we were now ready
to test our key aldol reaction with the a,-B-unsaturated ketone 17. This aldol is expected to be

diastereoselective but can nonetheless generate up to four different sterecisomers (Scheme 46).
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The isomer of interest in the context of the total synthesis of 6-deoxyerythronolide B is the syn
aldol/anti-Felkin product 19.

G OH OTBDMS O OH OTBDMS
H B Me B
o o  OTBDMS Me Me Me Me Me Me
Me% M base syn aldol/Felkin syn aldol/anti-Felkin
. HOY _— 18 + 19
Me Me Me
O OH OTBDMS O OH OTBDMS
17 16 Me : Me : H
Me Me Me Me I\E/Ie Me
anti aldol/anti-Felkin anti aldol/Felkin
20 21

Scheme 46: Key aldol reaction and the four diastereomers generated

The use of a lithium base is precedented to favour a Zimmerman-Traxler transition state and

yield the desired syn aldol.”

The anti-Felkin selectivity stems from the a-methyl stereocenter of
aldehyde 16. In the transition state, the a-stereocenter will want to minimize syn-pentane
interactions and preferentially generate the anti-Felkin product (Scheme 47). The transition state
illustrated below should be lowest in energy since the syn-pentane interaction is minimized by
placing the hydrogen in the axial position. The aldehyde will then attack the backside of the

enolate since the methyl group is smaller than the R group giving the anti-Felkin selectivity.

Me *
TBDMSO Z
0] O,M Mem— \O"/’M y O OH %)TBDMS
H\‘/U\H " Me _A__Me — Me / - ej])\l/'\/\
Me Me |l| o Me Me Me
16 17-enolate B \H | 19

syn-pentane
minimized

Scheme 47: Proposed transition state for the formation of the syn-aldol/anti-Felkin

product 19

However, the use of lithium hexamethyldisilizide (LiHMDS) generated all four possible

stereoisomers, indicating low selectivity. In most reactions, the major diastereomer was indeed
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the desired syn-aldol/anti-Felkin product 19. Fortunately, all four isomers were separable and
were fully characterized. A detailed *H, **C and COSY NMR study helped differentiate the anti-
aldol isomers from the syn-aldol isomers. This analysis was achieved assuming a hydrogen bond
between the B-hydroxyl group and the ketone in a six-membered ring, thereby locking the
configuration of the a-methyl. A large coupling constant between the a-hydrogen and the 3-
hydrogen is indicative of an anti-relationship.'® By this analysis, the syn-aldol products had
coupling constants of 3.9 Hz (syn-aldol/Felkin, 18) and 3.0 Hz (syn-aldol/anti-Felkin, 19)
whereas the anti-aldol products had coupling constants of 7.2 Hz (anti-aldol/anti-Felkin, 20) and
7.0 Hz (anti-aldol/Felkin, 21). The Felkin and anti-Felkin relationship between the two syn-aldol
isomers was confirmed by Peter Dornan via an independent synthesis using Evans’s aldol
chemistry (Scheme 48). The use of the oxazolidinone chiral auxiliary 11 will override the Felkin
selectivity and selectively give the syn-aldol/anti-Felkin product 22. Further manipulations and
the addition of methylvinyl Grignard led to the aldol product 25 which was spectroscopically
identical to the previously assigned aldol-product (19) once reduced. Of note, the Felkin
selectivity for the anti-aldol/anti-Felkin 20 and anti-aldol/Felkin 21 products has not been
verified. However, since the anti-aldol/Felkin triad generated by a (Z)-enolate is more common,

it is likely that the major anti-aldol product obtained is the anti-aldol/Felkin diastereomer 21.

TBDMSO O 0] O OH (EDTBDMS

o 9Q nBu,BOTY Me(MeO)NHHCI
L O\)j\,k'\"e ELN O& AlMe,
Ve Mo . CH,Cl,, -78 °C vg Ve Me Me  CHCh -10°C
16 12 22
73%
O OH OTBDMS LA O  OH OTBDMS Me OH OH OTBDMS
H | : B
Me\l?l . 44, H : /J\MgBr -
OMe Me Me Me Ether Me Me Me ——> Me Me Me
”3 -78-0°C 04 Et,0, 0 °C 25
75% 77% 8%

Scheme 48: Synthesis of aldol desired syn-aldol/anti Felkin aldol product by an analogous

route to confirm Felkin stereochemistry

To optimize the selectivity of the aldol reaction in favour of the desired syn-aldol/anti Felkin

isomer 19, numerous reaction conditions were screened. Different bases, additives, solvents and
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temperatures were evaluated for enhanced selectivity (Table 15). Lithium bases were first tested
and the effect of different additives was investigated. Different equivalents of base yielded
different selectivities and conversions (Table 15, entry 1 and 2). LDA gave the worst selectivity
1:4.3 (Table 15, entry 3) but when LDA and a titanium catalyst were added, the selectivity
increased to 1:1.8 albeit the yield was much lower 3.5% (Table 15, entry 4). Other solvents and
additives were screened with lithium bases but to no avail (Table 15, entries 5-9). Self-aldol 26
of enone 17 was observed as a by-product in certain cases. With a lithium base or an amine base,
the self-aldol product 26 could be suppressed by using fewer equivalents of the enolate.
However, in the presence of boron reagents, the formation of self-aldol product 26 could not be
prevented. Dichlorophenylborane was the most selective reagent, giving moderate yields and
moderate diastereoselectivity (5:1 where 1 represents all other diastereomers) (Table 15, entry
16). Nonetheless, the stoichiometric ratio between the enolate 17, the aldehyde 16 and
dichlorophenylborane was crucial in optimizing the selectivity (Table 15, entries 11-18). Also,
the reaction doesn’t proceed in the presence of triethyamine, highlighting the importance of
Hunig’s base in this system (Table 15, entry 15). Diphenylchloroborane is an unusal reagent in
aldol reactions, but has successfully been employed in three previously described reports to yield

a syn-aldol/anti Felkin product.**

Table 14: Aldol screening parameters with methyl enone as the aldol donor

1) O OTBDMS O OH OTBDMS O HO Et
Me base Me : all other Me Me
. H I E—— H * diastereomers *
Me Me Me Me Me Me Me
17 16 19 26
syn aldol/anti-Felkin self-aldol
# base 17 additive T° solvent Time conve dr Yield
(equiv.) (equiv.) (equiv.) (h) rsion 19
1 LIHMDS 1.5 -78°C  THF 3 71% 1:19 95%
(1.5)
2 LIHMDS 25 -75°C  THF 3 44% 1:2.4  15%"
(2.6)
3 LDA 2.0 -78°C  THF 0.6 84% 1:43 16%
(2.2)
4 LDA 2.0 Ti(OiPr),4 -50°C THF 0.3 8% 1:1.8 3.5%
(2.2) (6.6)
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5 EtzN 15 TiCls(OiPr) 0°C CH,Cl, 33 32% 1:1.5 imp
(1.6) (1.55)

6 LIHMDS 1.0 HMPA -75°C  THF 45 84%  1:43 -
(1.2) (3.0)

7 LIHMDS 1.0 TMEDA -75°C  THF 45 76% 1:33 -
(1.2) (3.0)

8 LIHMDS 1.0 -75°C  Et,0 45 9% 1:2.4 -
(1.2)

9 LIHMDS 1.0 -75°C CH,Cl, 45 5% 1:2.0 -
(1.2)

10 iPI’zNEt 1.0 nBuzBOTf 0°C CHzclz 4 0% - -
(1.3)

11 iPr,NEt 2.0 PhBCI, 0°C CHJCl, 4 85%  3.3:1  Imp°
(5.6) (4.0)

12 iPr,NEt 1.0 PhBCl, 0°C CH,Cl, 31 65% 1:1.1 Imp°
(1.3) (1.2)

13 iPr,NEt 2.0 PhBCl, 0°C CH,Cl, 25 85% 331 Imp°
(5.6) (4.0)

14°  iPr,NEt 1.0 PhBCl, 0°C CH,Cl, 45 15% 1.2:1 4%"
(2.8) (2.0)

15°  Et;N 1.0 PhBCl, 0°C CH,Cl, 45 0% - -
(2.8) (2.0)

16  iPr,NEt 2.0 PhBCI, 0°C CH,Cl, 15 92% 51 40%"
(5.6) (4.0)

17  iPr,NEt 1.2 PhBCI, 0°C CH,Cl, 15 34% 51 20%"
(3.4) (2.4)

18° iPr,NEt 1.0 PhBClI, 0°C CH,Cl, 15 28% 51 20%"
(2.8) (2.0)

% Diastereoselectivity is represented as the desired diastereomer, syn-aldo/anti-Felkin 19, to all other diastereomer
(18, 20 and 21). * Self-aldol product 26 was detected. ¢ 1.5 equiv. of the aldehyde 16 was used. ¢ 1.2 equiv. of the
aldehyde 16 was used.

Further optimization led to exploring the use of a heteroatom in the B-position of the enolate.
Enones are uncommon aldol donors and based on our observations (see Table 15), we found that
they do not impart high levels of selectivity. Most successful aldols for syn aldol/anti-Felkin
selectivity possess a heteroatom on the aldol donor. Perhaps the B-heteroatom coordinates to the
reagent in the Zimmerman-Traxler cyclic transition state to give higher selectivities by blocking
one face of the enolate. B-Amino ketone 27 was synthesized via a Mannich reaction with 3-
pentanone, formaldehyde and dimethylamine to test this hypothesis. As predicted, the aldol
reaction with a lithium base gave excellent conversions (Table 16). However, eight possible
diastereomers of 28 could be produced and so the complex crude mixture was carried forward to
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the next synthetic step for ease of analysis. The tertiary amine 28 was alkylated using
methyliodide and then the ammonium salt was eliminated using an organic base. The yields
reported are over three synthetic steps, unfortunately rendering this sequence inefficient for the
scale up of our synthesis. Even so, higher levels of selectivity were obtained in the presence of a
lithium base with the B-amino ketone 27 in comparison to the methyl enone aldol donor 17
(Table 15 entry 1 and Table 16 entry 1). Interestingly, the optimized reaction conditions for the
aldol reaction with the enone donor 17 completely inhibited the reaction with the -amino ketone
(Table 16, entries 5-7). It appears the aldol reaction conditions can be very substrate specific and
in this case, incompatible with different reactants. This result supports the hypothesis that a
coordinating atom enhances selectivity as well as explains the sparse use of enones in aldol

reaction in the literature.

Table 15: Aldol optimization table with B-amino ketone as the aldol donor

NMe,O O OTBDMS NMe,O  OH OTBDMS O OH OTBDMS
1. Mel g
CHTY base . 2.0By Me _
H —_— = —_— H
Me Me Me Me Me Me Me Me Me Me Me
27 16 28 19
8 possible diastereomers syn aldol/anti-Felkin
#  base ketone T° solvent time conversion dr® yield

(equiv.) (equiv.)

1 LiHMDS 150 -78°C  THF 3.0h >95% 251 8%
(1.7)

2 LiHMDS 1.25 -78°C  THF 45h  >90% 1.1:1 13%
(1.35)

3* LiHMDS 1.00 -78°C  THF 45h  >90% 181 16%
(1.1)

4 LiHMDS  1.00 -78°C  THF 45h >85% 151  14%
(1.1)

5° iPr,NEt 2.00 0°C DCM 3.0h trace - -
(5.6)

6° iPr,NEt 1.20 0°cC DCM 3.0h trace - -
(3.4)

7Y  iPr,NEt 1.00 0°C DCM 3.0h trace - -
(2.8)
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% Diastereoselectivity is represented as the desired diastereomer, syn-aldo/anti-Felkin 19, to all other diastereomer
(18, 20 and 21). ® 4.0 equiv. of PhBCI, was added. ¢ 2.4 equiv. of PhBCI, was added. ¢ 2.0 equiv. of PhBCl, and 1.20
equiv. of the aldehyde 16 were added. ® 1.25 equiv. of the aldehyde 16 was used.

A third aldol donor was tested: vinyl ketone 29. This experiment would tell us if the pending
methyl on the enolate has a detrimental effect on the aldol selectivity. Further in the synthesis,
the methyl could be installed at the C8 position of 6-deoxyerythronolide B via an alkylation
reaction. Using the reaction conditions previously optimized for the ethyl methyl enone 17, vinyl
ketone 29 reacted with the B-hydroxy aldehyde 16 efficiently. Further screening of the ratios of
boron-to-base led to the selection of the reaction conditions depicted below (Scheme 49). The
desired syn-aldol/anti-Felkin adduct 30 was obtained in 57% isolated yield with a diastereomeric
ratio of 6.6 : 1; the highest yield and diastereomeric ratio observed thus far. Also, only two of the
four possible diastereoisomers were detected: the desired syn-aldol/anti-Felkin product 30 and
the anti-aldol/Felkin product 31. This result is indicative of a large enhancement in the anti-

Felkin selectivity due solely by the absence of a a-methyl on the enolate.

PhBCI, (4.0 equiv.)
0] 0] TBDM O OH OTBDMS
QTBDMS /br NE (4.5 equiv.) Q OH OTBDMS
Me Me Me -78 °C, THF | Me Me Me Me Me Me

29 16 30 31

syn aldol/anti-Felkin anti aldol/Felkin

6.6:1dr
57% isolated yield

Scheme 49: Optimized reaction conditions for the aldol reaction with vinyl ketone 29 as the

donor

The scale-up reactions of the dichlorophenylborane-mediated aldol were unfortunately
problematic. Two aldol reactions with different aldol donors were performed: one with ethyl
methyl enone 17 and the other with vinyl ketone 29. The yields of these reactions were below
30% and the self-aldol product 26 of the ethyl methyl enone 17 was inseparable to the desired
aldol adduct 19. It is important to note that the diastereoselectivity is much better with the vinyl
ketone aldol donor 29. This result may be explained with the Zimmerman-Traxler cyclic
transition state where the methyl group on the olefin could hinder the attack on the aldehyde,
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affecting the Felkin selectivity. On the other hand, this extra methyl group could create steric

hindrance and open up the cyclic transition state, again lowering the diastereoselectivity.

5.4.2.3 Taking the Aldol Product to the Western Fragment

To complete the synthesis of the western fragment of 6-deoxyerythronolide B from the aldol
product, protecting group chemistry is required. The B-hydroxyl group must be orthogonally
protected to the 5-hydroxyl group for selective deprotection. In our retrosynthetic analysis, we
wanted the western fragment to be a methyl enone. This would allow rapid conversion to the
final natural product following the key RCM, but keeping in mind that the electron withdrawing
nature of the enone could render the substrate challenging for the RCM. Nonetheless, we carried
the aldol adduct 19 through and thus protected the B-hydroxyl with a para-methoxybenzyl group
to give 32. However, attempts to deprotect the 6-hydroxyl silyl group with different fluoride
sources were ineffective and gave elimination of the PMB-group instead, product 33 (Scheme
50).

O OH OTBDMS -PMB.TBDMS

PMBOC(NH)CCl, o o g OH

MGW La(OTf)3 Me\[HH/K/\ B Me\”)k/\/\
z _— H - H

Me Me Me toluene, 25 °C Me Me Me Me Me Me

19 32 33
43%
PMP PMP
Me4NBH(OAC)s C;H OH OTBDMS PMFI?PicSetaI Q)\O OTBDMS 0”0 OH
2:1dr Me ' - — > Me 2 Z H Me :
Me Me Me Me Me Me Me Me Me

34-anti 35-anti 36-anti

11% over 3 steps 83% 24 mg

(including aldol)
Scheme 50: Attempted synthesis of the enone 33 (top) and revised synthesis of the di-

substituted olefin fragment 36 (bottom)
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Following the difficulties with the TBDMS-deprotection, we revised the design of the western
fragment (Scheme 50, bottom). A 1,3-directed reduction of the aldol adduct gave a diol 34 which
was then protected as cyclic acetal 35. This would avoid steric hindrance around the 5-hydroxyl
group, simultaneously enhancing the reactivity of the silyl group to fluoride attack. Of note, this
sequence adds an extra step to the synthetic sequence.

A western fragment with a mono-substituted olefin 39 was also synthesized since the aldol with
the vinyl ketone was most effective. Also, a substrate without the a-methyl would generate a di-
substituted olefin which is much easier to make via RCM than tri-substituted olefins. The key

aldol reaction is modular and allowed incorporation of the mono-substituted olefin.

The synthesis of both fragments 36-anti and 39-anti are analogous (Scheme 50 bottom, Scheme
51 top). However, the directed 1,3-reduction of the mono-substituted olefin 19 and of the di-
substituted olefin 30 proceeded quite differently. Firstly, the diastereoselectivity of the mono-
substituted olefin is higher 37-anti, presumably since the ketone is more accessible and
facilitates the coordination of the boron atom. Also, the polarity of the anti- and of the syn-
diastereomers is reversed in the two analogous reactions. In other words, the syn diastereomer
34-syn is more polar than 34-anti whereas the anti-diastereomer 37-anti is more polar than 37-
syn. This result led to some confusion as to the correct assignment of the hydroxyl conformation.
Therefore, to confirm the relative stereochemistry at C9, a syn directed 1,3-reduction was
performed on 30. The NMR analyses of the diols were not conclusive and so they were carried

forward to the cyclic acetal to confirm the relative stereochemistry by COSY experiments.

Furthermore, the C9 position of 6-deoxyerythronolide B is a ketone which implies that the allylic
alcohol of 36 and 39 will need to be oxidized post-RCM. Because the stereochemistry of the C9
hydroxyl group is eventually lost, both hydroxyl isomers were synthesized 39-anti and 39-syn
(Scheme 51). Woodward and co-workers have reported that the (R)-OH behaves differently to
the (S)-OH in macrocyclization studies.’®® Although our disconnection is different, the
stereochemistry of the C9-OH may favour a pre-cyclization confirmation which can impact the
outcome of the RCM. This hypothesis remains to be tested, but both fragments have been

synthesized in milligram quantities.
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O OH OTBS

| Me I\é/le Me

30
Me,4NBH(OAC)3
MeCN/AcOH
-40 °C
61%, >5:1dr
PMP PMP
QH OH QTBS PMB acetal

-nQ

O O0TBs TBAF ©” O OH

PPTS THF, reflux
M R
= 35°C : H
Me Me Me ’ = \
96% Me Me Me 86% Me Me Me
37-anti 38-anti 39-anti
106 mg
+
PMP PMP
OH OH OTBS PMB acetal o*o OTBS  TBAF 0" "0 OH
: PPTS : THF, reflux -
| 35°C | |
Me Me Me Me Me Me Me Me Me
0,
37-syn 54% 38-syn 9% 39-syn
5 mg

Scheme 51: Synthesis of two analogous mono-substituted olefins 39-anti and 39-syn for the

western fragment

Having achieved the synthesis of three different western fragments 36-anti, 39-anti and 39-syn,
we remained interested in the synthesis of a western fragment with an enone instead of an allylic
alcohol since the enone moiety would avoid synthetic steps post-RCM. With the previously
encountered issues of 3-silyl deprotection (from 32 to 33), we thought of deprotecting the TBS-
group from intermediate 23 instead (Scheme 52). This synthetic sequence is also modular to both
enone fragments: with or without the methyl group. The same Weinreb amide intermediate 23
synthesized to confirm the Felkin selectivity (Scheme 48) was used as starting material. First, the
B-hydroxyl group was protected with a PMB-group to yield 40. Then, attempts to deprotect the
TBS-group with a source of fluoride led to the formation of six-membered lactone 41. Even
though this product was unexpected, it can still serve as a useful intermediate in the synthesis of
the modified western fragment. The vinyl Grignard reagent was successfully added to the lactone

41 and formed the lactol 42. We hypothesized that intermediate 42 could exist in equilibrium
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with the enone 43, but unfortunately we were unable to detect the enone 43 by NMR. Also, we
took the lactone 41 and reduced it to the lactol 44 with DIBAL-H. The intermediate 44 could
lead to the synthesis of an allylic alcohol western fragment.

PMBO\H/CCI3
o OH Q,TBDMS . ,;,:O o o PM(_Ij%/TBDMS
H 3" El H TBAF
MeO\N . —° "*5 MeO, ! -
I B -78° I E o
Me Me Me Me CHoCl, -78 °C Me Me Me Me THF, 40°C
23 88% 40 28%

/\MgBr
—_—

THF, -78 °C
14%

DIBAL-H

Scheme 52: Alternate synthetic sequence towards an enone western fragment 43

The cyclic allylic acetal fragment 42 was submitted to the esterification reaction conditions, and
unfortunately no conversion was detected. The equilibrium with the open 8-hydroxy enone from
43 seems lay to the cyclic allylic acetal 42. No reaction was detected which also implies that the
tertiary alcohol 42 is too hindered to react. The lactol compound 44 has yet to be tested in the

esterification reaction.

5.4.3 The Eastern Fragments

Three eastern fragments with different protecting group strategies were synthesized by Kevin
Kou and Tom Hsieh (Figure 10). They employed traditional organic chemistry involving Evans’

aldol and crotylation reactions.
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FMB Me, Me TIPS TBS
(0] O O (@] O (@] (6] (@] (@]
HO N HO N HO N
Me Me Me Me Me Me Me Me Me
East-A East-B East-C

Figure 9: Structures of the three eastern fragments synthesized

5.4.4  Testing for the End Game

With the western and eastern fragments now synthesized, Peter Dornan was successfully able to
optimize the esterification to form diene precursors 44-anti and 45-anti using a modified
Yamaguchi procedure (Scheme 53). The key RCM was then ready to be attempted. Regrettably,
the fragment with the methyl substituted olefin 44-anti was unreactive. This was somewhat
expected as forming tri-substituted olefins via a RCM is difficult and require unique
catalysts.'%1% There are presently only four reports of macrocyclic RCM which yield tri-
substituted alkenes.’® Professor Hoveyda at Boston College is an expert in the field, and we are
currently collaborating with his group to identify a suitable catalyst which could cyclize the

desired diene and form the tri-substituted alkene.

O O OH PMP
H H Cl O

R H H (@] R
z Me
Me Me Me /@fkol )\ﬁ
R= Me, 36-anti cl Cl Me,, |
(0]
Me,

R=H, 39-anti 4-pyrrolidinopyridine «Me
- Et“
+ PMB toluene ""’O
O O O o /(
O™ “pmp
" 2 R = Me, 76%, 44-ant R = Me, 0%, 46-ant
Y, = e, 7 o, -an i = e‘ o, -an |
Me e Me R = H, 96%, 45-anti R = H, 75%, 47-anti
East-A

Scheme 53: Esterification and RCM towards the 14-membered core of erythronolide
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In the meantime, we have synthesized the western fragment with a mono-substituted olefin 39-
anti which after esterification undergoes efficient RCM. To complete the total synthesis of 6-
deoxyerythronolide B via intermediate 47-anti, five more steps are required (Scheme 54). First,
global deprotection of the PMB-acetals furnished tetraol 48-anti. An olefin isomerization would
avoid oxidation/reduction steps and give the C9-ketone 49. The triol 49 would need to be
protected (50) and then converted into the enolate and subsequently methylated. Finally, another
global deprotection would give the desired natural product. We are in the process of exploring
this sequence.

PMP
OH 0

Me

Me

Me,, Me,, ~Me olefin Me,, Me
“ 1M HCI ' | isomerization
. - W Wy s T TTTTT > . o,
Et™ THF,4h Et° ‘OH Et™ “OH
o 62% o ""OH 0 “OH

48-anti o 49

Me ~Me
methylation
and Me,, «Me
deprotection
________ > .
Et™ "OH
o) “OH

Me
6-deoxyerythronolide B

Scheme 54: Proposed post-RCM synthetic steps to 6-deoxyerythronolide B

The goal of this synthesis was to test the RCM and verify that our key disconnection is indeed
viable. We employed classic auxiliary chemistry to impart chirality in the synthetic sequence.
Aldol, oxidation and reduction, protecting group chemistry allowed us to successfully arrive at
advance intermediates ready to by cyclized. Some insights were also gained through the RCM
screening. As predicted, the generation of tri-substituted olefins via a metathesis reaction is
challenging and failed in our hands. However, the western fragment containing the enone moiety
39-anti, once coupled with the appropriate eastern fragment led to the successful synthesis of the
14-membered erythronolide core 47-anti. The success of the RCM reaction confirmed the
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viability of the retrosynthesis and now our goal is to rethink the synthesis of the eastern and
western fragments. Ideally, the incorporation of a biocatalytic methododology would help make

this synthesis of erythronolide B, the shortest synthesis to date.

5.5 Experimental Section

General Method:

Reactions were carried out under an atmosphere of dry argon using standard Schlenk technique,
unless specified otherwise. Anilines and acyl chloride were purchased form Aldrich or Acros and
used as received. Pd(OAc), was purchased from Strem. Reactions were monitored using thin-
layer chromatography (TLC) on EMD Silica Gel 60 F2s4 plates. Visualization of the developed
plates was performed under UV light (254 nm) or KMnO4 stain. Organic solutions were
concentrated under reduced pressure on a Biichi rotary evaporator. Column chromatography was
performed using Silicycle Silicagel 60 (0.043-0.06 mm).

Analytical Methods:

'H, Bc{*H}, and *°F NMR spectra were recorded on a Varian Mercury 300, Varian Mercury
400, VRX-S (Unity) 400, or Bruker AV-I111 400 spectrometer at ambient temperature. All NMR
spectra are referenced to TMS or the residual solvent signal. Data for 'H NMR are reported as
follows: chemical shift (6 ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br = broad), coupling constant (Hz), integration. Data for *C{*H} NMR is reported as
follows: chemical shift (5 ppm). Data for *°F NMR are reported as follows: chemical shift (8
ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad),

coupling constant (Hz), integration.

Mass spectra (MS) were recorded on a Sciex Qstar Mass Spectrometer. High resolution mass
spectra (HRMS) were recorded on a micromass 70S-250 spectrometer (EI) or an ABI/Sciex
Qstar Mass Spectrometer (ESI). Melting point ranges were determined on a Gallenkamp melting
point apparatus (uncorrected). Column chromatography was carried out on Silicycle Silica-P
Flash Silica Gel (40-63 um). Preparative layer chromatography was performed on EMD Silica

Gel 60 Fs4 plates (254 um).
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5.5.1  Tricarbonyls

O O

OMe
Me Me

Methyl 2-methyl-3-oxopentanoate: In a flame-dried flask, methyl 3-oxopentanoate (1.88 mL,
15.0 mmol) was dissolved in 20 mL of dry acetone. Potassium carbonate (1.93 g, 14.0 mmol)
was added and the reaction was stirred for 5 mins at room temperature. Methyl iodide (1.14 mL,
18.4 mmol) was added via syringe and the reaction mixture was refluxed for 6 h. Then, 0.6 mL
of methyl iodide was added again to push the reaction to completion. The reaction was stirred
overnight at reflux. The reaction mixture was diluted in ether and filtered to remove solids. The
solvent was evaporated. The crude product was purified by silica gel flash chromatography
eluting with a gradient of 5-15% ethylacetate/hexanes. 1.53 g (71%) of a colourless oil was
obtained. The spectra are in agreement with reported literature data.’®® *H NMR (400 MHz,
CDCI3) & (ppm) 3.73 (s, 3H), 3.55 (q, 1H, J = 7.2 Hz), 2.67-2.47 (m, 2H), 1.35 (d, 3H, J = 7.2
Hz), 1.08 (t, 1H, J = 7.2 Hz) Note that the enol form is detected.*C{*H} NMR (100 MHz,
CDCI3) & (ppm) 206.4, 171.2, 52.4, 52.4,34.7,12.9, 7.7. MS (El) m/z 155 (M).

O O

EtSMOH

Me

3-(Ethylthio)-2-methyl-3-oxopropanoic acid: In a flame-dried flask, methyl-Meldrum’s acid
(1.582g, 10.0 mmol, 1.00 eq) was dissolved in 10 mL of dry MeCN. The flask was placed in an
ice bath (0 °C) and diisopropylethylamine (1.92 mL, 11.0 mmol, 1.10 eq) followed by TMSCI
(1.40 mL, 11.0 mmol, 1.10 eq) were added. Upon addition of the TMSCI, a white gas was
observed and evacuated with argon. The mixture was stirred at 0 °C for 30 mins (colourless
solution). Ethylthiol (0.786 mL, 10.5 mmol, 1.05 eq) was then slowly added with a constant flow
of argon to evacuate the gas formed. The reaction was stirred at 43 °C for 20 h. A solution of 0.3
M HCI was added to quench the reaction. The aqueous layer was extracted three times with

ether. The combined organic layers were extracted three times with a solution of saturated
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NaHCOg3. The combined aqueous phases were acidified with a solution of 4 M HCI to a pH=0.
This aqueous phase was extracted three times with ether. The combined organic phases were
washed with brine, dried over MgSO,4 and evaporated. The crude product was purified by silica
gel flash chromatography eluting with a gradient of 5-30% ethylacetate/hexanes. 1.418 g (87%)
of a colourless oil was obtained. *H NMR (400 MHz, CDCI3) & (ppm) 11.20-10.80 (br s, 1H),
3.68 (g, 1H,J=7.2Hz),2.94 (q,2H, ) =7.4 Hz), 1.47 (d,3H,J=7.2 Hz), 1.28 (t, 3H,J=7.4
Hz). *C{*H} NMR (100 MHz, CDCI3) § 195.9, 175.0, 53.6, 23.9, 14.3, 14.2. MS (ESI+) m/z
163 (M+H), 185 (M+Na); HRMS (ESI+) m/z calc’d for CeH1003SNa [M+Na]": 185.0242; found:
185.0252.

QB P:
A Ao
Me

2-Methyl-3-oxo0-3-(phenylthio)propanoic acid: In a flame-dried flask, recrystallized (from
ethanol) methyl-Meldrum’s acid (2.000 g, 12.6 mmol, 1.00 eq) was dissolved in 15 mL of dry
MeCN. The flask was placed in an ice bath (0 °C) and diisopropylethylamine (2.42 mL, 13.9
mmol, 1.10 eq) followed by TMSCI (1.76 mL, 13.9 mmol, 1.10 eq) were added. Upon addition
of the TMSCI, a white gas was observed and evacuated with argon. The mixture was stirred at O
°C for 30 mins (yellow solution). Thiophenol (1.35 mL, 13.2 mmol, 1.05 eq) was then slowly
added with a constant flow of argon to evacuate the gas formed. The reaction was stirred at 43 °C
for 20 h. A solution of 0.3 M HCI was added to quench the reaction. The aqueous layer was
extracted three times with ether. The combined organic layers were extracted three times with a
solution of saturated NaHCO3. The combined aqueous phases were acidified with a solution of 4
M HCI to a pH=0. This aqueous phase was extracted three times with ether. The combined
organic phases were washed with brine, dried over MgSQO, and evaporated. The crude product
was purified by silica gel flash chromatography eluting with a gradient of 5-30%
ethylacetate/hexanes. 1.539 g (58%) of a white solid was obtained. All spectral data are in
agreement with reported literature data.’®” m.p. 45-49 °C. *H NMR (400 MHz, CDCI3) & (ppm)

11.40-11.00 (br s, 1H) 7.45-7.40 (m, 5H), 3.81 (q, 1H, J = 7.2 Hz), 1.54 (d, 3H, J = 7.2 Hz).
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BC{*H} NMR (100 MHz, CDCI3) § 193.9, 174.9, 134.5, 129.9, 129.4, 126.6, 53.3, 14.2. MS
(ESI+) m/z 211 (M+H), 233 (M+Na); HRMS (ESI+) m/z calc’d for C1oH1:03S [M+H]":
211.0423; found: 211.0430.

O O

EtOMOH

Me

3-Ethoxy-2-methyl-3-oxopropanoic acid (2): Diethyl 2-methylmalonate (1.787 g, 10.3 mmol,
1.00 eq) was dissolved in 17 mL of THF and 170 mL of water. The reaction mixture was cooled
to 0 °C and 49 mL of a 0.25 M solution of NaOH was added. The reaction was stirred for 1 h
wile warming to 15 °C. A cold 1 M HCI solution was used to acidify the mixture to pH=3. Then
NaCl was added until saturation and immediately extacted four times with ethylacetate. The
combined organic phases were dired over MgSQy,, filtered and evaporated. The crude product
was purified by silica gel flash chromatography eluting with a gradient of 25-100%
ethylacetate/hexanes. 1.279 g (85%) of a colourless oil was obtained. All spectral data are in
agreement with reported literature data.’® *H NMR (400 MHz, CDCI3) & (ppm) 11.40-10.50 (br
s, 1H), 4.23 (g, 2H, J = 7.1 Hz), 3.48 (g, 1H, J = 7.3 Hz), 1.47 (d, 3H, J = 7.3 Hz), 1.29 (t, 3H, J
= 7.0 Hz). ®*C{*H} NMR (100 MHz, CDCI3) 5 191.2, 170.2, 62.0, 46.0, 14.2, 13.8. MS (ESI+)
m/z 147 (M+H), 169 (M+Na); HRMS (ESI+) m/z calc’d for CgH1:0,4 [M+H]": 147.0651; found:
147.0654.

O O

MeOMOH

Me

3-Methoxy-2-methyl-3-oxopropanoic: Dimethyl 2-methylmalonate (1.500 g, 10.3 mmol, 1.00
eq) was dissolved in 17 mL of THF and 170 mL of water. The reaction mixture was cooled to 0
°C and 49 mL of a 0.25 M solution of NaOH was added. The reaction was stirred for 1 h wile
warming to 15 °C. A cold 1 M HCI solution was used to acidify the mixture to pH=3. Then NaCl
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was added until saturation and immediately extacted four times with ethylacetate. The combined
organic phases were dired over MgSQy, filtered and evaporated. The crude product was purified
by silica gel flash chromatography eluting with a gradient of 25-100% ethylacetate/hexanes.
1.051 g (78%) of a colourless oil was obtained. All spectral data are in agreement with reported
literature data. ** 'H NMR (400 MHz, CDCI3) & (ppm) 11.40-11.00 (br s, 1H), 3.78 (s, 3H),
3.51(q, 1H, J = 7.3 Hz), 1.47 (d, 3H, J = 7.3 Hz). *C{*H} NMR (100 MHz, CDCI3) & 175.7,
170.5, 53.0, 45.9, 13.8. MS (ES+) m/z could not be found (decarboxylates).

O O

MeOMOH

3-Methoxy-3-oxopropanoic acid: Dimethyl malonate (5.73 mL, 50.0 mmol, 1.00 eq) was
dissolved in 83 mL of THF and 830 mL of water. The reaction mixture was cooled to 0 °C and
240 mL of a 0.25 M solution of NaOH was added. The reaction was stirred for 1 h wile warming
to 15 °C. A cold 4 M HCI solution was used to acidify the mixture to pH=2. Then NaCl was
added until saturation and immediately extacted four times with ethylacetate. The combined
organic phases were dired over MgSQy, filtered and evaporated. The crude product was purified
by silica gel flash chromatography eluting with a gradient of 25-100% ethylacetate/hexanes.
5.057 g (86%) of yellow oil was obtained. All spectral data are in agreement with reported
literature data. ™'° *H NMR (400 MHz, CDCI3) & (ppm) 9.90-9.50 (br s, 1H), 3.78 (s, 3H), 3.45
(s, 2H). MS (ESI+) m/z 119 (M+H), 141 (M+Na); HRMS (ESI+) m/z calc’d for C4H;04 [M+H]":
119.0338; found: 119.0344.

o O

OtBu
Me Me

tert-Butyl 2-methyl-3-oxopentanoate: In a flame-dried flask, diisopropylethylamine (9.04 mL,
64.5 mmol, 4.30 eq) was dissolved in 67 mL of dry THF. The solution was cooled to 0 °C and
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nbutyl lithium (53.5 mL of a 1.206 M solution is hexanes, 64.5 mmol, 4.30 eq) was added
dropwise. An argon balloon was installed and the reaction was cooled to -79 °C. thutyl
propionate (7.24 mL, 48.0 mmol, 3.20 eq) was added dropwise to the LDA solution. A precooled
(at -70°C) solution of methyl 3-hydroxybutanoate (1.772 g, 15.0 mmol, 1.00 eq) in 18 mL of dry
THF was added in one shot, right after the enolate was formed. The reaction was left to warm to
room temperature over 1h30. Then, a solution of 2 M HCI in brine was added to the solution.
The aqueous phases were extracted three times with ether. The combined organic phases were
washed with brine, dried over Na,SQ,, filtered and evaporated. The crude product was purified
by silica gel flash chromatography eluting with a gradient of 0-30% ethylacetate/hexanes. 3.156
g (byproduct; self-Claisen) of a colourless oil was obtained. The *C NMR is in agreement with
reported literature data.'** *H NMR (400 MHz, CDCI3) & (ppm) 3.45 (q, 1H, J = 7.1 Hz), 2.69-
2.46 (m, 2H), 1.46 (s, 9H), 1.28 (d, 3H, J = 7.1 Hz), 1.08 (t, 1H, J = 7.3 Hz). *C{*"H} NMR
(100 MHz, CDCI3) & 206.6, 169.7, 81.4, 53.5, 34.5, 27.8, 12.6, 7.6. MS (ESI+) m/z 187 (M+H);
HRMS (ESI+) m/z calc’d for CoH1504 [M+H]*: 187.0964; found: 187.0973.

O O

SEt
Me Me

S-Ethyl 2-methyl-3-oxopentanethioate: Mg(OEt), (0.286 g, 2.50 mmol) was added to a
solution of 3-(ethylthio)-2-methyl-3-oxopropanoic acid (0.811 g, 5.00 mmol) in 12 mL of THF.
The mixture was stirred at room temperature for 24 h. The solvent was evaporated and the salt
was used as is. Propanoic acid (48 pL, 0.65 mmol, 1.00 eq) and carbonyldiimidazole (0.116 g,
0.715 mmol, 1.10 eq) were dissolved in 2 mL of dry THF and stirred for 20 h at room
temperature under argon. Then the magnesium salt of 3-(ethylthio)-2-methyl-3-oxopropanoate
(0.248 g, 0.715 mmol, 1.10 eq) described above was added and the mixture was stirred for
another 35 h. Then, a saturated solution of ammonium chloride was added and it was extracted
three times with ether. The combined organic phases were dried over MgSQy,, filtered and
evaporated. The crude product was purified by silica gel flash chromatography eluting with a
gradient of 2-35% ethylacetate/hexanes. 60.5 mg (54%) of a yellow oil was obtained. *H NMR
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(400 MHz, CDCI3) & (ppm) 3.74 (g, 1H, J = 7.0 Hz), 2.92 (q, 2H, J = 7.4 Hz), 2.67-2.46 (m,

2H), 1.37 (d, 3H, J = 7.0 Hz), 1.27 (t, 3H, J = 7.4 Hz), 1.06 (t, 3H, J = 7.2 Hz). “C{*H} NMR
(100 MHz, CDCI3) & 205.4, 196.9, 61.3, 34.7, 23.7, 14.5, 13.6, 7.7. MS (ESI+) m/z 175 (M+H),
197 (M+Na); HRMS (ESI+) m/z calc’d for CgH140,SNa [M+Na]": 197.0606; found: 197.0604.

IR

Me Me

S-Phenyl 2-methyl-3-oxopentanethioate: Mg(OEt), (0.286 g, 2.50 mmol) was added to a
solution of 3-(thiophenol)-2-methyl-3-oxopropanoic acid (1.051 g, 5.00 mmol) in 12 mL of THF.
The mixture was stirred at room temperature for 24 h. The solvent was evaporated and the salt
was used as is. Propanoic acid (56 pL, 0.75 mmol, 1.00 eq) and carbonyldiimidazole (0.134 g,
0.83 mmol, 1.10 eq) were dissolved in 4.5 mL of dry THF and stirred for 18 h at room
temperature under argon. Then the magnesium salt of 3-(ethylthio)-2-methyl-3-oxopropanoate
(0.248 g, 0.715 mmol, 1.10 eq) described above was added and the mixture was stirred for
another 24 h. Then, a saturated solution of ammonium chloride was added and it was extracted
three times with ether. The combined organic phases were dried over MgSQy,, filtered and
evaporated. The crude product was purified by silica gel flash chromatography eluting with a
gradient of 2-35% ethylacetate/hexanes. 24.5 mg (15%) of a light yellow oil was obtained. Not
fully characterized in the literature. *H NMR (400 MHz, CDCI3) & (ppm) 7.44-7.41 (m, 5H),
3.86 (g, 1H,J =7.1 Hz), 2.71-2.51 (m, 2H), 1.45 (d, 3H, J = 7.1 HZz), 1.09 (t, 3H, J = 7.2 Hz).
BC{*H} NMR (100 MHz, CDCI3)  205.2, 195.2, 134.6, 130.0, 129.5, 129.4, 127.1, 61.1, 35.0,
13.9, 7.9. MS (ESI+) m/z 223 (M+H), 245 (M+Na); HRMS (ESI+) m/z calc’d for C12H150,S
[M+H]": 223.0787; found: 223.0784.
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4-Methylheptane-3,5-dione: Sodium hydride (0.480 g, 20.0 mmol, 1.00 eq) was dissolved in 12
mL of dry ether at 0 °C. 3-pentanone (2.12 mL, 20.0 mmol, 1.00 eq) was added. After 10 mins,
ethyl propanoate (2.30 mL, 20.0 mmol, 1.00 eq) was added and the solution was stirred at room
temperature for 18 h. The reaction was then poured into a cold 1 M HCI solution and extracted
three times with ether. The combined organic phases were dried over MgSQy,, filtered and
evaporated. The crude product was purified by silica gel flash chromatography eluting with a
gradient of 0-10% ethylacetate/hexanes. Further purification was attempted by Kugelrohr. 0.115
g (4%) of a colourless oil was obtained. All spectral data for the diketone tautomer are in

112 biketone to enol ratio: 6:1. For the diketone: *H

agreement with reported literature data.
NMR(400 MHz, CDCI3) & (ppm) 3.70 (g, 1H, J = 7.1 Hz), 2.58-2.40 (m, 4H), 1.32 (d, 3H, J =
7.1 Hz), 1.05 (t, 6H, J = 7.2 Hz). *C{*H} NMR (100 MHz, CDCI3) & 208.0, 60.5, 35.0, 13.1,
7.8. For the enol form: *H NMR(400 MHz, CDCI3) & (ppm) 2.58-2.40 (m, 4H), 1.83 (s, 3H),

1.14 (t, 6H, J = 7.4 Hz). *C{*H} NMR (100 MHz, CDCI3) 5 193.9, 57.6, 29.4, 12.0, 9.5.

O O

MeMOMe

Me

Methyl 2-methyl-3-oxobutanoate: In 100 mL of benzene, methyl 3-oxobutanoate (5.40 mL,
50.0 mmol, 1.00 eq) and DBU (7.47 mL, 50.0 mmol, 1.00 eq) were dissolved. Then, methyl
iodide (3.11 mL, 50.0 mmol, 1.00 eq) in 50 mL of benzene was added to the solution. The
resulting mixture was stirred at room temperature for 24 h. More methyl iodide was added to
push the reaction to completion. Finally, the mixture was filtered under vacuum. The filtrate was
washed with water, dried over MgSOy, filtered and evaporated. The crude product was purified
by silica gel flash chromatography eluting with a gradient of 0-10% ethylacetate/hexanes. 1.600
g (25%) of a colourless oil was obtained. All spectral data are in agreement with reported
literature data.*** *H NMR (400 MHz, CDCI3) & (ppm) 3.75 (s, 3H), 3.53 (g, 1H, J = 7.2 Hz),
2.25 (s, 3H), 1.36 (d, 3H, J = 7.2 Hz). C{*H} NMR (100 MHz, CDCI3) § 203.6, 171.0, 53.4,

52.4, 28.4, 12.8. MS (ESI+) m/z 131 (M+H), 153 (M+Na); HRMS (ESI+) m/z calc’d for CgH1105
[M+H]*: 131.0702; found: 131.0697.
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Ethyl 2,4-dimethyl-3,5-dioxoheptanethioate: Mg(OEt), (0.143 g, 1.25 mmol) was added to a
solution of 3-(ethylthiol)-2-methyl-3-oxopropanoic acid (1.051 g, 5.00 mmol) in 6.5 mL of THF.
The mixture was stirred at room temperature for 18 h. The solvent was evaporated and the salt
was used as is. Methyl diketone dimer (0.064 g, 0.568 mmol, 1.00 eq) was dissolved in 2.0 mL
of dry THF and subsequently, magnesium 3-(ethylthiol)-2-methyl-3-oxopropanote (0.217 g,
0.625 mmol, 1.10 eq) dissolved in 0.5 mL of THF was added. Then, a saturated solution of
ammonium chloride was added and it was extracted three times with ether. The combined
organic phases were dried over MgSQy, filtered and evaporated. The crude product was purified
by silica gel flash chromatography eluting with a gradient of 2-50% ethylacetate/hexanes. 17.3
mg (13%) of a light yellow oil was obtained. New compound characterized as a mixture of
diastereomers (but only one set of peaks by **C NMR). Traces of tautomers are detected. *H
NMR (400 MHz, CDCI3) é (ppm) 5.28 (g, 1H, J = 6.8 Hz), 3.33 (g, 1H, J = 7.0 Hz), 2.89 (q,
2H,J =7.4Hz),2.68 (qd, 1H, J = 7.3 Hz, J = 18.0 Hz), 2.46 (qd, 1H, J = 7.2 Hz, J = 18.0 Hz),
1.57 (dd, 3H,J=0.8 Hz, J = 6.9 Hz), 1.33 (t, 3H, J = 7.4 Hz), 1.22 (d, 3H, J = 7.0 HZz), 1.04 (t,
3H, J = 7.3 Hz). *C{*H} NMR (100 MHz, CDCI3) § 209.7, 169.2, 148.5, 114.4, 50.9, 33.9,
25.6,14.8,14.1, 11.2, 7.8. MS (ESI+) m/z 231 (M+H), 253 (M+Na) (2 distinct peaks by GCMS);
HRMS (ESI+) m/z calc’d for C11H1903S [M+H]": 231.1049; found: 231.1057.
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Ethyl 2,4-dimethyl-3,5-dioxoheptanoate: 3-methoxy-2-methyl-3-oxopropanoic acid (0.900 g,
6.8 mmol, 1.00 eq) was dissolved in 60 mL of dry DCM. DMF (52 uL, 0.68 mmol, 2.00 eq) was
added via pipette and the solution was purged with argon and cooled to 0 °C. Then, while
monitoring the evolution of gas, oxalyl chloride (1.17 mL, 13.6 mmol, 2.00 eq) was slowly
added. The mixture was stirred at 0 °C and warmed to room temperature until the gas ceased to
evolve. The mixture was then concentrated under vacuum and used as is. 3-pentanone (0.21 mL,
2.0 mmol, 2.00 eq) was dissolved in 1 mL of dry THF and then lithium hexamethyldisilyl (1.9
mL of a 1M solution in hexanes, 1.9 mmol, 1.90 eq) was added at -78 °C under argon. After
stirring for 30 mins at -78 °C, the acyl chloride made above (0.157 g, 1.0 mmol, 1.00 eq)
dissolved in 1 mL of THF was added to the reaction and it was stirred at -78 °C for 30 mins and
then slowly warmed to room temperature. The reaction was left to stir for 16 h. Then, the
reaction mixture was diluted in ether and washed with a saturated solution of ammonium
chloride. The aqueous phase was extracted three times with ether and the combined organic
phases were dried over MgSOy, filtered and evaporated. The crude product was purified by silica
gel flash chromatography eluting with a gradient of 0-100% ethylacetate/hexanes and drops of
triethylamine. 39.5 mg (20%) of a light yellow oil was obtained. New compound characterized
as a mixture of diastereomers. Important amounts of tautomers are present. ‘H NMR (400 MHz,
CDClI3) see spectrum. *C{*H} NMR (100 MHz, CDCI3) see spectrum.
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tert-Butyl 2,4-dimethyl-3,5-dioxoheptanoate: In a flame dried flask, sodium hydride (48 mg,
1.2 mmol, 1.20 eq) was dissolved in 2 mL of dry THF at 0 °C. tert-butyl 2-methyl-3-
oxopentanoate (186 mg, 1.0 mmol, 1.00 eq) was slowly added dropwise.. The colourless solution
was stirred for 15 mins at 0 °C. n-Butyl lithium (0.47 mL of a 2.36 M solution in hexanes, 1.1
mmol, 1.10 eq) was added and the light yellow solution was stirred for 20 mins at 0 °C and
warmed to room temperature. The reaction was then cooled in a dry ice-bath and then methyl
propanoate (0.11 mL, 1.1 mmol, 1.10 eq) was added in one shot and subsequently stirred for 5
mins at -60 °C and then for another 3 h at room temperature. Then, 1 mL of water was added to
quench the reaction. It was extracted with ether and washed with a saturated solution of
NaHCOg3. The aqueous phase was extracted with ether three times and the combined organic
phases were washed with brine, dried over MgSQO,, filtered and evaporated. The crude product
was purified by silica gel flash chromatography eluting with a gradient of 0-20%
ethylacetate/hexanes. 38.4 mg (16%) of a light yellow oil was obtained. New compound
characterized as a mixture of diastereomers. Traces of tautomers are present.. *H NMR (400
MHz, CDCI3) see spectrum. **C{*H} NMR (100 MHz, CDCI3) see spectrum. MS (ESI+) m/z

265 (M+Na); HRMS (ES+) m/z calc’d for C13H204Na [M+Na]*: 265.1410; found: 265.1412.
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Ethyl 2,4-dimethyl-3,5-dioxoheptanoate (3): In a flame dried flask, 3-ethoxy-2-methyl-3-
oxopropanoic acid (0.438 g, 3.0 mmol) was dissolved in 0.44 mL of SOCI, and stirred at 40 °C
for 4 h.*** The excess SOCI, was removed under vacuum and the obtained yellow liquid was
used as is. 3-pentanone (0.64 mL, 6.0 mmol) was dissolved in 5 mL of dry THF and then lithium
hexamethyldisilyzide (5.7 mL of a 1M solution in hexanes, 5.7 mmol) was added at -78 °C under
argon. After stirring for 30 mins at -78 °C, the crude acyl chloride (0.427 g, 2.6 mmol) dissolved
in 3 mL of dry THF was added dropwise via a small cannula to the reaction and it was stirred at -
78 °C for 90 mins and then quenched with sat. NH4Cl g at -78 °C. Then, the reaction mixture
was diluted in ether and washed with sat. NH4Clq) and then with water. The aqueous phase was
extracted three times with ether and the combined organic phases were dried over Na,SQy,
filtered and evaporated. The crude product was purified by silica gel flash chromatography
eluting with a gradient of 10-20% ethylacetate/hexanes. 0.326 g (59%) of a clear oil was
obtained. New compound characterized as a mixture of diastereomers. *H NMR (400 MHz,
CDCI3) see spectra. MS (ESI+) m/z 215 (M+H), 237 (M+Na); HRMS (ESI+) m/z calc’d for

C11H1504 [M+H]": 215.1277; found: 215.1287.
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tert-Butyl 5-hydroxy-2-methyl-3-oxohexanoate: In a flame-dried flask, diisopropylethylamine
(9.04 mL, 64.5 mmol, 4.30 eq) was dissolved in 67 mL of dry THF. The solution was cooled to 0
°C and n-butyl lithium (53.5 mL of a 1.206 M solution is hexanes, 64.5 mmol, 4.30 eq) was
added dropwise. An argon balloon was installed and the reaction was cooled to -79 °C. tbutyl
propionate (7.24 mL, 48.0 mmol, 3.20 eq) was added dropwise to the LDA solution. A precooled
(at -70 °C) solution of methyl 3-hydroxybutanoate (1.772 g, 15.0 mmol, 1.00 eq) in 18 mL of dry
THF was added rapidly, right after the enolate was formed. The reaction was left to warm to
room temperature over 90 mins. Then, a solution of 2 M HCI in brine was added to the solution.
The aqueous phases were extracted three times with ether. The combined organic phases were
washed with brine, dried over Na,SQ,, filtered and evaporated. The crude product was purified
by silica gel flash chromatography eluting with a gradient of 0-30% ethylacetate/hexanes. 1.113
g (34%) of a light yellow oil was obtained. The **C NMR is in agreement with reported literature
data.'*® Compound characterized as a mixture of diastereomers (1:1). *"H NMR (400 MHz,
CDCI3) & (ppm) 4.28-4.21 (m, 1H), 3.44 (q, 1H, J = 7.1 Hz), 3.08 (br s, 1H), 2.79-2.56 (m, 2H),
1.46 (s, 9H), 1.30 (2 overlapping d, 3H, J = 7.1 Hz), 1.21 (2 overlapping d, 3H, J = 6.3 Hz).
BC{*H} NMR (100 MHz, CDCI3) 5 207.3, 169.5, 169.4, 82.1, 82.0, 63.9, 63.8, 54.4, 49.6, 49.3,
28.3,27.9,22.4,22.4,12.5,12.4. MS (ESI+) m/z 217 (M+H), 239 (M+Na); HRMS (ESI+) m/z
calc’d for C11H00,Na [M+Na]": 239.1253; found: 239.1261.
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(3S,55)-tert-Butyl 3,5-dihydroxy-2-methylhexanoate: In a flame-dried flask, tert-butyl 5-
hydroxy-2-methyl-3-oxohexanoate (21.6 mg, 0.10 mmol, 1.00 eq) was dissolved in 0.8 mL of
dry THF and in 0.2 mL of methanol. The solution was cooled to -78 °C and
diethylmethoxyborane (14.5 uL, 0.11 mmol, 1.10 eq) was added dropwise. The resulting mixture
was stirred for 20 mins. To this cloudy solution, sodium borohydride (4.2 mg, 0.11 mmol, 1.10
eq) was added slowly over 5 mins. The resulting suspension was stirred for 4 h at -78 °C. 0.1 mL
of acetic acid was added to quench the reaction. The solution was diluted in ethylactetate and
washed with a solution of NaHCO3. The aqueous phase was extracted three times with
ethylacetate and the combined organic phases were washed with brine, dried over Na,SO3

filtered and evaporated. The crude mixture was purified by preparative TLC eluting with 20%
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ethylacetate/hexanes. 3.4 mg (16%) of a light yellow oil was obtained. New syn-diol compound
characterized as a mixture of diastereomers. *H NMR (400 MHz, CDCI3) see spectrum .
BC{*H} NMR (100 MHz, CDCI3) see spectrum. 10.8 mg (33%); 1:1 ratio of syn diastereomers;

12:1 dr for syn:anti. MS (ESI+) m/z 241 (M+Na); HRMS (ESI+) m/z calc’d for C11H2,04Na
[M+Na]*: 241.1410; found: 241.1412.
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(3R,5S)-tert-Butyl 3,5-dihydroxy-2-methylhexanoate: In a flame-dried flask, to a solution of
tetramethylammonium triacetoxyborohydride (0.316 g, 1.2 mmol, 8.00 eq) in 0.7 mL of dry
MeCN was added acetic acid (0.66 mL, 11.6 mmol, 77 eq). This mixture was cooled to -40 °C
(using the Julabo) and tert-butyl 5-hydroxy-2-methyl-3-oxohexanoate (32.4 mg, 0.15 mmol, 1.00
eq) dissolved in 0.3 mL of dry MeCN was added via canula. The mixture was stirred at -40 °C
for 12.5 h. The reaction was quenched with 2 mL of 0.5 M of a sodium potassium tartrate
solution. The mixture was diluted in DCM and washed with a saturated solution of NaHCOs.
The aqueous layer was extracted three times with DCM (twice). The final organic layers were
dried over MgSQ,, filtered and evaporated. The crude mixture was purified by preparative TLC
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eluting with 20% ethylacetate/hexanes. 18.9 mg (58%) of a light yellow oil was obtained. New
anti-diol compound characterized as a mixture of diastereomers. 18.9 mg (58%); 5:3 ratio of
anti/syn; high dr for anti ‘H NMR (400 MHz, CDCI3) see spectrum (diastereomers overlap) .
BC{*H} NMR (100 MHz, CDCI3) 5 175.6, 175.5, 81.3, 81.1, 70.8, 69.0, 65.3, 65.0, 45.9, 45.4,

41.8, 41.4, 28.1 (overlap of the diastereomers), 23.6, 23.5, 14.2, 11.6. MS (ESI+) m/z 241
(M+Na); HRMS (ESI+) m/z calc’d for C11H2,04Na [M+Na]": 241.1410; found: 241.1411.
— 2000

7 A\

nb2-044-2 — 1500
anti reduction with Me4NBH( OAc) 3

STV
686°€
A1 44
S0'C

ppm (t1)

122



123

" [— 70000
anti reduction |
] © ~N o o &~ O N B
~ = © & = SEDE | -
g N o W = 8‘ = =
3 S R & = S @ " cooo
— 50000
— 40000
— 30000
— 20000
| | :
[ | -
‘ L
| | | | — 1000C
. 5
— -1000¢
\ ‘ | | ‘
200 150 100 o T

ppm (t1)

nb2-044-2 7
cosy |

1
-

anis [
e
\

s--corsraBBEE -

T
T

ppm (t1

4.0 3.0 2.0 1o
ppm (t2)

123



124

P M
hb2-044-2 —

~ iHsacC B
° j 20
—30
] — 40

ju— & B
—50
— 60

— = -
_ = 70

_— :
— — 80

ppm (t1
I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I I I ‘
4.00 3.50 3.00 2.50 2.00 1.50 1.00
ppm (t2)

OH O

Me)\)J\OMe

Methyl 3-hydroxybutanoate: In a flame dried flask, methyl acetoacetate (3.24 mL, 30.0 mmol,
1.00 eq) was dissolved in 300 mL of HPLC grade methanol. Then, ammonium chloride (9.628 g,
180 mmol, 6.00 eq) was added and the solution was cooled to 0 °C. Sodium borohydride (2.270
g, 60.0 mmol, 2.00) was subsequently added under argon and left to stir for 10 h. The solvent
was evaporated to a small volume and the solution was washed with 1M HCI and extracted three
times with ethylacetate. The combined organic phases were washed with brine, dried over
MgSQ,, filtered and evaporated. 2.433 g (69%) of a colourless liquid was obtained. All spectral
data are in agreement with reported literature data.*® *H NMR (400 MHz, CDCI3) & (ppm)
4.25-4.18 (m, 1H), 3.72 (s, 3H), 2.51 (dd, 1H, J = 3.6 Hz, J = 16.5 Hz), 2.44 (dd, 1H, J = 8.6 Hz,

J=16.5Hz), 1.24 (d, 3H, J = 6.3 Hz). *C{*"H} NMR (100 MHz, CDCI3) & 173.4, 64.3, 51.8,
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425, 22.4. MS (ESI+) m/z 119 (M+H), 141 (M+Na); HRMS (ESI+) m/z calc’d for CsH1104
[M+H]*: 119.0702; found: 119.0704.

OH O

MeMOMe

Methyl 3-hydroxybutanoate: The procedure was conducted as is from the literature.™*’ 1.431 g
(39%) of a colourless liquid was obtained with ~33% ee by polarimetry. All spectral data are in
agreement with reported literature data.”* *H NMR (400 MHz, CDCI3) & (ppm) 4.25-4.18 (m,
1H), 3.72 (s, 3H), 2.51 (dd, 1H, J = 3.6 Hz, J = 16.5 Hz), 2.44 (dd, 1H, J = 8.6 Hz, J = 16.5 Hz),
1.24 (d, 3H, J = 6.3 Hz). ®C{*H} NMR (100 MHz, CDCI3) 5 173.4, 64.3, 51.8, 42.5, 22.4. MS
(ESI+) m/z 119 (M+H), 141 (M+Na); HRMS (ESI+) m/z calc’d for CsH1:05 [M+H]": 119.0702;
found: 119.0704.

H
YN\/\SH
o)

Me

N-Acetylcysteamine (5): According to a modified procedure,™® in 125 mL of deionized water,
cysteamine hydrochloride (2.84g, 25.0 mmol), potassium hydroxide (1.40 g, 25.0 mmol) and
sodium bicarbonate (6.30 g, 75.0 mmol) were added and a clear solution was obtained. Acetic
anhydride (2.13 mL, 22.5 mmol) was then added dropwise and bubbles were observed. The
solution was stirred for 10 mins at room temperature. The reaction was quenched with
approximately 15 mL of 12N HCl4q) or until a pH < 6 was obtained. The resulting mixture was
separated and the aqueous phase, saturated with NaCls), was extracted three times with ethyl
acetate. The combined organic phases were dried over Na,SOy, filtered and evaporated. To
remove the unavoidable presence of the diacetylated compound, the crude was diluted in 22 mL
of methanol and 6 mL of a 25% sodium methoxide solution was added. This solution is stirred
for 30 minutes at room temperature and was quenched with acetic acid. The resulting mixture
was separated and the aqueous phase was extracted three times with ethyl acetate. The combined
125
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organic phases were dried over Na,SQOq, filtered and evaporated. 2.20 g of a colourless liquid was
obtained. *H NMR (400 MHz, CDCI3) & (ppm) 5.93 (br s, 1H), 3.44 (q, 2H, J = 6.2Hz), 2.68

(td, 2H, J = 6.4Hz, J = 8.4Hz), 2.02 (s, 3H), 1.36 (t, 1H, J = 8.5Hz).
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N,N'-(Disulfanediylbis(ethane-2,1-diyl))diacetamide: Inseperable byproduct of the above
reaction <10%. *H NMR (400 MHz, CDCI3) & (ppm) 6.37 (br s, 2H), 3.57 (q, 4H, J = 6.3Hz),

2.84 (t, 4H, J = 6.4Hz), 2.10 (s, 6H).
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3-((2-Acetamidoethyl)thio)-2-methyl-3-oxopropanoic acid (6): According to a modified
procedure,'*® in a flame-dried flask under Avr, trimethylsilylimidazole (0.49 mL, 3.4 mmol) was
inserted via syringe, followed by N-acetylcysteamine (0.88 g, 6.7 mmol) and by
trimethylsilyltriflate (0.33 mL, 1.7 mmol). Immediately, a white precipitate was formed with
release of heat. The gas was evacuated with a flow of Ar. Methyl-Meldrum’s acid (0.53 g, 3.4
mmol) dissolved in 5 mL of dry CH,Cl, was added to the flask via cannula at 0°C. The reaction
mixture was stirred at room temperature. After a few hours, more trimethylsilyltriflate was added
to drive the reaction to completion. The reaction was quenched with 1M HCI. The resulting
mixture was separated and the aqueous phase was evaporated to a minimal volume (compound
remains in the aqueous phase). The aqueous phase was extracted five times with CH,Cl,. The
combined organic phases were dried over Na,SQy, filtered and evaporated. The crude mixture
was purified by chromatography on silica gel eluting with 5% MeOH/ CH,Cl,. 0.522 g (71%) of
a colourless oil was obtained. *H NMR (400 MHz, CDCI3) & (ppm) 10.20-10.80 (br, 1H), 6.04-
6.06 (br, 1H), 3.71 (q, 1H, J = 7.2 Hz), 3.49 (g, 2H, J = 6.1 Hz), 3.19-3.01 (m, 2H), 1.98 (s, 3H),
1.47 (d, 3H, J = 7.2 Hz). *C{*H} NMR (100 MHz, CDCI3) & (ppm) 197.1, 173.9, 172.2, 54.1,
39.7,28.8, 23.1, 14.2. MS (ESI-) m/z 218 (M-H).
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4-Ethylidene-3-methyloxetan-2-one (7): In a flame-dried flask and under strictly anhydrous
conditions, freshly distilled propanoyl chloride (8.7 mL, 100 mmol) was dissolved in 30 mL of
dry ether (3.4M). Using an addition funnel under argon, freshly distilled triethylamine (13.9 mL,
100 mmol) dissolved in 200 mL of dry ether was added dropwise over one hour to the solution at
0 °C (Observation: upon the addition of the first drops of EtsN, the solution tuned white and a
white gas was formed. EtsNCI forms very quickly and contaminates the slowly dropping Et3N).
The mixture was then warmed to room temperature and stirred overnight. The reaction mixture

was filtered through a Schlenk filter under argon and washed 3 times with dry ether. The light
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yellow solution was evaporated. NOTE: never heat this product above room temperature. The
crude product was purified by distillation on a Kugelrohr under full vacuum at room
temperature. 2.61 g (47%) of a colourless liquid was obtained. The spectra are in agreement with
reported literature data.**® *H NMR (400 MHz, CDCI3) & (ppm) 4.74 (dg, 1H, J = 1.4 Hz, J =

7.0 Hz), 3.99-3.93 (m, 1H), 1.69 (dd, 3H, J = 1.2Hz, J = 7.0 Hz), 1.41 (d, 3H, J = 7.8 Hz).
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Magnesium ethoxide: According to a patent,'?

under anhydrous conditions, N-
chlorosuccinamide (0.27 g, 2.0 mmol) and magnesium (0.24 g, 10.0 mmol) were dissolved in
4.0 mL of absolute ethanol. The solution was stirred at 40 °C and after 2 mins, hydrogen was
generated. After the hydrogen evolution stopped (approx 20 mins), the reaction was stirred at 40

°C for 2 h. Then, the reaction was heated to 70 °C for another 2 h. The residue grey was washed
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three times at 50 °C with hexanes. The solid was dried under vacuum for several hours. 0.38 g

(33%) of a white/grey powder was obtained.

OH OH O H
Me Me Me O

S-(2-Acetamidoethyl) 2,4-dimethyl-3,5-dioxoheptanethioate (8): Mg(OEt), (29 mg, 0.25
mmol) was added to a solution of 3-((2-acetamidoethyl)thio)-2-methyl-3-oxopropanoic acid
(0.11 g, 0.50 mmol) in 5 mL of dry THF. The mixture was stirred at room temperature under
argon for 1h. The solvent was evaporated and the insoluble salt was used as is. Under anhydrous
conditions, methyl diketene dimer (65 mg, 0.58 mmol) was dissolved in 2.5 mL of dry THF and
subsequently added to a mixture of magnesium 3-((2-acetamidoethyl)thio)-2-methyl-3-
oxopropanoic acid (115 mg, 0.25 mmol) dissolved in 2.5 mL of THF. The mixture was stirred at
room temperature under argon for 36 h, at 40 °C for 36 h and then at 70 °C for another 36 h.
Then, a saturated solution of ammonium chloride was added and it was extracted three times
with ethyl acetate. The combined organic phases were dried over Na,SOy, filtered and
evaporated. The crude product was purified by preparative TLC eluting with a gradient of 2%
MeOH/CH,Cl,. 40 mg (28%) of a colourless oil was obtained. New compound characterized as a
mixture of diastereomers. Tautomers are detected in significant amounts. *"H NMR (400 MHz,
CDCI3) & (ppm) see spectra. **C{*H} NMR (100 MHz, CDCI3) & see spectra. MS (ESI+) m/z

288 (M+H), 310 (M+Na): HRMS (ESI+) m/z calc’d for C1sH2:NO4S [M+H]": 288.1264; found:
288.1254.
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5.5.2 Intermediates Towards the Western Fragment

(0]
MeTHK/Me

2-Methylpent-1-en-3-one (17): According to a patent procedure,*?* a solution of 3-pentanone
(2.1 mL, 20 mmol), dimethylamine hydrochloride (0.82 g, 10 mmol) and 37% formaldehyde
(0.75 mL, 10mmol) in water was adjusted to a pH=1 with a 1M HCI solution. The reaction
mixture was refluxed overnight. The reaction was cooled to room temperature and the biphasic
mixture was separated. The yellow aqueous phase was washed twice with diethyl ether and the
aqueous phase was evaporated under reduced pressure and at 65 °C. Then 80 mg of
hydroquinone was added to this orange crude mixture and it was refluxed for 2 h at 180 °C. The
product was obtained by distillation of the crude mixture (but was contaminated with 3-

pentanone). *H NMR (400 MHz, CDCI3) & (ppm) 5.95 (s, 1H), 5.75 (s, 1H), 2.72 (q, 2H, J =
7.3Hz), 1.88 (s, 3H), 1.10 (t, 3H, J = 7.3Hz).

NMezo
Me

Me

1-(Dimethylamino)-2-methylpentan-3-one (27): Synthesized following a modified
procedure,*?® 3-pentanone (10.6 mL, 100 mmol), dimethylamine hydrochloride (8.16 g, 100
mmol) and paraformaldehyde (4.64 g, 150 mmol) were dissolved in 20 mL of absolute ethanol.
Then 0.4 mL of concentrated hydrochloric acid was added and the mixture was refluxed
overnight. The reaction was cooled to room temperature and a 4M solution of NaOH was added
to basify the solution. The product was extracted three times with ether. The combined organic
phases were washed with brine, dried over Na SOy, filtered and evaporated. The product was
obtained by distillation (Kugelrohr under vacuum at 120 °C) of the crude mixture. *H NMR (400
MHz, CDCI3) 6 (ppm) 2.80-2.71 (m, 1H), 2.58 (dd, 1H, J = 8.7 Hz, J = 12.2 Hz), 2.50 (dq, 2H,
J=1.7Hz,J=17.2 Hz), 2.19 (s, 6H), 2.14 (dd, 1H, J = 6.0 Hz, J = 12.2 Hz), 1.07-1.02 (m, 6H).
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BC{*H} NMR (100 MHz, CDCI3) 5 (ppm) 214.5, 62.9, 45.8, 44.5, 34.6, 15.3, 7.5. MS (ESI+)
m/z 144.1 (M+H); HRMS (ESI+) m/z calc’d for CgHygNO [M+H]": 144.1388; found: 144.1382.
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(S)-2-Amino-3-phenylpropan-1-ol (10): Synthesized following a reported procedure,*** using
65 mmol of L-phenylalanine. 9.80 g (quantative yield) of a white solid was obtained. *H NMR
(400 MHz, CDCI3) & (ppm) 7.35-7.29 (m, 2H), 7.25-7.18 (m, 2H), 3.64 (dd, 1H, J = 3.9Hz, J =
10.6Hz), 3.38 (dd, 1H, J = 7.2Hz, J = 10.6Hz), 3.16-3.08 (m, 1H), 2.80 (dd, 1H, J = 5.2Hz, J =
13.5Hz), 2.53 (dd, 1H, J = 8.6Hz, J = 13.5Hz), 1.73 (s, 2H).
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(S)-4-Benzyloxazolidin-2-one (11): (S)-2-amino-3-phenylpropan-1-ol (9.80 g, 65 mmol) and
potassium carbonate (0.90 g, 6.5 mmol) were dissolved in dimethylcarbonate (11 mL, 130
mmol). The neat mixture was heated in a flask equipped with a short-path distillation apparatus.
The mixture is refluxed and the methanol is distilled off. More dimethylcarbonate (20-40 mmol)
is added until the excess dimethylcarbonate started to distill off. The mixture was cooled and
then diluted in CH,Cl, and washed with 10% NaHCO3q). The combined organic phases were
washed with brine, dried over Na,SQy, filtered and evaporated. The crude mixture was
recrystallized twice from hot ethylacetate and cold hexanes. 9.12 g (79%) of a white solid was
obtained. "H NMR (400 MHz, CDCI3) & (ppm) 7.36-7.33 (m, 2H), 7.29 (d, 1H, J = 7.0Hz), 7.18
(d, 2H, J = 7.4Hz), 5.19 (s, 1H), 4.47 (t, 1H, J = 8.3Hz), 4.16 (dd, 1H, J = 5.6Hz, J = 8.5H2),
4.12-4.05 (m, 1H), 2.92-2.83 (m, 2H). *C{*H} NMR (100 MHz, CDCI3) 5 (ppm) 159.0, 136.0,
129.1, 129.0, 127.3, 69.7, 53.8, 41.6.

O j\/
Me

o\)i"‘S

Ph
(S)-4-Benzyl-3-propionyloxazolidin-2-one (12): Synthesized following a reported procedure,*®
using 45 mmol of (S)-4-benzyloxazolidin-2-one. 8.96 g (85%) of a white solid was obtained. *H
NMR (400 MHz, CDCI3) & (ppm) 7.36-7.32 (m, 2H), 7.30-7.28 (m, 1H), 7.22-7.20 (m, 2H),
4.68 (ddd, 1H, J = 3.3Hz, J = 6.9 Hz, J = 10.6 Hz), 4.23-4.15 (m, 2H), 3.31 (dd, 1H, J = 3.3 Hz,
J =13.4 Hz), 3.03-2.90 (m, 2H), 2.77 (dd, 1H, J = 9.6 Hz, J = 13.3 Hz), 1.21 (t, 3H, J = 7.3
Hz). ®C{*H} NMR (100 MHz, CDCI3) & (ppm) 174.3, 153.7, 135.6, 129.6, 129.2, 127.5, 66.4,

55.4,38.1,29.4, 8.5.
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(S)-4-Benzyl-3-((2S,3R)-3-hydroxy-2-methylpentanoyl)oxazolidin-2-one (13): Synthesized
following a reported procedure,*?® using 38 mmol of (S)-4-benzyl-3-propionyloxazolidin-2-one.
9.12 g (82%) of a white solid was obtained. *H NMR (400 MHz, CDCI3) & (ppm) 7.37-7.28 (m,
3H), 7.22-7.20 (m, 2H), 4.71 (ddd, 1H, J = 3.4Hz, J = 7.0 Hz, J = 12.8 Hz), 4.26-4.17 (m, 2H),
3.90-3.85 (m, 1H), 3.79 (ddd, 1H, J = 2.7 Hz, J = 7.0 Hz, J = 14.0 Hz), 3.26 (dd, 1H, J = 3.3
Hz, J = 13.4 Hz), 2.85-2.75 (m, 2H), 1.51 (m, 2H), 1.26 (d, 3H, J = 7.0 Hz), 0.98 (t, 3H,J = 7.4
Hz).

O OH
meo. I A e

| 2
Me Me

(2S,3R)-3-Hydroxy-N-methoxy-N,2-dimethylpentanamide (14): Synthesized following a
reported procedure,*?” using 10.0 mmol of (S)-4-benzyl-3-((2S,3R)-3-hydroxy-2-
methylpentanoyl)oxazolidin-2-one. 1.21 g (74%) (some material was lost) of a white solid was
obtained. *H NMR (400 MHz, CDCI3) & (ppm) 3.80-3.75 (m, 2H), 3.71 (s, 3H), 3.20 (s, 3H),
2.92 (s, 1H), 1.65-1.54 (m, 1H), 1.46-1.35 (m, 1H), 1.17 (d, 3H, J = 7.1 Hz), 0.97 (t, 3H, J = 7.4
Hz).

O OH
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(S)-2-((2S,3R)-3-Hydroxy-2-methylpentanamido)-3-phenylpropyl
methoxy(methyl)carbamate: By-product obtained in the conversion of the oxazolidinone to the
Weinreb amide (when using a large excess of reagents). >8g of a white solid was obtained. *H
NMR (400 MHz, CDCI3) & (ppm) 7.33-7.28 (m, 2H), 7.25-7.19 (m, 3H), 6.11 (d, 1H, J=8.2
Hz), 4.52-4.44 (m, 1H), 4.18 (d, 2H, J = 5.2 Hz), 3.71 (s, 3H), 3.69-3.64 (m, 1H), 3.16 (s, 3H),
3.13(d, 1H, J = 2.6 Hz), 2.91-2.80 (m, 2H), 2.27 (ddd, 1H, J =29 Hz, J=7.2 Hz, J = 14.3 Hz),
1.47-1.33 (m, 2H), 1.06 (d, 3H, J = 7.2 Hz), 0.93 (t, 3H, J = 7.4 Hz).
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(2S,3R)-3-((tert-Butyldimethylsilyl)oxy)-N-methoxy-N,2-dimethylpentanamide (15):
Synthesized following a reported procedure,*?® using 10.7 mmol of (2S,3R)-3-hydroxy-N-
methoxy-N,2-dimethylpentanamide. 3.10 g (quantatative yield) of a colourless oil was obtained.

'H NMR (400 MHz, CDCI3) & (ppm) 3.89 (td, 1H, J = 4.7 Hz, J = 8.2 Hz), 3.69 (s, 3H), 3.17 (s,

3H), 3.00 (s, 1H), 1.60-1.41 (m, 2H), 1.34 (t, 1H, J = 7.3 Hz), 1.15 (d, 3H, J = 6.9 Hz), 0.91-
0.90 (m, 12H), 0.07 (s, 3H), 0.04 (s, 3H).
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(2S,3R)-3-((tert-Butyldimethylsilyl)oxy)-2-methylpentanal (16): Synthesized following a
reported procedure,*?® using 10.7 mmol of (2S,3R)-3-((tert-butyldimethylsilyl)oxy)-N-methoxy-
N,2-dimethylpentanamide. 2.13 g (86% yield) of a white solid was obtained. Of note, the
compound was 95% pure by mass.) *H NMR (400 MHz, CDCI3) & (ppm) 9.77 (d, 1H, J = 0.9
Hz), 4.04 (dt, 1H, J = 3.7 Hz, J = 6.6 Hz), 2.50-2.43 (m, 1H), 1.62-1.45 (m, 2H), 1.06 (d, 3H, J
= 7.0 Hz), 0.89 (t, 3H, J = 5.6 Hz), 0.86 (s, 9H), 0.07 (s, 3H), 0.04 (s, 3H).
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N-((2R,3R)-3-((tert-Butyldimethylsilyl)oxy)-2-methylpentyl)-N,O-dimethylhydroxylamine:
By-product obtained in the reduction of the Weinreb amide to aldehyde. A small quantity of the
contaminated product was purified by preparative TLC eluting with 2% ether/hexanes. *H NMR
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(400 MHz, CDCI3) & (ppm) 3.69 (s, 1H), 3.49 (s, 3H), 2.61 (dd, 1H, J = 6.4 Hz, J = 12.5 Hz),
2.55 (s, 3H), 2.36 (dd, 1H, J = 7.5 Hz, J = 12.5 Hz), 1.92-1.83 (m, 1H), 1.52-1.41 (m, 2H), 0.88
(s, 9H), 0.85 (t, 3H, J = 7.0 Hz), 0.04 (s, 3H), 0.02 (s, 3H). *C{*H} NMR (100 MHz, CDCI3) &
(ppm) 60.4, 59.8, 45.6, 34.3, 29.7, 27.2, 25.9, 18.2, 14.2, 11.9, 10.4, -4.1, -4.6.
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Me Me
(4R,5S,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-5-hydroxy-2,4,6-trimethylnon-1-en-3-one
(19): Under anhydrous conditions, hexamethyldisilizide (33 uL, 0.155 mmol) was dissolved in
0.2 mL of dry tetrahydrofurane. At 0 °C, n-butyllithium (72 pL of a 2.09M solution in hexanes,
0.15 mmol) was added dropwise. The reaction was stirred at room temperature for 30 mins under
a nitrogen atmosphere. At -80 °C (dry ice and ether), 2-methylpent-1-en-3-one (15 mg, 0.15
mmol) was added and the flask was washed with 0.5 mL of dry tetrahydrofurane. This mixture
was stirred at -80 °C for 30 mins. (2S,3R)-3-((tert-butyldimethylsilyl)oxy)-2-methylpentanal was
then added in 0.5 mL of dry tetrahydrofurane. After stirring at -80 to -70 °C for 3h, the reaction
was quenched at that temperature with 0.5 mL of a sat. NH4Clq) solution. The aqueous phase
was extracted three times with ethyl acetate. The combined organic phases were dried over
Na,SOy, filtered and evaporated. The crude product was purified by preparative TLC eluting
with a gradient of 15% EtOAc/hexanes. 3.1 mg (10%) of a colourless oil was obtained.
However, all four possible stereoisomers were isolated and characterized by *H NMR and
COSY. The anti/syn ratio was determined by the coupling contants of the a.- and - protons,
assuming a cyclic form via hydrogen bonding.*** *H NMR (400 M Hz, CDCI3) & (ppm) 5.89 (s,
1H), 5.80 (d, 1H, J = 1.1 Hz), 3.92-3.87 (m, 2H), 3.70 (d, 1H, J = 2.5 Hz), 3.33 (dq, 1H, J=2.9
Hz, J = 7.0 Hz), 1.90 (s, 3H), 1.74-1.66 (m, 1H), 1.59-1.46 (m, 2H), 1.12 (d, 3H, J = 7.0 Hz),
0.87 (s, 9H), 0.86 (t, 3H, J = 5.2 Hz), 0.82 (d, 3H, J = 7.0 Hz), 0.08 (s, 3H), 0.07 (s, 3H).
BC{*H} NMR (100 M Hz, CDCI3) & (ppm) MS (ESI+) m/z 329 (M+H); HRMS (ESI+) m/z
calc’d for C1gH3703Si [M+H]": 329.2512; found: 329.2512.
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(4R,5R,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-5-hydroxy-2,4,6-trimethylnon-1-en-3-one
(21): This product was isolated from the above procedure. 3.1 mg (10%) of a colourless oil was
obtained. *H NMR (400 M Hz, CDCI3) & (ppm) 6.00 (s, 1H), 5.82 (d, 1H, J = 1.2 Hz), 3.91
(ddd, 1H,J =11 Hz, J=3.7 Hz, J = 7.0 Hz), 3.73 (ddd, 1H, J = 2.6 Hz, J =59 Hz, J = 8.3
Hz), 3.49 (p, 1H, J = 7.0 Hz), 3.32 (d, 1H, J = 1.3 Hz), 1.87 (s, 3H), 1.58-1.45 (m, 2H), 1.20 (d,
3H, J = 7.0 Hz), 0.88 (m, 12H), 0.78 (t, 3H, J = 7.5 Hz), 0.09 (s, 3H), 0.09 (s, 3H). “C{*H}
NMR (100 M Hz, CDCI3) & (ppm) MS (ESI+) m/z 329 (M+H); HRMS (ESI+) m/z calc’d for
C1gH3705Si [M+H]": 329.2512; found: 329.2520.
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Me Me
(4S,5R,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-5-hydroxy-2,4,6-trimethylnon-1-en-3-one
(18): This product was isolated from the above procedure. A separate purification gave pure
product for characterization. "H NMR (400 MHz, CDCI3) & (ppm) 5.99 (s, 1H), 5.83 (d, 1H, J =
1.2 Hz), 4.01 (ddd, 1H, J = 1.7 Hz, J = 6.3 Hz, J = 7.9 Hz), 3.69 (d, 1H, J = 8.9 Hz), 3.57 (dt,
1H, J = 3.9 Hz, J = 8.7 Hz), 3.47 (dqg, 1H, J = 4.0 Hz, J = 7.1 Hz), 1.88 (s, 3H), 1.61-1.42 (m,
3H), 1.24 (d, 3H, J = 7.1 Hz), 0.88 (s, 9H), 0.82 (t, 3H, J = 7.5 Hz), 0.75 (d, 3H, J = 6.9 Hz),
0.09 (s, 3H), 0.07 (s, 3H).
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(4S,5S,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-5-hydroxy-2,4,6-trimethylnon-1-en-3-one
(20): This product was isolated from the above procedure. A separate purification gave pure
product for characterization. "H NMR (400 MHz, CDCI3) & (ppm) 6.01 (s, 1H), 5.82 (d, 1H, J =
1.1 Hz), 3.94-3.89 (m, 1H), 3.73 (dt, 1H, J = 3.7 Hz, J = 6.5 Hz), 3.43 (p, 1H, J = 7.1 Hz), 2.98
(d, 1H, J = 4.2 Hz), 2.05-1.98 (m, 1H), 1.90 (s, 3H), 1.72-1.60 (m, 2H), 1.06 (d, 3H, J = 7.1 Hz),
0.92 (d, 3H, J = 6.9 Hz), 0.88 (s, 9H), 0.81 (t, 3H, J = 7.5 Hz), 0.08 (s, 3H), 0.07 (s, 3H).
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(4R,5R,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-2,4,6-trimethylnon-1-ene-3,5-diol (34-anti):
According to a modified procedure,*** 0.009 mmol of (4R,5S,6R,7R)-7-((tert-
butyldimethylsilyl)oxy)-5-hydroxy-2,4,6-trimethylnon-1-en-3-one yielded 1.9 mg (63%) of one

diastereomer and 0.9 mg (30%) of a second diastereomer.

Anti diastereomer: *H NMR (400 M Hz, CDCI3) & (ppm) 5.36-5.33 (m, 1H), 5.11 (s, 1H), 4.93-
4.91 (m, 1H), 4.82 (s, 1H), 4.27 (s, 1H), 4.08 (s, 1H), 3.94 (dd, 1H, J = 1.7 Hz, J = 10.3 Hz),
3.67 (td, 1H,J=3.2 Hz, J = 9.2 Hz), 2.21 (dd, 1H, J = 5.7 Hz, J = 13.5 Hz), 2.02-1.90 (m, 2H),
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1.68 (s, 3H), 0.97 (t, 3H, J = 7.4 Hz), 0.91 (d, 9H, J = 2.8 Hz), 0.82 (d, 3H, J = 7.0 Hz), 0.75 (d,
3H, J = 7.1 Hz), 0.13 (s, 3H), 0.09 (s, 3H).
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(3S,4R,5R,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-2,4,6-trimethylnon-1-ene-3,5-diol (34-

syn):
Syn diastereomer: *H NMR (400 M Hz, CDCI3) & (ppm) 5.36-5.33 (m, 1H), 5.13 (s, 1H), 4.95

(s, 1H), 4.40 (s, 1H), 4.08-4.04 (m, 1H), 3.98 (d, 1H, J = 10.4 Hz), 3.68-3.64 (m, 1H), 3.44 (d,
1H, J = 7.2 Hz), 2.24-2.20 (m, 1H), 2.03-1.98 (m, 1H), 1.93-1.83 (m, 1H), 1.69 (s, 3H), 1.01 (d,
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3H, J = 7.0 Hz), 0.94 (t, 3H, J = 7.4 Hz), 0.90 (s, 9H), 0.70 (d, 3H, J = 7.1 Hz), 0.12 (s, 3H),
0.08 (s, 3H).
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(4R,5S,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-5-hydroxy-4,6-dimethylnon-1-en-3-one (30):
According to a modified procedure'®?, under strictly anhydrous conditions, pent-1-en-3-one (178
uL, 1.80 mmol) was dissolved in 18 mL of dry dichloromethane. At -78 °C,
dichlorophenylborane (distilled and stored in the glove box) (467 uL, 3.60 mmol) was added
followed by slow addition of anhydrous diisopropylethylamine (700 pL, 4.05 mmol). The
enolate formation was stirred at -78 °C for 0.5 h and then at 0 °C for another 0.5 h. At -78 °C,
(2S,3R)-3-((tert-butyldimethylsilyl)oxy)-2-methylpentanal (0.225 g, 0.900 mmol) dissolved in 3
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mL of dry dichloromethane was added via cannula to the enolate and was followed by two 0.5
mL washes. The reaction mixture was stirred at -78 °C for 4 h and subsequently quenched at -78
°C with 15 mL of a phosphate buffer at pH=7. Then, 5 mL of a 2:1 methanol/hydrogen peroxide
mixture was added and stirred at room temperature for 4 h. The aqueous phase was extracted
three times with dichloromethane. The combined organic phases were washed with brine. These
aqueous phases were extracted three times with dichloromethane. The combined organic phases
were dried over Na SO, filtered and evaporated. The crude product was purified by column
chromatography with EtsN-treated silica gel eluting with a 5% Et,O/hexanes. 141.6 mg (50%) of
a colourless oil was obtained. Diastereoselectivity: 2.2 : 1. *H NMR (400 MHz, CDCI3) &
(ppm) 6.53 (dd, 1H, J = 10.4 Hz, J = 17.4 Hz), 6.29 (dd, 1H, J = 1.3 Hz, J = 17.4 Hz), 5.77 (dd,
1H,J=1.3Hz,J=10.5Hz), 4.02 (td, 1H, J = 2.4 Hz, J = 9.5 Hz), 3.88-3.81 (m, 2H), 2.84 (dq,
1H,J=2.7 Hz, J = 7.0 Hz), 1.81-1.70 (m, 1H), 1.63-1.48 (m, 2H), 1.14 (d, 3H, J = 7.0 Hz),
0.90-0.86 (m, 12H), 0.81 (d, 3H, J = 7.0 Hz), 0.09 (s, 3H), 0.07 (s, 3H). **C{*H} NMR (100
MHz, CDCI3) 6 (ppm) 203.6, 134.6, 128.2, 76.4, 72.7, 46.5, 39.1, 25.9, 25.7, 18.0, 11.5, 11.0,
8.5, -4.4, -4.5. MS (ESI+) m/z 315 (M+H); HRMS (ESI+) m/z calc’d for C17H3503Si [M+H]™:
315.2356; found: 315.2350.

151



152

o o o o
o o o o () o
o o o o o o
o o (=] o o o
m m ° < ™ N — o
| | i i | | i | |
L¥ 89°L o
004 N\ _ o g PN ;
0.814 ﬁﬁ/ 3
. M 5 o :
0.880- "\ i 11.496 §
0889 —~ e m 18041
- - 25.604— E
0.907 8T's 25.869 ;
1 = 1971 =
1147 —_— T 39.133
i N 46.471 E
1.
1.572
2. .
ﬁ 60T —_—
NMMW —= * o 72.692
2. b o 76.455 }
2.848
\ 512
ro > >
- o
3.857 N
o 128.247
o
: J 134.659 ]
3
5,785 _
g o
6.270 or1 @
i = omwa N
6314 ﬁfM T 3
6.498 o ~
/ S o
q -
5 N 2
c
6.568 pe ~
g 203.644
£
Q
Q

\
100

\
200

ppm (t1)

152



153

” \J o MJ\\ L ) J‘l‘m
_107- : LR H r
nb3-107-sp2 : : gl é a0
. 5 & . L
s B 4 =
b @}‘ H C
j P 8. o "5 i someng’ SOME .5 ari (P8 OB S e R P i1 0 b ae aS” 3PS 20 e o e S .a;“' . il 1 .55 —0.0
. . b s L
b ﬁh«.@e&&ﬁtmﬂu"wdﬁﬁi‘ﬁw o R TS AREEDECEro
e e _»q@e@_w A
i . - ® - ,m —
. Al L
- §° - : Z L
. o ® @ 3: L
: 8 e —2.0
! g g -
: w?® &é . gﬁ C
- : - ® .S ! —3.0
% S
. - - ol LY % . £ C
; = A - | : 4.0
! RS i C
| O -
. ¢ % Z C
4 “m o iy £ 50
3 ®0 § o 7 -
3 : s B s [
. & # @ ﬁ\ § e [
3 b8 6.0
ﬁg DS gg-. . i L
-1 @; . g . - g . =
[ § . r
: ; A r
] & e e k. g 70
1 'Mg? o ! o8 §:
1 8 . . SR 5 Fppm (t1
T T [T T T T [T T T T [T I T T [ T T T T [T T [T T [T T [T 1T T[]
7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 1.0
ppm (t2)

O OH OTBS
B ‘__Me

' Me l\é/le
(4R,5R,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-5-hydroxy-4,6-dimethylnon-1-en-3-one (31):
According to the aldol protocol above, this diastereomer was obtained in varying yields. *H
NMR (400 MHz, CDCI3) & (ppm) 6.40 (dd, 1H, J = 10.3 Hz, J = 17.5 Hz), 6.28 (dd, 1H, J =
1.4 Hz,J=17.5Hz),5.83(dd, 1H,J=1.4 Hz, J = 10.3 Hz), 3.94 (ddd, 1H, J=1.3 Hz,J=3.8
Hz,J=6.9 Hz), 3.73 (ddd, 1H, J =25 Hz, J =5.9 Hz, J = 8.2 Hz), 3.23 (d, 1H, J = 1.6 Hz),
3.11 (p, 1H,J=7.0 Hz), 1.64-1.56 (m, 2H), 1.54-1.46 (m, 2H), 1.21 (d, 3H, J = 7.0 Hz), 0.89
(d, 3H, J = 3.9 Hz), 0.88 (s, 9H), 0.77 (t, 3H, J = 7.5 Hz), 0.09-0.08 (m, 6H). *C{*H} NMR
(100 MHz, CDCI3) & (ppm) 204.4, 135.7, 128.8, 78.3, 75.2, 46.1, 37.1, 27.4, 25.9, 18.0, 13.2,
10.0, 6.7, -4.4, -4.5.
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(3S,4S,5R,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-4,6-dimethylnon-1-ene-3,5-diol (37-anti):
Under anhydrous reaction conditions, tetramethylammonium triacetoxyborohydride (847 mg,
3.22 mmol) was dissolved in 2.75 mL of dry acetonitrile and 2.75 mL of dry acetic acid. At -40
°C (ethylene glycol/ethanol bath), (4R,5S,6R,7R)-7-((tert-butyldimethylsilyl)oxy)-5-hydroxy-
4,6-dimethylnon-1-en-3-one (219 mg, 0.696 mmol) in 1 mL of dry acetonitrile was slowly added
via cannula, followed by a wash with 0.25 mL of acetonitrile. The reaction was stirred at -40 °C
for 18 h. The reaction was quenched with 0.5 mL of 4-hydroxy-2-butanone (to consume
unreacted borohydride). This mixture was stirred at room temperature for 0.5 h. Then, 8 mL of
acetonitrile and 8 mL of glycerol were added and stirred for another 0.5 h. The reaction mixture
was concentrated and basified with a 2M solution of sodium hydroxide. The aqueous phase was

extracted three times with ether. The combined organic phases were dried over Na,SO,, filtered
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and evaporated. The crude product was purified by column chromatography with Et;N-treated
silica gel eluting with a 10% EtOAc/hexanes. 133 mg (61%) of a colourless oil was obtained. *H
NMR (400 MHz, CDCI3) & (ppm) 5.94 (ddd, 1H, J =5.2 Hz, J =10.5 Hz, J = 17.1 Hz), 5.35
(td, 1H, J = 1.7 Hz, J = 17.2 Hz), 5.17 (td, 1H, J = 1.7 Hz, J = 10.5 Hz), 4.51 (s, 1H), 4.17-4.12
(m, 1H), 4.08 (d, 1H, J = 10.3 Hz), 3.66 (td, 1H, J =3.4 Hz, J=8.8 Hz), 3.43 (d, 1H,J=7.4
Hz), 1.94-1.86 (m, 1H), 1.62-1.51 (m, 2H), 1.03 (d, 3H, J =7.0 Hz), 0.94 (t, 3H, J = 7.4 Hz),
0.90 (s, 9H), 0.70 (d, 3H, J = 7.1 Hz), 0.12 (s, 3H), 0.08 (s, 3H). *C{*H} NMR (100 MHz,
CDCI3) 6 (ppm) 141.0, 114.6, 80.1, 77.1, 73.1, 39.8, 38.8, 25.8, 23.8, 18.0, 13.3, 11.5, 9.8, -4.4, -
4.7. MS (ESI+) m/z 317 (M+H); HRMS (ESI+) m/z calc’d for C17H3703Si [M+H]": 317.2512;
found: 317.2510.
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(3R,4S,5R,6R,7R)-7-((tert-Butyldimethylsilyl)oxy)-4,6-dimethylnon-1-ene-3,5-diol (37-syn):
According to the anti-reduction protocol above, 14.2 mg (6.5 %) of a colourless oil was obtained.
'HNMR (400 MHz, CDCI3) 6 (ppm) 5.84 (ddd, 1H, J = 4.8 Hz, J = 10.6 Hz, J = 16.9 Hz), 5.30
(td, 1H,J=1.7Hz, J=17.2 Hz),5.13 (td, 1H, J = 1.7 Hz, J = 10.6 Hz), 4.82 (s, 1H), 4.45-4.43
(m, 1H), 4.00 (s, 1H), 3.96 (s, 1H), 3.65 (td, 1H, J = 3.2 Hz, J = 9.2 Hz), 1.96-1.87 (m, 1H),
1.65-1.51 (m, 2H), 0.96 (t, 3H, J = 7.4 Hz), 0.90 (s, 9H), 0.88 (d, 3H, J = 7.0 Hz), 0.73 (d, 3H, J
= 7.1 Hz), 0.12 (s, 3H), 0.09 (s, 3H). *C{*H} NMR (100 MHz, CDCI3)  (ppm) 140.0, 114.1,
80.3,78.7,77.2,39.9, 39.1, 25.8, 23.6, 17.9, 13.6, 11.6, 4.1, -4.4, -4.7. MS (ESI+) m/z 317
(M+H); HRMS (ESI+) m/z calc’d for C17H3703Si [M+H]": 317.2512; found: 317.2513.
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tert-Butyl(((2R,3R)-2-((4R,5S,6S)-2-(4-methoxyphenyl)-5-methyl-6-vinyl-1,3-dioxan-4-
yl)pentan-3-yl)oxy)dimethylsilane (38-anti): According to a modified procedure,**® under
anhydrous conditions, (3S,4S,5R,6R,7R)-7-((tert-butyldimethylsilyl)oxy)-4,6-dimethylnon-1-
ene-3,5-diol (123 mg, 0.388 mmol) was dissolved in 1 mL of dry dichloromethane. Then, at
room temperature, pyridinium p-toluenesulfonate (5 mg, 0.02 mmol) was added followed by 1-
(dimethoxymethyl)-4-methoxybenzene (99 uL, 0.58 mmol). The reaction mixture was stirred at
35 °C for 15 h after which another equivalent of 1-(dimethoxymethyl)-4-methoxybenzene and
PPTs were added. After a total of 29 h, the reaction was cooled to room temperature and passed
through a plugged pipette with silica gel, eluting with dichloromethane. The crude mixture was
evaporated and purified by column chromatography with EtzN-treated silica gel eluting with a
5% Et,0O/hexanes. 162 mg (96%) of a colourless oil was obtained. *H NMR (400 MHz, CDCI3)
d (ppm) 7.43 (d, 2H, J = 8.6Hz), 6.90 (d, 2H, J = 8.8Hz), 6.09 (ddd, 1H, J =3.8 Hz, J =11.0
Hz,J =17.6 Hz), 5.78 (s, 1H), 5.41-5.29 (m, 2H), 4.48 (d, 1H, J = 2.1 Hz), 4.00-3.93 (m, 2H),
3.81 (s, 3H), 1.80 (qt, 1H, J=2.0 Hz, J = 9.2 Hz), 1.67 (dqd, 1H, J=1.0Hz,J=6.7 Hz,J =
13.6 Hz), 1.53-1.43 (m, 2H), 1.24 (d, 3H, J = 6.9 Hz), 0.89 (s, 9H), 0.80 (t, 3H, J = 7.5 HZz), 0.75
(d, 3H,J =6.9 Hz), 0.01 (s, 3H), 0.00 (s, 3H).
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tert-Butyl(((2R,3R)-2-((4R,5S,6R)-2-(4-methoxyphenyl)-5-methyl-6-vinyl-1,3-dioxan-4-
yl)pentan-3-yl)oxy)dimethylsilane (38-syn): According to the above procedure, 0.033 mmol of
(3R,4S,5R,6R,7R)-7-((tert-butyldimethylsilyl)oxy)-4,6-dimethylnon-1-ene-3,5-diol yielded 7.7
mg (54%) of a colourless oil. *H NMR (400 MHz, CDCI3) & (ppm) 7.45 (d, 2H, J = 8.7 Hz),
6.90 (d, 2H, J = 8.8 Hz), 5.87 (ddd, 1H, J = 4.7 Hz, J = 10.8 Hz, J = 17.3 Hz), 5.53 (s, 1H), 5.34
(td, 1H,J=1.7 Hz, J = 17.4 Hz), 5.20 (td, 1H, J = 1.7 Hz, J = 10.8 Hz), 4.40 (dd, 1H, J = 2.2
Hz, J=4.5Hz),4.02 (ddd, 1H,J=1.1 Hz, J=5.9 Hz, J = 8.3 Hz), 3.81 (s, 3H), 3.77 (dd, 1H, J
= 2.0 Hz, J=10.1 Hz), 1.75-1.62 (m, 2H), 1.53-1.43 (m, 2H), 0.93 (d, 3H, J = 6.8 Hz), 0.90 (s,
9H), 0.80 (t, 3H, J = 7.5 Hz), 0.76 (d, 3H, J = 6.9 Hz), 0.03 (s, 6H). *C{*H} NMR (100 MHz,
CDCI3) 6 (ppm) 159.7, 137.0, 131.8, 127.5, 115.1, 113.5, 100.9, 81.5, 80.5, 71.0, 55.3, 37.2,
33.7,28.1, 26.0, 18.2, 10.3, 6.57, 6.0, -3.8, -4.5.
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OMe

tert-Butyl(((2R,3R)-2-((4R,5R,6R)-2-(4-methoxyphenyl)-5-methyl-6-(prop-1-en-2-yl)-1,3-
dioxan-4-yl)pentan-3-yl)oxy)dimethylsilane (35-anti): According to the above procedure,
0.006 mmol of (4R,5R,6R,7R)-7-((tert-butyldimethylsilyl)oxy)-2,4,6-trimethylnon-1-ene-3,5-
diol yielded 0.3 mg of a white solid. *H NMR (400 MHz, CDCI3) & (ppm) see spectrum.
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(2S,3R)-2-((4S,5S,6S)-2-(4-Methoxyphenyl)-5-methyl-6-vinyl-1,3-dioxan-4-yl)pentan-3-ol
(39-anti): According to a modified procedure,*** under anhydrous conditions, tert-
butyl(((2R,3R)-2-((4R,5S,6S)-2-(4-methoxyphenyl)-5-methyl-6-vinyl-1,3-dioxan-4-yl)pentan-3-
yl)oxy)dimethylsilane (157 mg, 0.360 mmol) was dissolved in 7 mL of dry tetrahydrofuran. At 0

Me I\E/Ie

°C, a room temperature solution of tert-butylammonium fluoride (1.08 mL, 1M solution in THF)
was added. This reaction mixture was stirred at room temperature for 15 mins and then heated to

reflux for 18 h. The reaction mixture was cooled to room temperature and quenched with 6 mL
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of a saturated solution of ammonium chloride. The aqueous phase was extracted three times with
ether. The combined organic phases were dried over Na,SQ,, filtered and evaporated. The crude
product was purified by column chromatography with EtzN-treated silica gel eluting with a 25%
Et,O/hexanes. 99.1 mg (86%) of a colourless oil was obtained. *H NMR (400 MHz, CDCI3) &
(ppm) 7.41 (d, 2H, J = 8.7 Hz), 6.89 (d, 2H, J = 8.8 Hz), 6.11 (ddd, 1H, J =3.9 Hz, J = 11.0 Hz,
J=17.6 Hz), 5.79 (s, 1H), 5.40 (ddd, 1H,J =1.2 Hz, J = 2.2 Hz, J = 11.0 Hz), 5.35 (ddd, 1H, J
=1.3Hz,J=2.0Hz,J=17.6 Hz), 449 (d, 1H, J = 2.1 Hz), 4.04 (dd, 1H, J = 2.0 Hz, J = 10.4
Hz), 3.80 (s, 3H), 3.67 (d, 1H, J = 5.4 Hz), 1.93 (ddd, 1H, J = 2.0 Hz, J = 7.2 Hz, J = 14.0 Hz),
1.81-1.75 (m, 1H), 1.50-1.41 (m, 2H), 1.28 (d, 3H, J = 7.0 Hz), 0.98 (t, 3H, J = 7.4 Hz), 0.79 (d,
3H, J = 7.1 Hz). *C{*H} NMR (100 MHz, CDCI3)  (ppm) 160.0, 137.1, 131.4, 127.4, 127.3,
117.7, 113.7, 95.6, 80.0, 74.3, 55.3, 38.7, 32.3, 26.5, 12.4, 11.1, 9.7.
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(2S,3R)-2-((4S,5S,6R)-2-(4-Methoxyphenyl)-5-methyl-6-vinyl-1,3-dioxan-4-yl)pentan-3-ol
(39-syn): According to the above procedure, 0.018 mmol of tert-butyl(((2R,3R)-2-((4R,5S,6R)-
2-(4-methoxyphenyl)-5-methyl-6-vinyl-1,3-dioxan-4-yl)pentan-3-yl)oxy)dimethylsilane yielded
4.5 mg (79%) of a colourless oil."H NMR (400 MHz, CDCI3) & (ppm) 7.43 (d, 2H, J = 8.7 Hz),
6.89 (d, 2H, J = 8.7 Hz), 5.86 (ddd, 1H, J = 4.7 Hz, J = 10.8 Hz, J = 17.3 Hz), 5.56 (s, 1H), 5.33
(dt, 1H, J = 1.6 Hz, J = 17.6 Hz), 5.21 (dt, 1H, J = 1.6 Hz, J = 10.8 Hz), 4.46-4.43 (m, 1H), 3.92
(dd, 1H, J = 1.7 Hz, J = 10.3 Hz), 3.81 (s, 3H), 3.75-3.71 (m, 1H), 2.02-1.92 (ddd, 2H, J = 6.3
Hz,J=11.5Hz, J=10.1 Hz), 1.66 (ddd, 1H, J=4.7 Hz, ) = 6.8 Hz, J = 8.7 Hz), 1.52-1.43 (m,
2H), 1.02-0.97 (m, 6H), 0.82 (d, 3H, J = 7.1 Hz). *C{*H} NMR (100 MHz, CDCI3) & (ppm)
159.9, 136.7, 131.2, 127.5, 115.4, 113.6, 101.1, 82.1, 81.5, 74.2, 55.3, 38.7, 33.7, 26.6, 11.2, 9.5,
6.0.
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(2R,3S,4R,5R)-5-((tert-Butyldimethylsilyl)oxy)-N-methoxy-3-((4-methoxybenzyl)oxy)-N,2,4-
trimethylheptanamide (40): According to a known procedure,™*® under anhydrous conditions,
alcohol (21 mg, 0.0060 mmol) was dissolved in 0.5 mL of dry dichloromethane. At -78 °C, 4-
methoxybenzyl 2,2,2-trichloroacetimidate (34 mg, 0.12 mmol) was added followed by boron
trifluoride ethyl etherate (1.1 uL, 0.009 mmol). The reaction mixture was stirred at -78 °C for 4 h
when another equivalent of 4-methoxybenzyl 2,2,2-trichloroacetimidate and boron trifluoride
ethyl etherate were added. The reaction mixture was stirred for a total of 8.5 h at -78 °C and was
guenched with 0.5 mL of a saturated sodium bicarbonate solution. The aqueous phase was
extracted three times with dichloromethane. The combined organic phases were dried over
Na SOy, filtered and evaporated. The crude product was first triturated with 5% EtOAc/hexanes

to remove the insoluble trichloroacetamide. The filtrate was further purified by column
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chromatography with EtsN-treated silica gel eluting with a 10% EtOAc/hexanes. 24.7 mg (88%)
of a colourless oil was obtained. *H NMR (400 MHz, CDCI3) & (ppm) 7.30 (d, 2H, J = 8.6 Hz),
6.86 (d, 2H, J = 8.6 Hz), 4.47 (d, 1H, J = 10.0 Hz), 4.35 (d, 1H, J = 10.2 Hz), 3.94-3.87 (m,
2H), 3.81 (s, 2H), 3.79 (s, 3H), 3.69 (s, 3H), 3.21 (s, 3H), 3.05-2.99 (m, 1H), 1.73 (ddd, 1H, J =
2.8 Hz,J = 7.0 Hz, J = 14.0 Hz), 1.60-1.45 (m, 2H), 1.17 (d, 3H, J = 6.9 Hz), 0.90 (s, 9H), 0.82
(m (t+d), 6H), 0.07 (s, 3H), 0.06 (s, 3H). *C{*H} NMR (100 MHz, CDCI3) & (ppm) 159.0,
131.2,129.4,114.4,113.7,80.1, 73.2, 72.8, 61.0, 55.3, 45.0, 39.7, 37.6, 28.4, 26.0, 18.3, 10.6,
9.8,95,-3.3,-4.3.
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Me Me

(3R,4S,5S,6R)-6-Ethyl-4-((4-methoxybenzyl)oxy)-3,5-dimethyltetrahydro-2H-pyran-2-one
(41): In a flame dried flask, (2R,3S,4R,5R)-5-((tert-butyldimethylsilyl)oxy)-N-methoxy-3-((4-
methoxybenzyl)oxy)-N,2,4-trimethylheptanamide (7.7 mg, 0.018 mmol) was dissolved in 1 mL
of dry tetrahydrofuran. Then, a 1M solution of tert-butylammonium fluoride (53 pL, 0.053
mmol) in tetrahydrofuran was added. The reaction was stirred at 65 °C for 24 h. The reaction was
quenched with a saturated solution of ammonium chloride. The aqueous phase was extracted
three times with ether. The combined organic phases were dried over Na,SOy, filtered and
evaporated. The crude mixture was purified by a pipette column chromatography with Et;N-
treated silica gel eluting with a 10% EtOAc/hexanes. 5.3 mg (28%) of a colourless oil was
obtained.'H NMR (400 MHz, CDCI3) & (ppm) 7.27-7.25 (m, 2H), 6.90 (d, 2H, J = 8.6 Hz), 4.60
(d, 1H, J = 11.1 Hz), 4.37 (d, 1H, J = 11.1 Hz), 4.05 (ddd, 1H, J = 2.2 Hz, J=6.1 Hz,J = 8.1
Hz), 3.81 (s, 3H), 3.47 (dd, 1H, J = 4.2 Hz, J = 10.3 Hz), 2.54 (qd, 1H, J = 7.1 Hz, J = 10.3 Hz),
2.32 (ddq, 1H, J=2.3 Hz, J = 4.3 Hz, J = 6.9 Hz), 1.89-1.76 (m, 1H), 1.62-1.51 (m, 1H), 1.36
(d, 3H,J = 7.1 Hz), 1.01 (t, 3H, J = 7.5 Hz), 0.93 (d, 3H, J = 7.1 Hz). *C{*H} NMR (100 MHz,
CDCI3) 6 (ppm) 173.8, 159.4, 129.8, 129.4, 129.3, 114.0, 113.7, 81.1, 80.4, 70.4, 55.3, 38.4,
32.5,25.5,14.7,10.0, 4.6.
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(3R,4S,5S,6R)-6-Ethyl-4-((4-methoxybenzyl)oxy)-3,5-dimethyl-2-vinyltetrahydro-2H-

pyran-2-ol (42): According to a reported procedure'*®

, the lactone (4.6 mg, 0.016 mmol) was
dissolved in 0.1 mL of dry tetrahydrofuran. At -78 °C, a 1M solution of vinyl magnesium
bromide (19 ul, 0.019 mmol) was added dropwise via a microsyringe and the reaction was stirred
first at -78 °C for 24 h, then at -40 °C for 12 h and finally at room temperature for another 12 h.
The reaction was quenched with a saturated solution of ammonium chloride. The aqueous phase
was extracted three times with ether. The combined organic phases were dried over Na,SQOy,
filtered and evaporated. The crude mixture was purified by a pipette column chromatography
with EtsN-treated silica gel eluting with a 5% EtOAc/hexanes. 0.7 mg (14%) of a colourless oil

was obtained.*H NMR (400 MHz, CDCI3) & (ppm) 7.28 (d, 2H, J = 8.7 Hz), 6.88 (d, 2H, J =
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8.7 Hz), 5.92 (dd, 1H, J = 10.6Hz, J = 17.3 Hz), 5.39 (dd, 1H, J = 1.2 Hz, J = 17.3 Hz), 5.21
(dd, 1H, J = 1.2 Hz, J = 10.7 Hz), 4.57 (d, 1H, J = 10.8 Hz), 4.32 (d, 1H, J = 11.0 Hz), 4.29-
4.20 (m, 1H), 3.90-3.85 (m, 1H), 3.80 (s, 3H), 3.56 (dd, 1H, J = 4.7 Hz, J = 10.9 Hz), 2.22-2.10
(m, 1H), 1.78-1.64 (m, 2H), 1.46-1.34 (m, 2H), 0.98 (d, 3H, J = 6.7 Hz), 0.92-0.88 (M, 5H).
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(3R,4S,5S,6R)-6-Ethyl-4-((4-methoxybenzyl)oxy)-3,5-dimethyltetrahydro-2H-pyran-2-ol
(44): According to a known procedure,**’ the lactone (4.5 mg, 0.015 mmol) was dissolved in 0.2
mL of dry toluene. At -78 °C, a 1M solution of diisobutylaluminium hydride (33 uL, 0.033
mmol) was added and the reaction mixture was stirred at -78 °C for 4 h. The reaction was
quenched with a 20% Rochelle’s salt solution and stirred for 2 h at room temperature. The
aqueous phase was extracted three times with ether. The combined organic phases were dried
over Na,SQ,, filtered and evaporated. 4 mg (91%) of a colourless oil was obtained as the crude
mixture."H NMR(400 MHz, CDCI3) & (ppm) doubling of all peaks is observed at a ratio ~1:1.

See spectrum
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